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Time for a Totally Wetting Liquid to Deform from a Gravity-
Dominated to a Nulled-Gravity Equilibrium State

Howarp L. PaynTER*
Martin Company, Denver, Colo.

This article presents an analytical method to predict the time required for a liquid/vapor
system to deform from a gravity-dominated condition to that of a nulled-gravity equilibrium
state. The theoretical analysis assumes that the free surface is completely transformed

to kinetic energy during this deformation.

The physical model is a spherical container par-

tially filled with a totally wetting liquid. A dimensionless coefficient, a function of tank
radius only, was then employed to modify the theoretical analysis and to provide good correla-
tion between analytical results and NASA experimental data.

Nomenclature
SE = surface energy, ft-lbf
KE = kinetic energy, ft-1bf
H = correlation coefficient
¢ = surface tension, Ibf/ft
R, r = radius, ft or cm
R; = constant, 1 cm
v = velocity, fps
m = mass, lbm
p = mass density, lbm/{t3
7w = zero-¢ elapsed time parameter, dimensionless
T = time, sec
gc = 32.174 lbm-ft/Ibf-sec?

Received October 21, 1963; revision received May 18, 1964.

* Design Specialist, Advanced Development and Technology
Section, Propulsion and Mechanical Engineering Department.
Member ATAA.

V= volume, ft3

K = Harkins’ spreading coefficient

£ = ratio, liquid-to-container volume
B = kinematic surface tension, ft3/sec%
Subscripts

l = liquid

n = refers to the nth increment (1 < n < 30}
7] = liquid/vapor

sv = solid/vapor

sl = solid/liquid

0 = initial

Introduction

ERO-GRAVITY, and associated fluid problems, are dis-
cussed in Refs. 1-4. A particular problem for the de-
signer of liquid rocket engines is predicting the time required
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LIQUID FILM
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d) Gravity-dominated Condition

b) Zero-g Condition

Fig. 1 Fluid system equilibrium.

for a subecritically stored propellant, i.e., liquid and vapor, to
deform from a gravity-dominated state to a weightless
equilibrium condition.

NASA presents drop-test data for a totally wetting liquid,
ethyl aleohol, to reach a minimum surface energy condition.’
These data do not represent the time for zero-g equilibrium
to be reached, since the liquid possesses finite kinetic energy
when minimum surface energy is first attained. This is
shown in Fig. 1. The gravity-dominated condition is pie-
tured in Figure 1a. The bulk of the liquid is gravity-oriented
with a thin liquid film covering the container surface not in
direct contact with the liquid bulk. This liquid film, caused
by extremely small surface tension forces, is affected by
gravity in thickness only due to inertia. Under a gravity
condition, this film may be but a few molecules thick;
whereas, when the effect of gravity is nullified (as in Fig. 1b),
this thickness can be appreciable.

The initial minimum surface energy condition in zero-g is
shown in Fig. 1b. The liquid-vapor interfacial area is at a

u) initia! Zero-g Condition

) Incremental Zero-g Condition

Fig. 2 Incremental zero-g energy change.
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Fig.3 Intermolecular force diagram.

minimum. The system has deformed from its gravity-
dominated state to entrap the spherical vapor bubble. How-
ever, when this initial condition is attained, the liquid meets
at station P — P! with a finite kinetic energy. The NASA
data show this phenomenon. Eventually this energy is
dissipated by doing work on the embedded vapor and in vis-
cous shear of the liquid. This energy dissipation process is
not considered in this analysis. Zero-g equilibrium, as used
in this treatise, denotes the condition when minimum surface
energy for the two-phase fluid system is first attained (Fig.
1b).

This analytical method of estimating the elapsed time in
zero-g for liquid to reach equilibrium is of particular sig-
nificance to the designer of liquid rocket engines since most
propellants, such as nitrogen tetroxide, Aerozene 50,”
and the cryogenics, are totally wetting.

Discussion

Assumptions

The following assumptions were used in the analysis.

1) Free surface energy is completely transformed to
liquid kinetic energy during the liquid/vapor deformation
process. The gravity-dominated and zero-g equilibrium
conditions are shown in Fig. 1, and incremental fluid deforma-
tion in attaining Fig. 1b is presented in Fig. 2.

2) Heat and viscosity effects are negligible.

3) Bond number (dimensionless ratio of gravity-to-capil-
lary forces) is zero, i.e., gravity forces are completely nulli-
fied.

4) The liquid/vapor interface (s in Fig. 2) is of constant
curvature.

5) The displaced liquid volume V, in Fig. 2 is the only
liquid accelerated during deformation.

6) The initial zero-g liquid/vapor system condition, or
gravity-dominated state, is as in Fig. 1a. A thin liquid layer
covers the entire wall surface not in contact with the liquid
glob.

Assumption 5 can be a first approximation only since the
exact liquid mass accelerated during the deformation process
is not known.

The assumption of the initial zero-g system equilibrium
condition shown in Fig. 1a, although discussed briefly in the
Introduction, needs further clarification. The liquid, being a
single mass or glob, is reasonable since liquid slosh (and/or
splash) and thermal energy effects are not considered. (The
single liquid glob was, of course, the initial zero-g condition
in the NASA drop-test results used for correlation with
analytical results).

