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PHOTOGRAPHIC STUDY OF MERCURY DROPLET PARAMETERS
INCLUDING EFFECTS OF GRAVITY
by Jonas 1. Sturas, Clifford C. Crabs, and Sol.H. Gorland

Lewis Research Center

SUMMARY

A photographic study was conducted of mercury droplet behavior in gravity environ-
ments of 0, 1, 121, and 2 g's primarily to obtain a simple, and at the same time reliable,
method for determining various geometric parameters and shape factors of a sessile mer-
cury droplet in a glass tube. Specific emphasis was placed on those characteristic pa-
rameters that would be useful in flow-regime and heat-transfer analyses associated with
dropwise condensation of mercury vapor. ’

It is shown that the contact angle of a given size sessile droplet with a solid surface is
a function of two dimensionless parameters, size factor and shape factor, which are both
dependent on gravity level and are obtained from droplet measurements. Therefore, the
method presented herein for determining the contact angle of a sessile droplet is general
and applicable to various gravity environments. It is shown that the contact angles calcu-
lated from measured droplet dimensions are just as accurate as those obtained by measur-
ing the angles directly from enlarged photographs of a droplet.

Empirical equations were developed for expressing the geometric droplet parameters
investigated in various environments of gravity. The contact angle increased with an in-
crease in gravity level by a greater amount for large droplets than for small droplets. In
a positive gravity environment, the mean contact angle increases with mean diameter of
the droplet and approaches a maximum equilibrium value at some fixed droplet size. The
contact angle formed by a droplet and a glass tube in a zero-gravity environment is inde-
pendent of droplet size and approaches a constant value of 139° obtained by using a root-
mean-square method. Tests run in a 1-g environment showed that the thermal equilib-
rium between mercury and glass (which resulted in a constant contact angle) was obtained

within 60 to 80 minutes.



INTRODUCTION

The analysis of boiling and condensing heat-transfer characteristics of nonwetting
fluids depends on knowledge of geometric parameters of liquid droplets in contact with the
solid surface, such as contact areas with solids, surface areas exposed toc the vapor
phase, and droplet volumes that are the functions of contact angle. Analyses of nonwetting
condensation are reported in references 1 and 2; they are based on contact angle as an in-
dependent variable but have not considered the effects of droplet size and gravity environ-
ment on contact angle, and, hence, on droplet shape.

The effect of droplet size on its contact angle (and, therefore, droplet shape) has been
reported by Bashforth and Adams in reference 3 and by Mack in reference 4. However,
the effect of gravity environment on droplet characteristics has previously not been in-
cluded. Therefore, as part of an overall study of mercury boiling and condensing prob-
lems associated with space power systems utilizing mercury vapor as the working fluid,
an investigation was conducted at the Lewis Research Center to determine the effect of
gravity environments on contact angle and geometric parameters of mercury droplets.

The primary objective of this study was to determine experimentally the geometric
characteristics of sessile droplets of various sizes in a glass tube from photographic data
obtained in gravity environments of 0, 1, 151, and 2 g's. The droplet geometric character-
istics include contact angle, contact diameter, contact area with tube wall, and surface
area exposed to the vapor phase. These data were obtained experimentally in each gravity
environment under study.

The secondary objective was to obtain empirical expressions defining the geometric
characteristics of droplets in terms of a mean droplet diameter. In addition to these
data, the effect of time-in-position on contact angle of a sessile mercury droplet with
glass and the dynamic contact angles of various size droplets sliding in an inclined glass
tube in a 1-g environment were also obtained.

APPARATUS AND PROCEDURE

Three types of apparatus were used for the droplet tests performed. The test condi-
tions were (1) steady-state 1-g environment, (2) steady-state zero-gravity and multi-
gravity environments, and (3) dynamic 1-g environment.

Photographic Techniques

Individually encapsulated mercury droplets were photographed in various gravity en-
vironments. Geometric droplet parameter data were obtained by analyzing enlarged drop-




Figure 1. - Experimental setup for 1-g environment.
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Figure 2. - Schematic diagram of relation of camera, test tube,

mir:or and light for zero-gravity and multi-gravity environ-
ments.

let photographs. The setup used for photo-
graphing a sessile mercury droplet in a glass
tube (figs. 1 and 2) consisted essentially of a
cylindrical glass capsule 0.429 inch in inside
diameter by 1.625 inches long, welded to a
ground joint 0. 394 inch in inside diameter by
1. 181 inches long. The sealed capsule
(fig. 3) contained a single mercury droplet of
a known weight.

The capsule was mounted horizontally in
a transparent frame in a position that allowed
the camera to be rotated to any angular posi-
tion around the capsule, as illustrated in fig-
ure 2. Thus, a side view, a top view, and a
bottom view of each droplet at a given inter-
val of time-in-position could be photographed.
In addition, the contact area of a sessile drop-
let with the capsule wall was simultaneously
photographed while taking the sideview picture
by using the mirror mounted below the cap-
sule into the frame at an angle of 45°. A




Figure 5. - Encapsulated mercury droplet in glass tube for tests at 0, ll,

and 2 g's,
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Figure 3. - Enclosed mercury droplet in glass tube for 1-g (ground) tests.
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Figure 4. - Experimental airplane setup for 0-, l%—, and 2-q environments.

camera with a 23° field-of-view lens,
was located opposite the test section of
a specimen to be photographed. For a
parametric analysis, the pictures were
enlarged 5 to 100 times, depending on
which scale gave the largest magnified
high-contrast image of the droplet pro-
file.
The airplane test setup used to pho-

tograph individual mercury droplets in

0-, 1%-, and 2-g environments (fig. 4)

C-70908

consisted essentially of a cylindrical

glass tube 0.429 inch in inside diameter
and 2. 500 inches long (fig. 5). Droplets
of known weight were encapsulated more
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Figure 6. - Setup for photographing mercury droplets in motion under the influence of gravity in an

inclined glass tube 0.429 inch in diameter.



than 2 hours before the test in order to reach thermal equilibrium. The glass capsule
was horizontally mounted in a frame a few minutes prior to the test.

In order to obtain a photograph of the side view and the bottom view of a droplet si-
multaneously, a mirror was mounted into the frame below the test capsule at an angle of
450, as in the 1-g tests (fig. 2).

A camera with a 25° field-of-view lens was rigidly attached to a test fixture 4 inches
from the capsule. Droplet photographs obtained in various gravity fields were enlarged
5 to 10 times and used for a parametric analysis.

