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Abstract

The oscillation of liquid/gas free surface in a partially filled storage tank caused by an abrupt drop of gravity level is of critical
importance for the fluid management in space. In the present study, the dynamic behavior of free surfaces in a model tank (tube) is
numerically investigated using volume of fluid (VOF) method in the context of dynamic contact angle (DCA) model. It is
concluded that the dynamic behavior of free surface could be captured pretty well using the selected DCA model, as shown by
comparison with the results of Drop Tower Beijing experiment. The temporal evolution of free surface reproduces exactly the
characteristics of damping oscillations. The detailed dynamic deflections of meniscus reveal crucial dependency between the
oscillation frequency of free surface and the boundary condition in the contact line. The oscillation frequency increases when the
range of the moving contact line transfers from the spherical-shaped part to the cylindrical part of the tank and maintains constant
when the moving contact line remains always at the cylindrical part of the tank. Meanwhile, the oscillation amplitude decreases in

line with the increase of oscillation frequency.
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Introduction

Storage tank is one of the basic components for spacecrafts, in
which the behavior of liquid is mostly responsible for the
safety, stability, fuel supply and so on. Correspondingly, re-
searchers pay close attentions to the shape of free surface
(Kulev and Dreyer 2010; Park et al. 2015; Zhou et al. 2016;
Zwicke et al. 2017), the pressure control inside a tank (Lopez
et al. 2008; Barsi and Kassemi 2013; Chen and Liang 2013;
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Kassemi and Kartuzova 2016), the liquid sloshing (Zhou and
Huang 2015; Deng and Yue 2017), and the measurement of
the residual liquid. The hotspot of researchers has been trans-
ferred from the properties of fluids, such as SF 0.65, SF 1.00,
FC-77 (Stange et al. 2003), LH, (Kumar et al. 2007), to the
outer geometry structure (with empty internal structure) of the
tank (Lopez et al. 2007) with emphasis laid on capillary flows,
especially when a partially filled capsule tank was involved
(Kassemi and Kartuzova 2016). Among these studies, the dy-
namic evolution of the free surface of liquid inside a tank is the
key topic, which is principally determined by the surface ten-
sion force in a microgravity environment.

The problem related free surface is always coupled with the
dynamic behavior of contact line or wettability, which has
been widely studied by numerous researchers, with focus con-
centrated on the droplet impact like problems (Josserand and
Thoroddsen 2016; Liang and Mudawar 2017; Quetzeri-
Santiago et al. 2019). The commonly used numerical methods
addressing multiphase flows with the free surface are the vol-
ume of fluid (VOF) (Hirt and Nichols 1981; Gueyffier et al.
1999) and level-set (LS) (Sussman et al. 1994) methods.
Generally speaking, the dynamic evolution of interface in a
confined container (tank) can be satisfactorily investigated
with existing numerical simulation methods.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12217-020-09831-x&domain=pdf
mailto:likai@imech.ac.cn
mailto:jfzhao@imech.ac.cn

1040

Microgravity Sci. Technol. (2020) 32:1039-1048

Importantly, what intimately associated with the free sur-
face in a storage tank is sloshing, which is a common motiva-
tion in space fluid management. A good number of works
have covered the sloshing behavior, both experimentally and
numerically, such as the Sloshsat FLEVO project (Vreeburg
1999; Dalmon et al. 2018), the Control of Fluid with
Vibrations (CFVib) in microgravity (Fernandez et al. 2017;
Salgado Sanchez et al. 2019), and the FLUIDICS experiment
in the International Space Station (ISS) (Dalmon et al. 2019).
As is known, one of the key parameters describing the capil-
lary phenomena is the Bond number defined as Bo = (p;
- pg)gfz/o, where p; is the density of liquid, p, the density of
gas, g the gravity acceleration, ¢ the characteristic length and o
the coefficient of surface tension. Considering the reduced/
micro-gravity situation in which the value of g is small, the
Bond number becomes very small in space. Therefore, the
surface tension will dominate the dynamic behavior of the free
surface, as shown by Stange et al. (2003) in their experimental
and numerical study on the dynamics of capillary-driven
flows of perfectly wetting liquids in circular cylindrical tubes
under microgravity condition. Ho and Rahman (2005) extend-
ed the numerical simulation of tank to three-dimensional cases
and described the difference between two (axisymmetric) and
three-dimensional results. Fries and Dreyer (2008) presented
an analytic solution for the momentum balance of a liquid and
investigated the initial moments of the capillary rise of liquids
in a capillary tube. Li et al. (2017) numerically investigated
the capillary flow in fan-shaped asymmetric interior corner
under microgravity with the effect of contact angle taken into
account. The influences of filling level on the sloshing fre-
quency (Li et al. 2018; Yang et al. 2019) and damping ratio
(Utsumi 2017) were compared in the low Bond number con-
dition. Despite its fundamental importance, our understanding
of the liquid sloshing in a tank remains limited, in part due to
the working environment of tank. Specifically, the research
works on the behavior of liquid in a tank with geometrical
capsule structure under microgravity condition are still not
sufficient. In addition, the dynamic contact angle (DCA),
caused by contact angle hysteresis, plays a crucial role in the
spreading of liquids on solid surfaces as systematically
discussed in (Cox 1986). The relationship between DCA
and the moving contact line (MCL) is what matters most
(Snoeijer and Andreotti 2013; Sui et al. 2014). A good many
studies involving MCL or interface problems have adopted
different DCA models in their works, such as the droplet
impact on surface in supercooled environment (Chang et al.
2019), the droplet behavior in microchannel (Wang et al.
2019), the splashing of droplet onto a surface (Almohammadi
and Amirfazli 2019; Quetzeri-Santiago et al. 2019).
Furthermore, Blake and Batts (2019) experimentally investigat-
ed the relationship between temperature and DCA. The results
show that, at the molecular-scale, dynamic wetting is a
thermally-activated rate process and the influence of
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temperature on DCA are not restricted to its effect on surface
tension and viscosity. Fricke et al. (2019) theoretically analyzed
the MCL problem for two-phase incompressible flows in a
kinematic approach and found that the derivative of the
contact angle could be expressed in terms of the velocity
gradient at the solid wall. Viola et al. (2018) incorporated a
nonlinear contact line model where a steep dynamic hysteresis
range was adopted into an asymptotic analysis of the sloshing
dynamics in a circular cylinder in partial wetting conditions. It
was shown that the damping effect of contact line was
nonlinearly dependent on the amplitude of motion.