The following is presented to support the added assumption
that a thin liquid layer (a few molecules thick) covers the
inner-wall surfaces before entering zero-g. The force balance
for the three-phase system, Fig. 3, is the Dupre equation

Osv — Osi = Op» COSO (1)

For a totally wetting liquid, cos@ is unity and the Dupre equa-
tion is simply
Ogp = Ol = Oy (2)

Equations (1) and (2) are valid at equilibrium only; i.e.,
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point P in Fig. 3 is stationary. Before equilibrium is reached,
the following equation can be written for a totally wetting
liquid:

s — Os1 = Ol + K (3)

In Eq. 3), K is Harkins’ spreading coefficient.® A wetting
liquid has a positive K; i.e., adhesion (o5, — o41) is greater
than cohesion (o). Spreading will not occur when K is
negative. A totally wetting liquid will spread a liquid film
over the internal surface of its container. This spreading
phenomenon is influenced by gravity only in its thickness.
Spreading coefficients determined experimentally for n-hep-
tane on various metals are presented in Ref. 7.

This liquid-spreading phenomenon reduces the number of
interfaces for a liquid-vapor-solid system to liquid/solid and
liquid/vapor. Of the two, only the liquid/vapor interface
can be reduced in zero-g.

Analysis

Because of assumption 6, total free surface energy for a
totally wetting liquid is simply

SE = (O'A) lv (4)

Free surface energy will tend toward a minimum in zero-g.
If surface tension is constant, this minimum energy will re-
sult when the liquid/vapor interfacial area is a minimum.
The IBM 1620 integration was made for thirty equal in-
crements of Y,, (AY), in Fig. 2. Incremental free surface
energy is shown in Fig. 2. The initial zero-g, or gravity-
dominated, free surface energy SE, is from Fig. 2a:

SE; = mo(a? + 2rc) 6)

During the initial deformation shown in Fig. 2b, free surface
energy is
SE; = 2mo[s(e + f) + r(c — €)] (6)

Therefore, the initial incremental surface energy (n = 1) is
simply

Incremental liquid mass, Fig. 2, is
Amy = pi[(Vi)y — (Vi)ol n=1) ®

The elapsed time for the liquid deformation, shown in Fig. 2,
can be calculated by equating incremental surface energy to
incremental kinetic energy. Incremental kinetic energy is

AKE; = (Ami/2g.) (AY/Ar),? n=1) 9

or incremental deformation time then becomes

1/2
ar= @ (5)" w-n w0

Total deformation time 7 is then the summation of the in-
cremental times

n=30
= ), Am, an
n=1

The IBM integration was made for a sphere of 1-ft-radius
and for a liquid kinematic surface tension 8 of 1073 ft3/sec?
The liquid can be either ethyl alcohol or hydrogen since each
has a 8 value of 1073 ft3/sec2. The computed results are pre-
sented as a dimensionless parameter 7, for various liquid-to-
container volume ratios £, in Fig. 4.

Correlation with NASA Drop-Test Data

Assumption 1 states that the change in free surface energy
is the change in kinefic energy of the liquid, or

ASE = AKE 12)
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B=10"3cu #t/sec?
R=1 ff

-3
rp=rfﬁ_ (Rz) , Zero-G Elapsed Time Parameter { Dimensionless )

) | i 1 !
(o} 2 4 6 .8 1.0

€p, Volume Ratio

Fig. 4 Dimensionless time parameter vs liquid-to-con-
tainer volume ratios.

SE ~ oR? (13)
KE = my?/2 (14)
If it is assumed that m ~ pR3and ¥ = R, and since
v=Y/r (15)
then
' KE ~ pR5/27 (16)
Now equating SE to KE, it is seen that
T =~ R3% (1/B)1/* amn

The following relationship then ean be used to approximate
different liquid system deformation times:

Ta = Ty (Ba/Re)¥*(8s/Ba) /2 ((a = &) (18)

Subsecripts a and b refer to the two different systems.

Now, with reference to Fig. 4, Eq. (18) can be written for
any spherical tank radius B and for any kinematic surface
tension @3 as

T =~ TpRBTI &= &) (19)

Results calculated from Eq. (19) were compared to the NASA
data. The comparison suggested modification of the equa-
tion by a coefficient H:

r = HrB- (£ = §,) 20)

where

1

H =58 = @&/B

(R > 1.16 Ry) @1)

Correlation between calculated zero-g deformation times
from Eq. (20) and the NASA data is presented in Fig. 5.
Agreement is relatively good.

The dimensionless coefficient H is presented as a function
of R in Fig. 6. H decreases as tank radius increases up to
approximately a radius of 1 ft; at larger R values, the value
of H approaches a constant equal to 1.16. It should be noted
that Eq. (21) is limited to tank radii greater than 1.16 em.

The assumption that only the displaced liquid, Fig. 2b, is
accelerated during deformation probably explains why the
correlation coeflicient is greater than unity since undoubtedly
more liquid is affected.
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Fig. 5 Correlation of analytical zero-g deformation rates
with NASA drop-test data, ethyl alcohol.

The author believes that viscous energy, neglected in this
analysis, explains the variation in H at the smaller container
sizes (R < 1.0 ft) where liquid shear area becomes significant.
This effect is evident in Fig. 6; deformation time increases
greatly as tank radius decreases from about 1 ft.

Because of viscous energy, H also must be a function of £,
particularly at low liquid-to-container volume ratios, i.e.,
when the ratio of ullage volume-to-container volume ap-
proaches unity. This phenomenon could not be determined
from the NASA data since, except for one datum point, ex-
perimental results are limited to an £ greater than 0.4.
More quantitative data at lower £ values are needed.

Conclusions

Equation (20), which includes the dimensionless time
parameter 7, of Fig. 4, is offered as a method to estimate
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Fig. 6 Correlation coefficient vs tank radii.

zero-g liquid deformation rates for totally wetting liquids in
different sized spherical containers with the limitations 1)
tank radii greater than 1.16 em and 2) liquid-to-container
volume ratios of 0.4 or more.

The analysis is limited to a spherical container and a totally
wetting liquid; however, the method is applicable to any
liquid in any tank geometry.
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