The test fixture for photographing moving mercury droplets in a glass tube (fig. 6)
consisted of a cylindrical glass tube 0. 429 inch in diameter and 31 inches long. The left
end of the tube was fixed to a pivot point mounted to the base of the fixture. The pivot
point permitted change of the inclination of the tube from 0° to 35°. A vernier protractor
fixed to the right end of the tube was used to measure the inclination angle. Thus, for a
given mercury droplet, the tube inclination for incipient motion could be determined. The
average velocity of a sliding mercury droplet was determined by recording the droplet
translation time between the two length marks along the tube with a stop watch having an
accuracy of 0. 10 second.

Fifteen mercury droplets of known weight were analyzed in the dynamic tests. A sin-
gle droplet was placed into a glass tube, as shown in figure 6(a) and both the base of the
test fixture and the tube were alined in a horizontal position with the aid of a spirit level.
In order to obtain contact angles at thermal equilibrium, each droplet was allowed to stay
in position for 60 minutes. Photographs of a side view and a top view of a droplet were
taken by rotating the camera, while the bottom view of the droplet appeared simultaneously
with the sideview picture from a mirror image. The mirror was fixed to the glass tube
below the test section, as shown in figure 6(a).

Motion of the droplet was induced by an incremental increase in inclination of the
glass tube. The incipient movement angle, dynamic angle, and subsequent drop velocity
as the droplets traversed the length of the tube, were determined. Photographs were
taken at the moment of incipient movement and at a fixed tube location while the droplets
were moving along the tube. For a parametric analysis, the droplet pictures were en-
larged 5 to 10 times.

Measurement of Time Required for Thermal Equitibrium

In order to determine the time required for thermal equilibrium, two sets of mercury
droplets were analyzed. First, 10 droplets ranging in weight from 14. 40><10'4 to
694. 40><10'4 ounce were allowed to stay in position in a horizontally alined glass capsule
for time intervals of 1and 24 hours. Initial and terminal time pictures of side view, top

.
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1~ Microscopi
| glass plate

Figure 7. - Perspective view of sessile mercury droplet on microscopically smooth glass plate fixed in
transparent frame.

view, and bottom view were taken of each individual droplet. Second, eight droplets
ranging in weight from 11. 80><10'4 to 731. 40><10'4 ounce were photographed in a horizon-
tally alined capsule, and then each droplet was placed on a horizontally alined, micro-
scopically smooth glass plate, such as that shown in figure 7, and pictures of the side
view (which included a mirror image of the contact area with glass) were taken at time-
in-position intervals ranging from 1 to 155 minutes. In order to prevent oxidation of the
mercury droplet surface due to direct contact with atmospheric air during the waiting
period, each droplet on a glass plate had been covered with a small glass cup purged with
nitrogen gas.

Cleanliness of Glass Surfaces

For each droplet tested, the glass capsule, or glass plate, and also a glass dropper
with which a mercury droplet was picked up and inserted into a test capsule were cleaned
by first treating the surfaces with dilute nitric acid (HNO 3), followed by washing with a
large quantity of soapy water, flushing with distilled water, and finally steaming and heat-
ing to 930° F in air for 2 hours. After these glass capsules, glass plates, or a glass
dropper, were cooled slowly, they exhibited zero solid-water-air contact angles, indi-
cating the degree of cleanliness. The prepared glass capsules containing mercury drop-
lets, cleaned glass plates, and glass droppers were stored in a clean glass container that




was purged with nitrogen gas. During the test period, the glass container with the test
specimens was kept hermetically sealed

The fluid used in this analysis was triple distilled mercury. During the experimental
investigation, the mercury was essentially at ambient pressure and temperature. The
physical properties of triple distilled mercury, as reported by Wheatherford (ref. 5), are
as follows:

Atomic weight . . . . . . . L L L e e e e e e e e e e e e e 200.61
Boiling point, R e 674.00
Density (at T0° F), Ib/Cuft . . . . o v v i e et e e e e e e e 838.00
Melting point, OF . . . . o o i i e e e e e e e e e -37.97
Specific heat (at T0° F), Btu/(IbYCF) . + v v v v v v e e e e et e e e e e e . 0.3350
Surface tension (at TOP F), ID/Fb « v v v v v v v e vt e et e et e e e 0.03188
Viscosity (at T0° F), I0/(B)(AI) . « v v v v v v e e e et e e e e e e e e e e 3.71

METHOD OF ANALYSIS

The geometric characteristics are basically dependent functions of the droplet con-
tact angle. The contact angles were obtained by both direct measurements from enlarged
droplet photographs and also by calculation from droplet dimension. The following de-
scription deals with the relations developed to describe sessile and dynamic droplet con-
tact angles, droplet contact area with a solid surface, droplet surface area exposed to the
vapor phase, and droplet volume.

_—Centerline of droplet
//

- : Measured Contact Angle
Ve Solid surface (glass)

The mean contact angle of a sessile mer-
cury droplet on a horizontal solid surface in
0-, 1-, 121-, and 2-g environments was de-
termined from the contact angles measured
8 at two points as shown in figure 8; 6 ¢ is the
contact angle on the left side and Gr is the
contact angle on the right side of the droplet.

/ﬁ\ Thus,
M o R e (1)

Figure 8. - Method used to locate droplet contact with solid surface.

Slide view




’ ~ In order to measure droplet contact angle di-
rectly, a point of droplet contact with the solid
surface was established from the bottom view of
a droplet, as shown in figure 9. Once the point
of droplet contact was established, the tangent to
the curved droplet surface from the point of con-
tact was drawn, and the angle was measured with
the aid of a protractor equipped with a calibrated
vernier, and 5X magnifying glass. All the mea-
surements were made from enlarged pictures.
e In the dynamic tests, the advancing and re-
(a) Mean droplet diameter, 0.0575 inch. ceding points of contact of a droplet with the
solid were established by the use of the droplet
side view in conjunction with the bottom view
taken from the mirror image, as illustrated in
figure 8. The advancing 6 A and receding GR
contact angles of a moving droplet were directly
measured from the enlarged photographs. The
distortion angle of a droplet moving at a given
average velocity was calculated from the equation

0, -6
A9=A_2_R (2)

(b) Mean droplet diameter 0.0713 inch.
The mean dynamic contact angle of a droplet was

calculated from the equation

6, +96
9d=_A__R (3)
2

Calculated Contact Angle

In addition to measuring the contact angle
directly, it was calculated from the dimensions
of the droplet by the method of Bashforth and
Figure 9. - Variation of mercury droplet contact area with HGATS (ref. 3) e Enopies Epmatt angle was

mean diameter. Undisturbed dropiet inside of giass tube related to the droplet size factor 28 /5 and

(inside diameter, 0.429 in.) in 1-g environment. X10. droplet shape factor 5/2b. Droplet radius of

(c) Mean droplet diameter, 0.1500 inch.




curvature b at its apex, which defines the shape factor of a given droplet, was calcu-
lated from Rayleigh's equation (ref. 6)

5 7
b=r+X - 2' (3In2-2)+—L (781n72 - 53) (4)
2 (3022 (3643

where r =6/2 and c2 is the Laplacian capillary constant.
In the droplet size range under investigation, the values of r/c are very small, and
the last two terms in equation (4) add little to the accuracy of b. Therefore, the simpli-

fied equation results in

b=r+1 T =1 (126 +2 (5)
3

c 24 02

where 0§ is the mean diameter of the droplet determined by

as shown in figure 8,
The value of the Laplacian capillary constant c2 of each droplet analyzed was cal-

culated from the following equation

2
2 = 94_ <9-_9§ﬂ - 0.12268 + 0.04810 f) (6)
£

derived empirically by Dorsey (ref. 7), where the deviation of the droplet from actual
spherical shape is

%Xy ar - Kyag)
- 1355 1357 _ 0. 41421 (7

f

The dimensions in equations (6) and (7), indicated in figure 10, are taken from refer-
ence 7. As indicated in figure 10, E is any point on the 135° tangent below the point B.
From the geometry of a droplet, the value of (X135 - K135) is equal to the distance CB
(= DE - DB). If a droplet were spherical with radius r =6/2, CB would be equal to

(V2 - 1) & =0.41421(3).
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Figure 10. - Droplet dimensions. (B, C, D, and E are intersections.)

Equation (7) contains only linear quantities that were readily obtained from a photo-
graph of the profile of the droplet surface. An error of 0.001 in f will produce an error
of 0.80 percent in c2. When the values of b and c2 have been determined, the geom-
etry droplet parameters B, (6/2b), y/b, and 26y/6 were calculated for each droplet
analyzed. In this analysis, droplet dimensions have been selected (other than those given
in ref. 3) that may be measured precisely from enlarged droplet photographs, or that may
be readily calculated from other experimental data. For each value of 6/2b and y/b
calculated, the contact angle 6 s, c was obtained by the numerical interpolation of the
original tables of Bashforth and Adams. The values of 6 s.c recorded in tables I to IV
are correct to the nearest 0. 10, relative to the original tables given in reference 3.

Droplet Geometric Parameters

The contact area of a sessile droplet with a wall of a glass tube was measured with a
planimeter from enlarged droplet pictures such as those shown in figure 9. This value
was multiplied by a correction factor to account for the tube wall curvature,

Ly
A=A — (8)
a

where La is the apparent major axis of the ellipse of the droplet in contact with the tube
wall, L; is the true length of the major axis of the ellipse of the droplet in contact with
tube wall, and is 7/180 (yr). This expression was derived from the geometry of a drop-

let in contact with the tube wall shown in figure 11.
11
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The ratio of the contact area of a droplet on the curve tube wall to that on a flat plate i
can be defined by the contact area shape correction factor

F=—2C (9)
Acir
where
2
A. =Tqg
Clr 4

and d is the minor axis of the droplet contact ellipse. The values of F are dependent
on the gravity environmental conditions.

In the droplet size range investigated (0.0116 to 0. 2250 in. in diam), the surface area
of a sessile droplet exposed to the vapor phase was estimated by two different methods.
The first method was used mainly for small droplets, =<0.065 inch, and was related to the
contact angle of a given size sessile droplet with the shape of a spherical segment, as
shown in figure 12, The surface area is obtained from the following integration:

S = f ds 7 ,

2 QD': gsy c ‘

= 27r sin ¢ do¢ .
=0 > (10)

= 21rr2(1 - cos Gs)

o

T TR

62(1 - cos 6,) J

o

Equation (10) is accurate for small droplets that are negligibly flattened by gravity and
for all droplet sizes in a zero-gravity environment. Since larger droplets were signifi-
cantly flattened by gravity, resulting in ellipsoidal shapes, a second method, involving a

12
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Figure 13. - Numerical approximation method for
calculating free-surface area of droplet.

Figure 14. - Small sessile droplet with shape of
spherical segment.

graphical integration, was used to obtain the free surface area, as indicated in figure 13,

from which

S~ 27 Z(y AX) - 7hd

(11)

The volume of a sessile mercury droplet was determined from the weight to density
ratio w/p and was also calculated by equation (12), which was derived from the geometry
of a small sessile droplet with the shape of a spherical segment, such as that shown in

figure 14, where dA is a differential element of droplet area

dv = dA dr

Integrating the droplet volume gives

=9 r 2
v=/¢ S/ 21r° sin ¢ do dr
¢=0 r=0
s T2
=/-6 21rsin(pd(p/ rdr
0 0

_ r
= 2m(1 - cos GS) 5

=T 63(1 - Ccos GS)

> (12)

Mercury-Glass Thermal Equilibrium Time

Numerous investigators (e.g., refs. 3 and 8) have observed that the contact angle of

13
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Figure 15. - Mean droplet contact angle as function of time-in-position.

a droplet on a solid surface in air increased slightly with time-in-position. It was there-
fore considered prudent for validation of droplet shape and contact angle data to define the
equilibrium time requirements of the liquid-solid system used in this investigation.

When a mercury droplet was initially placed on the glass surface, a high degree of
droplet surface oscillation was observed. Most likely this oscillation resulted from the
internal molecular circulation, driven by a surface-tension gradient over the droplet sur-
face due to temperature exchange between glass and mercury. When a mercury droplet
was allowed to stay in position for a few minutes, it was observed that the droplet surface
oscillation gradually decreased. Therefore, in order to determine the time required to
attain thermal equilibrium between glass and a mercury droplet, ten mercury droplets
varying in weight from 11. 80><10'4 to 731. 4><10"4 ounce were photographed at various
times up to 155 minutes. The photographs of mercury droplets were taken in the glass
tube and also on a horizontal glass plate. The mean contact angle of a sessile droplet in
a glass tube and on glass plate was measured directly from enlarged photographs (mag-
nification of 6) and also was calculated from the measured droplet dimensions. The re-
sults thus obtained of three representative droplets are shown in figure 15. Depending on
droplet volume, the thermal equilibrium (zero change in contact angle with time) between
glass and mercury was attained within a time interval of 60 to 80 minutes. All data in
this investigation were taken at thermal equilibrium conditions. In the droplet size range

analyzed, the effect of time-in-position on contact angle was the same for the glass plate
and the glass tube.

Effect of Aberration

It is a well-known fact that the effect of refraction through one or more parallel-
sided slabs displaces an image laterally but does not deviate from its true shape. How-

14
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Figure 16. - Relative geometry of location of glass tube, droplet, and camera.

ever, the photographs of mercury droplets in a glass tube were taken through a curved
tube wall. Therefore, in a plane normal to the length of the tube, the curvature of the
tube wall at which light incidence from the camera film plane to a droplet varies from
point to point. As shown in figure 16, the curvature of tube is concave inward; there-
fore, the change in curvature resulted in attenuation of droplet image on a camera screen.
It was therefore desirable to determine the signiﬁcance of the aberration effect on the
results.
From the relative position of the tube, the droplet, and the camera, the droplet

height attenuation §_ was approximated by the following equation, which was derived

from basic optics laws,

1{ Hair

A6y =t cos g;qtan ¢, - tan|sin sin ¢, (13)

Helass

where ¢; 1s the angle of incidence, = 1° (for droplet of maximum size); p,;,. is the
absolute refractive index of air, ~ 1.00; pn glass is the absolute refractive index of glass,
~ 1.50; and t is the estimated coverage thickness of a tube wall, = 0.067 inch. By
substituting these values into equation (13), the maximum possible attenuation of droplet
height is ~ 4. 5><10'4 inch, which is very small relative to droplet size. Since it is
believed that equation (13) gives a reasonable approximation to the attenuation effect, the
effect of refraction or aberration was neglected in the interpretation of photographic data.

All experiments in this study were conducted at ambient conditions. The ranges of
variation of temperature, pressure, and relative humidity were as follows:

15



(a) Zero gravity.

(b) 14g.

]
© 1L gts.
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Figure 17. - Variation of mercury droplet
shape with gravity level (gravity vector is
normal to_tube wall). Droplet weight,
12.26x10™° ounce. X5.1.

16

Tube wall
thickness,
0.040 in.

(a) Mean droplet diameter, 0.0723 inch.

(b) Mean droplet diameter, 0.1157 inch.

C-66-3243

(c) Mean droplet diameter, 0.1548 inch.

Figure 18. - Variation of mercury droplet contact angle
with size in horizontal glass tube (inside diameter
0.429 in.) in 1-g environment. X8.65.




(o)

Temperature, F . . . . . . . ¢« t v i v e e o e e e e e e e e e e e e e e e 5 to 82
Atmospheric pressure, in. of Hg . . . .. . . .. ... ... .. ..... 29.90 to 29.91
Relative humidity, percent. . . . . . . .. ... . ... ... .. ... .. ... 55 to 65

Therefore, it is believed that the effect of variation of the atmospheric conditions on the
results presented in this report is negligible.

RESULTS AND DISCUSSION

In order to arrive at a means for predicting heat-transfer and pressure-drop char-
acteristics of condensers operating in a nonwetting condition, it is necessary to define
pertinent geometric characteristics of droplets such as surface areas, contact areas (with
a tube wall), and droplet volumes. It would, therefore, be convenient to derive expres-
sions for these geometric characteristics in terms of an easily identified variable that
would yield valid results over a broad range of drop sizes under various gravity environ-
mental operating conditions. This easily defined variable is drop diameter. However,
the geometric characteristics of droplets in contact with a surface cannot be directly ob-
tained from the drop diameter since these characteristics are functions of drop shape
that, in turn, is a function of the contact angle. It is then necessary first to define the
effects of droplet size and gravity environment on droplet shape and contact angle and then
to relate, through the empirical expressions, the variations of drop geometry with drop
diameter. The following discussion deals with experimentally and analytically defined
contact angles and associated geometric parameters of mercury droplets.

Droplet Geometry Effect of Gravity on Radius of Curvature

Study of enlarged mercury droplet photographs (such as those shown in figs. 17 and
18) taken in various gravity environments indicated that the shape and, therefore, the
contact angle of a given size sessile droplet varied with the level of gravity. In the drop-
let size range analyzed (0.0610 in. < § < 0.2365 in.) in a zero-gravity environment, the
shape of droplets resembled a spherical cup. However, in a 1-g environment, for sessile
droplets less than 0. 0713 inch, the shape deviated little from a spherical cup. For larger
droplets, the shape deviated from a spherical cup progressively with an increase in size
due to droplet flattening. The variation of the shape of a droplet with size in a 1-g envi-
ronment is illustrated in figure 18. As would be expected, a given droplet subjected to
1-;-- and 2-g environments was increasingly flattened, and the shape of droplets resem-
bled an ellipsoidal cup.

17



The change of the shape of a droplet in contact with a solid surface with varying level
of gravity suggested application of the theory of Bashforth and Adams (ref. 3) for calcu-
lating droplet contact angle from the measured droplet dimensions. Those dimensions

are the radius of curvature at the apex b (given by eq. (5)), derived in the section METHOD

OF ANALYSIS, the height Gy, and the mean droplet diameter §. In accordance with the
theory of Bashforth and Adams, the contact angle depends not only on droplet size but also
on shape. Therefore, these three droplet dimensions were related to two dimensionless
factors, droplet size factor 26y/6 and droplet shape factor 5/2b. For a given droplet,
they both varied with gravity level. The droplet apex curvature is plotted as a function

of mean droplet diameter in figure 19 for different gravity levels. The apex curvature
increases with an increase in droplet size. It is important to note that, for a given drop-
let volume, the mean diameter changes with gravity level, and it is therefore necessary to

D interpret effects of gravity level on droplet
- 6y ; characteristics on the basis of droplet vol-
B | l l T / /o ume rather than droplet diameter (see bot-
i ”’gp’” ) tom data). A digital computer program
A2 b 7 using a least-square-method curve fit for
1 4 5 various droplet parameters produced an
' J exponential equation in the form
/ (B36 +B 4n)
.10 I/” £ = Blé + Bze where ¢ isa
1/ . .
P Volume of sliding geometric droplet parameter, while Bl’
P droplet, ] By, By, and B, are constants determined
> v, . . .
2 cuin, /] 5 empirically. Details of this program are
s - 150410 described in reference 9.
: o The general empirical equation obtained
e’ 1 1o0x10°5 to express droplet curvature at its apex in
g .06 the gravity environments and droplet size
© range investigated is
.05 50x1lo'5
Gravity level, b =0.5440 +
.04 g's -
2x10°" S ’ — 0. 112x10"2 ¢(5- 985 6 + 0. 662 n) (14)
.03 Ho- 1 ]
o 13 _
0 10x107 o 2 | The accuracy of b obtained from equation
' T gegulumetines | (14) is within 0. 50 percent relative to the
.01 | I 1 1 | | |1 ] values obtained from equation (5).
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As shown in figure 15 (p. 14), a change

Mear; droplet diameter, §, In.

Figure 19. - Varlation of curvature at droplet apex with droplet in curvature.is very sensitive to a change
size for various gravity environments.
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in diameter. In the small droplet size range, 6 = 0. 0650 inch, the change in curvature
is negligible when going from one gravity level to the other; however, the effect of gravity
on droplet curvature increases with an increase in droplet size.

Effect of Gravity on Droplet Height

The variation of the height of a sessile droplet in a glass tube with mean diameter for
various gravity environments is presented in figure 20. In a given gravity field, the drop-
let height increases almost linearly with an increase in mean droplet diameter. In the
range of droplet size and the environment of gravity investigated, the height of a sessile
droplet in a glass tube can be expressed by the following empirical equation:

0. 244

-2 (6.1356 - 0.124 n) (15)

6 _ =0.234x10
y

The -accuracy of §_ obtained from equation (15) is within 0. 70 rms percent relative to
the measured data points presented in figure 15 (p. 14). Equation (15) is valid in any
gravity level investigated.

T 1T 7 T
Gravity level,
q's
(@] 0
A 1
1
a 15
o 2
Eq. (15
— —— Constant volume lines
.20
Volume of sliding
droplet,
16 Y, o) 7
. | cuin. ] 5 |,
£ - -
& 12 2 =
- 200 e O
s P = 200x107
2 s =’ (- 150c10°>
5 - 100x10
8 — F—50x10~2
e -7 5
04 3 25x10° 7 —
Vaiyg 10x10
o |
0 .02 .04 .06 .08 .10 A2 .14 .16 .18 .20 .22 .24

Mean droplet diameter, §, in.
Figure 20. - Droplet height as function of mean droplet diameter,
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Figure 21. - Droplet size factor as function of mean contact angle.

Contact Angle

Calculated from droplet dimensions. - The original tables of Bashforth and Adams
given in reference 3 provided the necessa'ry information to produce figure 21. Here
curves serve for determining contact angle by graphical interpolation from measured
droplet dimensions. Dimensions have been selected that may be measured most precisely
or which may be readily calculated from other experimental data. The most easily meas-
ured dimensions of a sessile droplet, as represented in the sketch in figure 21, are the
total height and the mean diameter. These two dimensions determine the size of the
droplet. However, the contact angle depends not only on the size of the droplet but also
on its shape. Therefore, the contact angle of a droplet has been related not just to drop-
let size but also to its shape factor 6/2b, which contains the radius of curvature b at
the apex of the droplet.

For each value of 95, ¢» the corresponding values of 25 /6 and /2b were obtained
by the numerical interpolation of the original Bashforth and Adams tables given in refer-
ence 3. The results obtained are presented in figure 21. The values of 9s ¢ In this

’

20




figure are correct to the nearest 0. 1° relative to the original tables given in reference 3.

Direct measurement. - The data obtained by the direct measurement of contact angle
of droplets from enlarged photographs are given in tables I to VI. In a non-zero-gravity
environment, the mean contact angle increased with the mean droplet diameter until a
maximum equilibrium value was reached. At this point, the contact angle became a con-
stant independent of droplet size. The data obtained by direct measurement were less
consistent than the data calculated from measured droplet dimensions. This inconsistency
was attributed to irregularities in the glass surface or inherent human error of measure-
ment, or both

Comparison of measured and calculated values. - The mean contact angle of a sessile
droplet with a glass tube in various gravity environments was determined in two different
ways: first, by the direct contact angle measurement at two points from the enlarged
pictures of a droplet image, and second, from the measured dimensions of a droplet by
the numerical interpolation of the Bashforth and Adams tables. The mean contact angle
obtained is given in tables I to IV, and the correlation of calculated contact angles Bs, c
with the measured values GS’ m 2re plotted in figure 22. The solid line in this figure
represents the least-squares fit, and the dashed lines indicate a confidence band within
12 percent deviation from the least-squares fit. It can be seen from this plot that 93 per-

cent of all data points obtained in various gravity measurements fall within the confidence
band.
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Effect of droplet size. - In a given gravity environment, the contact angle formed by
a sessile droplet on a solid surface depends on the droplet size and solid surface orienta-
tion in the gravity field. The variation of mercury droplet contact angle with its size in
a 1-g environment is shown in figure 18 (p. 16). The values of mean contact angle cor-
responding to various droplet diameters and gravity fields are given in tables I to IV, and
the results of mean contact angle Gs, c 2sa function of droplet size & are plotted in
figure 23. In a 1-g environment, the mean contact angle of a droplet increases with the
diameter until it approaches a maximum equilibrium value of 142° at a droplet size of
0. 1122 inch (see table II).

The mean contact angle of a sessile droplet in a glass tube in 0-, 1-, 1%-, and 2-g
environments has been expressed by the following empirical equations;
(BS c) = 134,254 0- 2440 ¢ 0470 in. =< 6 = 0.0826 in. (16)
»770
(es c) =129.605¢% %70 0 0116in. =5 =0.1122in. (17)
»/1
(95 c) = 141,607 O-4780 4 0835 in. =5 = 0.2380 in. (18)
H
2
(95 c>2 = 129.845 e 1130 g 0491 in. <5 =0.2250 in. (19)

Equations (16) to (19) are valid for the droplet size range indicated within an accuracy
of 1.3, 2.3, 2.9, and 2. 6 rms percent, respectively, relative to the calculated values
from droplet dimensions. By introducing a gravity factor n, a general empirical equa-
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tion was obtained from the data to express the mean contact angle of a sessile droplet for
the range of gravity environment and droplet size investigated. Thus,

0.022

The accuracy of 9s obtained from equation (20) is within 8.0 rms percent relative to the
data points presented in figure 23 in the gravity-levels investigated.

Effect of gravity. - Mean contact angles of various size sessile droplets were deter-
mined both by direct measurement and by computation from droplet geometry. All the
data and calculated results are tabulated in tables I to IV.

In the droplet size range analyzed (0. 0470 in. =6 =< 0. 2365 in.), the contact angle
formed by a droplet and a glass tube in a zero-gravity environment varied little with drop-
let size. The data of mean calculated contact angle 9 ¢ Sbreadina 7° band. A plot of
equation (16) in figure 23 represents the least-squares f1t for all the calculated mean con-
tact angles obtained in a zero-gravity environment. The contact angle increased slightly
as droplet size increased. For example, for droplet diameter & = 0. 050 inch,

6 = 131°, and for 5 = 0. 120 inch, the contact angle approaches a constant value of

s, C
1409, The increase in contact angle with droplet size is attributed to the fact that, in

“general, the magnitude of surface tension of a liquid decreases with droplet size (ref. 10),

and the contact angle for a given condition is directly proportional to the magnitude of
surface tension. As shown in table I, the root-mean-square value of the mean calculated
contact angle 0 c is 139° in a zero gravity environment.

The surface tension of triple distilled mercury used in this analysis is about 0.03188
pound per foot at 70° F. Then the average force of adhesion in the contact periphery of a
droplet, as given by the following expression (ref. 10),

®=06(1+cos es,c)

is of the order of 0. 00746 pound per foot. Because of the adhesion force, mercury drop-
lets were observed to remain attached to the glass surface in a zero-gravity environment,
as shown in figure 17 (p. 16).

In a 1-g environment, the droplet size range analyzed was 0.0116 inch =§ =< 0. 2150
inch. The calculated and measured mean contact angles 9 and 9 are given in
table II, and the variation of calculated contact angle 6 W1th droplet size 6 is shown
in figure 23. The effect of gravity on a contact angle of small droplets is negligible.
However, as droplet size increased, the gravity effect on contact angle became signifi-
cant. For example, for a droplet size & of 0.050 inch, the contact angle changed by only
a fraction of a degree by going from a zero-gravity to a 1-g environment; however, for a
droplet size & of 0.120 inch, the difference increased to 3° for the same change in the
environment of gravity.
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Figure 24. - Gravity effect on mercury droplet shape. Droplet weight,
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Ina 1—21- -g environment, the droplet size range analyzed was 0. 0835 inch < § =< 0. 3840
inch. The mean contact angles Bs’ c and 6 5, m obtained are given in table III, and the
results of Gs, c are plotted as a function of 6 in figure 23. The gravity effect on a mean
contact angle increased rapidly with an increase in droplet size. For example, for a
mean droplet diameter of 0. 0835 inch, the calculated mean contact angle is 1430, and for
a mean droplet diameter of 0. 1200 inch, the calculated mean contact angle is 150°. As
shown in figure 23, the mean contact angle of a droplet approached a constant value of
157° at a droplet size of approximately 0. 2000 inch.

Table IV contains calculated and measured data of the mean contact angle of droplets
in the size range of 0. 0491 inch = § = 0. 2250 inch. The calculated contact angles from
the dimensions of droplets are more consistent than the measured values. Therefore, the '
calculated contact angles of sessile droplets are plotted as a function of droplet diameter
in figure 23. The calculated contact angle of a sessile droplet in a 2-g environment varied
from 134° for a mean droplet diameter of 0. 0491 inch to 164. 5% for 0. 2250 inch, which is
the maximum constant contact angle attained in this gravity environment.

In order to illustrate the presence of an adhesion force between glass and mercury

‘and also to show the effect of gravity on a droplet shape and its contact angle, a mercury
droplet (11. "192><10'2 oz) was photographed in a pendant and in a sessile position. The
pendant position of a droplet was obtained by rotating the glass tube 180° relative to the
position of a sessile droplet. The enlarged photographs are shown in figure 24.

In the pendant position, the droplet was under the influence of a negative gravity and
remained attached to the glass by adhesion force. The mean contact angle was 1360, and
the dimensions of the droplet were a diameter of 0.0743 inch and a height of 0. 0537 inch.
The same sessile droplet in a positive gravity position exhibited a mean contact angle of
133°, a diameter of 0. 0786 inch and a height of 0. 0456 inch.

Geometric Characteristics of Droplet

Those parameters such as droplet contact diameter with tube wall droplet height,
droplet contact area with tube wall, droplet surface area exposed to vapor phase, and
droplet volume were obtained from experimental measurements. Each geometric param-
eter was plotted as a function of mean droplet diameter and expressed by an empirical
equation for each gravity level considered. The use of the digital-computer least-squares
program was employed to obtain empirical equations for each geometric parameter ana-
lyzed.

Contact diameter. - The variation of true contact diameter on the tube wall of a ses-
sile droplet with mean diameter is presented in figure 25. The droplet true contact di-
ameter increases almost linearly with an increase in droplet mean diameter. In the range
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Droplet contact diameter, d, in.

Figure 25. - Droplet contact diameter as function of mean droplet diameter measured in glass tube.
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of gravity environment and droplet size investigated, the true contact diameter of a ses-
sile droplet with tube wall can be expressed by the following empirical equation:

d = (0.408 5 - 0.0198)ed- 179 n 1)

The accuracy of d obtained from equation (21) is within 0. 70 rms percent relative to the
measured data presented in figure 25.

Contact area. - The measured values of contact area of a sessile droplet with tube
wall for various gravity environments are shown as a function of a mean droplet diameter
in figure 26. The values for the droplet contact area correction factor are presented in
tables I to IV. The numerical values of the root mean square of F were 1. 40, 1. 41,

1. 42, and 1. 50 for gravity levels of 0, 1, 11, and 2, respectively. Therefore, using
equation (9) and the expression for d given by equation (21) results in the following em-

pirical equations for the contact area of a sessile mercury droplet with the tube wall for

0-, 1-, 1%-, and 2-g environments, respectively:

Ag=1. 402 (0.408 5 - 0.0198)° (22)
A =141 E (0.408 6 - 0.0198)20- 179 (23)
A =142 .Z (0. 408 5 - 0. 0198)20- 937 (24)

1=

2
Ay =1.50 T (0.408 5 - 0.0198)2¢0 716 (25)

4

Equations (22) to (25) are valid in the droplet size range indicated in tables I to IV,
within an approximate accuracy of 1.04, 1. 68, 2.01, and 2. 42 rms percent, respectively,
relative to the values measured with the planimeter. The data obtained are listed in
tables I to IV. The calculated and measured results presented in figure 26 indicate the
variation of droplet contact area on the tube wall with droplet diameter. Droplet constant
volume shown by the dashed lines indicates that, for a given volume, the droplet mean
diameter and consequently the droplet contact area increases with increased gravity level.

Surface area. - The values of the free surface area obtained from equations (10)
and (11) for the range of droplet sizes and gravity environments are given in tables I to
IV, and the results are plotted as a function of mean droplet diameter in figure 27. In
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the range of droplet size and gravity level analyzed, the free surface area of a sessile
droplet in a glass tube has been expressed by the following empirical equation:

S = 0. 2884x1070 (18- 108206 + 2.7699 n) _ 5 g594 5 (26)

This equation is valid in the droplet size range and gravity level investigated. The accu-
racy of S obtained from this equation is within 0. 66 rms percent relative to the data pre-
sented in figure 27.

The free surface area of a droplet exposed to the vapor phase is dependent on droplet
diameter. However, an appreciable change in droplet contact angle results in a little
change in a droplet surface area. For example, for a 0.065-inch-diameter droplet, a
change of 10° in contact angle results in approximately 10 percent change in surface area,
as calculated from equation (10).

Volume. - The droplet volume w/p, determined experimentally, is plotted as a func-
tion of a mean droplet diameter in figure 28. The mean diameter of a given volume ses-
sile droplet depends on gravity environmental conditions, as shown in figure 17 (p. 16).

In addition, the variation of mean droplet diameter with the level of gravity is illustrated
by constant volume lines in figures 19, 20, 25, 26, and 27, represented by dashed lines.

In the range of droplet size and gravity level investigated, the volume w/p of a ses-
sile droplet in a glass tube is expressed by the following empirical equation:

-0.171
v = 2018. 566 e-(10. 322 % + 2.701 n) (27)

The accuracy of v obtained from this equation is within 0. 83 rms percent of w/p.

Dynamic Contact Angle

The advancing 6 o and receding GR contact angles of a droplet sliding in an inclined
glass tube undergo measurable changes with droplet velocity. These two contact angles
of mercury droplets in the size range from 0. 0375 to 0. 2501 inch were measured at slid-
ing velocities from 0 to 3. 33 inch per second on enlarged photographs, such as that shown
in figure 29. The data obtained are tabulated in tables V and VI, and the results are pre-
sented in figures 30 and 31.

The variation of 6 A OR, and A6 of a mercury droplet with mean diameter 6 in an
inclined glass tube at zero sliding velocity is tabulated in table V, and the results are

plotted in figure 30. The droplet pictures were taken in an inclined glass tube at maximum

droplet distortion 0. 01° before movement.
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(a) Mean droplet diameter, 0.0375 inch.

(b) Mean droplet diameter, 0.0875 inch.

(c) Mean droplet diameter, 0.1128 inch.

Figure 29. - Distortion of mercury droplet contact angle
{8 > Bpi in inclined glass tube (inside diameter, 0.429 in.)
for 1-g environment. Picture taken at instant when droplet
started to slide. X9.7.
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As shown in figure 30, at zero droplet velocity, the distortion contact angle A9 de-
creased with an increase in droplet size. The advancing 6 A and the receding GR con-
tact angles increased with an increase in droplet size, and also asymptotically approached
a constant value of 6, = 147° and GR =1.41° at droplet sizes of 0. 100 and 0. 180 inch,
respectively.

The variation of advancing 6,, receding 6,, and distortion A6 contact angles with
the droplet velocity are given in table VI and in figure 31. Up to a velocity of about 0. 70
inch per second, the advancing contact angle increased and the receding contact angle de-
creased with droplet velocity, and above this rate, both angles approached a constant
value. For a given droplet size, the advancing contact angle increased less than the re-
ceding contact angle relative to the mean contact angle at incipient movement. For ex-
ample, for a droplet diameter of 0. 1283 inch, moving with the average velocity 0. 70 inch
per sec%nd, ] A Was 147° and OR was 123°, while the incipient movement contact angle
was 142°,

’

SUMMARY OF RESULTS

A photographic study of mercury droplet parameters on a flat glass plate in 1-g en-
vironment, and also in a glass tube in 0-, 1-, 15-, and 2-g environments yielded the fol-
lowing results:

1. The contact angle of a sessile droplet was affected by its size and gravity environ-
ment. The contact angle increased with increase in gravity and by a greater amount for
large droplets than for small droplets. Also the contact angle tended to maximize at
larger droplet sizes as gravity level was increased.

2. In a 1-g environment, the maximum equilibrium contact angle was 142° for droplet
sizes greater than 0. 1122 inch. In a zero-gravity environment, the maximum equilibrium
contact angle was 139° (rms).

3. In the range of droplet size and gravity level investigated, empirical equations
were developed for expressing the geometric droplet parameters as a function of mean
diameter including (1) mean contact angle, (2) contact diameter, (3) surface area, and
(4) volume.

4. In a 1-g environment, tests showed that thermal equilibrium between glass and
mercury at ambient conditions was attained within a time interval of 60 to 80 minutes.

5. In a 1-g environment, the dynamic contact angle of a droplet was affected by the
droplet size and tube inclination relative to a horizontal. The value of mean contact angle
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of a mercury droplet sliding under the influence of gravity in an inclined glass tube was
approximately equal to a mean contact angle of a sessile droplet in a horizontal tube.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 2, 1966,
701-04-00-02-22.
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APPENDIX A

SYMBOLS
contact area of a droplet with w weight, 1b
solid surface, sq in. X,y,z Cartesian coordinates
circular c'ontact ?.rea calculated a maximum tube inclination before
from minor axial droplet con- droplet motion, deg
tact diameter 2,9
9 B ratio of 2b“/c“, dimensionless
acceleration, ft/sec
) mean diameter of droplet, in.
curvature of sessile droplet at
apex, in ] mean contact angle of droplet,
, in.
deg
Laplac?an capillary co.nstant of A6 distortion angle of droplet on in-
sessile droplet, sq in. clined solid surface,
contact diameter of sessile drop- (9 A - GR) / 2, deg
let with solid surface, in.
) 6 A advancing contact angle of drop-
contact area correction factor, let on inclined solid surface,
Ac/ Acir deg
measure of deviation of actual Gd mean dynamic contact angle of
droplet shape from spherical, droplet on inclined solid sur-
dimensionless face, (9 At GR) / 2, deg
gravitatié)nal acceleration, 65 receding contact angle of droplet
ft/sec on inclined solid surface, deg
length of major axis of ellipse 0 density, ft3
of droplet in contact with
tube wall. in o surface tension, 1b/ft
gravity factor, a/g, dimension- T time-in-position of droplet on
less solid surface, min
radius. in ® adhesion force, 1b/ft
surface area of a droplet ex- ¢ angle, degrees of liquid
posed to vapor phase, sq in. Subscripts:
velocity, in. /sec c calculated
volume, w/p, cu in. m measured

35




s sessile 1 lg

\/ vapor 1_;_ 1_% g's
X,y,z Cartesian coordinates
2 2g's

0 zero gravity
Conversion factors from English to Metric units

Multiply By To obtain
Inches 2.540 Centimeters
Square inches 6. 452 Square centimeters
Feet per second per second  30. 480 Centimeters per second per second
Pounds (force) per foot 145. 936><102 Dynes per centimeter
Inch per second 2. 540 Centimeter per second
Pounds per cubic foot 0.01602 Grams per cubic centimeter
Or - 32 5/9 °c
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APPENDIX B

ZERO-GRAVITY AND MULTI-GRAVITY FACILITIES

The 0-, 1%-, and 2-g gravity levels required for the tests were produced by using
two different airplanes: some experiments were conducted with the AJ-2 shown in fig-
ure 32, while the others were conducted with the L-17, shown in figure 33.

A typical trajectory for the Lewis AJ-2 is shown in figure 34. This maneuver pro-
duces a theoretical maximum zero-gravity time of 24 seconds (fig. 35). The maneuver
was entered from a dive, and the airplane was rotated at 400 knots true airspeed to ar-
rive at a pitch angle of 42° with a speed of 310 knots true airspeed. Transition was made
from a nominal 2-g pullup rotation to the zero-gravity condition where the airplane was
flying on a Keplerian trajectory. Approximately 5 or 6 seconds were required for transi-
tion from the pullup to the zero-gravity condition, and a similar time was required at the
exit of the Keplerian curve or pullout. These transition times reduce the theoretical
maximum zero-gravity time to a practical time of 12 to 14 seconds.

The zero-gravity times obtained for this study were adequate, since droplet stabili-
zation times in place were of the order of 3 to 4 seconds. The quality of the zero-gravity
condition produced in the airplane should be considered on the basis of the three axes of
measurement; however, the lateral and longitudinal accelerations always had a better

Figure 32. - AJ-2 Navy bomber converted to zero-gravity flight facility.
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Figure 33. - Ryan L-17 airplane used to produce 1% - and 2-q gravity environments in circular trajectory.

225 Knots
true airspeed;
altitude

17 000 feet
310 Knots 335 Knots
true airspeed; true airspee
400 Knots 42° climb 470 dive

true airspeed

Figure 34. - Typical trajectory. Actual zero-gravity time, 12 to 14 seconds; theoretical
maximum overall time, 24 seconds.

quality than the vertical acceleration. The vertical accelerations for a typical trajectory
are shown in figure 35. During this maneuver, 2.5 seconds were at a level of 0.005 g or
less, while 19. 1 seconds were at a level less than 0.1 g.

All the maneuvers flown during the test program were analyzed, and the average
zero-gravity times were computed. From these data it was shown that, for an average
of 5. 28 seconds per trajectory, the gravity level was within +0.01 g, and for 12.72 sec-
onds the gravity level was within +0. 05 g.

The gravity levels of 1% and 2 g's were produced by flying the airplane in a circular
trajectory, such as that shown in figure 36. In this trajectory, the airplane was used as
a large centrifuge, and gravity levels were produced for a period of 35 seconds (approxi-
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Figure 35. - Pitch acceleration during typical trajectory,

Figure 36. - Path of circular trajectory in which l%— and 2-g gravity levels were produced flying airplane
centrifugally. (Orbits shown are displaced for illustration only.)

=== —
]
{ ~—Lift
I
Bank angle, ¢ |
ANy
/\/
/"
// [~~~ Weight
/

&— Centrifugal force

Figure 37, - Relation of forces acting on airplane flying
centrifugally in steady turn.
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mately) although no time limit is imposed by the aircraft as in zero gravity. During a
steady nonslip or nonskidding turn, the lift will result in a horizontal component of a force,
which in magnitude must be equal to the centrifugal force of the turn on the airplane. A
steady turn of the airplane in a circular trajectory also produces a vertical component of
lift equal to the weight of the airplane. The relation of forces acting on the airplane flying
centrifugally in a steady turn is illustrated in figure 37. In order to produce a desired
level of gravity in a plane of a centrifugal turn, the following force balance equation should
be satisfied. Thus,

. |

L
n=—
W cos ¢

where n is the load factor, number of g's/g; W is the weight of airplane; and ¢ is the
bank angle. It is apparent from this equation that for a steady, coordinated turn, a given
load factor requires a specific bank angle, that is, 60° gives 2.0 g's, 170. 59 gives 3.0 g's,
etc. If the airplane were at a bank angle ¢, and the lift was not provided to produce the
correct load factor n, the airplane would accelerate in vertical and horizontal directions,
and the turn would not be steady. Also, any side force on the airplane due to side slip
would place the resultant aerodynamic force out of the plane of symmetry perpendicular

to the airplane lateral axis and a lateral acceleration component would be present. In
order to produce a steady turn in a circular trajectory, increased lift was required,
which, in turn, produced an increase in total drag for the period of flight in the circular
trajectory, because of the increased induced drag. Therefore, the thrust had to be in-
creased to keep longitudinal airplane accelerations zero. Lateral accelerations were kept
at zero by the pilot, using conventional aircraft instrumentation. The quality of 1%- and
2-g gravity levels produced in the airplane flying in a circular trajectory were considered
on the basis of the three axes of accelerometer measurements. The acceleration re-
corded in a plane of a typical circular trajectory flown for 1—21-- and 2-g gravity levels were
10. 10 g or better.
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