In our previous study (Li et al. 2018), the behavior of
liquid in a partially filled capsule storage tank in microgravity
condition was studied both numerically and experimentally.
As shown in Fig. 1, a sealed and inverted test tube partially
filled with water was used to simulate the liquid behavior
inside a capsule tank after an abrupt drop of gravity during
the short-term microgravity (~3.6 s of duration) by utilizing
the Drop Tower Beijing (10 g, gravity level with the single
capsule mode, g,=9.807 m/s” is the terrestrial gravity accel-
eration). The dynamic behavior of the free surfaces was stud-
ied, and the influences of air fraction and tank diameter on the
oscillations of the free surfaces were also discussed. As
depicted in Fig. 2, the numerical prediction can capture the
averaged characteristic oscillation frequency of the first sev-
eral major free surface deflections in the experiment.
However, major discrepancies were found in the final equi-
librium position and the damping intensity. To account for
the discrepancies between the numerical and the experimental
results, a revised numerical simulation was conducted in the
present study. The influences of the contact angle, both the
static and dynamic contact angles, and the actual gravity level
evolution during the short-term microgravity by utilizing the
Drop Tower Beijing were taken into consideration. The re-
vised numerical results are found in good agreement with the
experimental results presented in Li et al. (2018). Moreover,
the influences of the air fraction (i.e. the boundary condition
of the MCL) on the dynamic behavior of the free surface have
also been accounted for by taking the above factors into
consideration.

Numerical Model
Governing Equations

The volume of fluid (VOF) method (Hirt and Nichols 1981;
Gueyffier et al. 1999) was adopted to simulate the dynamic
behavior of interfaces in a model tank (tube).

Considering water and air as incompressible fluids, the
continuity equation is

Vou=0, (1)
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Fig. 1 Experimental apparatus.
(a) The cylindrical tube used in
experiment. (b) The overall test
apparatus (Li et al. 2018)

The governing differential equation of the volume fraction
o is

o+ (u-Vya =0, (2)
The momentum conservation equation is as follows:

Oi(pu) + V- (puu) = —Vp + V- (2uD) + pg + f, (3)

where u is the velocity vector, g the acceleration of gravity, p
the pressure, 1 the dynamic viscosity, D the rate of deforma-
tion tensor defined as D = (Vu + V u”)/2. The surface tension
force f;=20pK; V a/(p; + p;). The curvature  can be calcu-
lated by the gradients of the unit normal vector of the two-
phase interface as k = —V-n. The unit normal vector
n = Va/|Val. The subscript , j stands for the , j th phase.

The volume fraction averaged density p and dynamic vis-
cosity y are defined by

-1.0 2.0
1.5
1.0
>
\ >
50l Vi 0.88s | 2078) 0.5
\ g(DTE)
B0F 0.0
g(NUM) : :
0.0 0.3 0.6 0.9 1.2
t(s)

Fig. 2 Comparison of the experimental and numerical results of the
evolutions of the center point of free surface in the tube (d=21.8 mm)
after an abrupt drop of gravity (Li et al. 2018). The NUM stands for the
numerical result and DET for the Drop Tower experimental result

p=ap + (1-a)p,, (4)
= oy + (1=a) py. (5)

The piecewise-linear method was used for the reconstruc-
tion of the interface (Youngs 1982). Classical PISO solver
was adopted for numerical simulation.

Dynamic Contact Angle

Dynamic contact angle (DCA) model considering the contact
angle hysteresis originates from the differences between the
ideal and real surfaces. It shows a type of saturation function
of the contact angle with respect to the capillary number
Ca = u/o, where u is characteristic velocity. The curves of
different DCA models of water are shown in Fig. 3. The
model of Hoffman (1975) for small Ca is

03,-6° = crCa, (6)
— — Hoffman, 1975 E
60.0F Jiang etal., 1979 |
— - — Kistler, 1993 '
o 0,-46.0° Water !
& 45.0F T |
300F i
-0.005 0.000 0.005
Ca

Fig. 3 Variation of DCA as a function of Ca for different DCA models
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where 6, is the dynamic contact angle, 6, is the static contact
angle, cris a constant given to be 72 (Hoffman 1975). Jiang
et al. (1979) proposed an empirical correlation as

cos (0.)—cos (0p)
cos (0.)+1

= tanh(4.96Ca"""), (7)

and Kistler (1993) proposed a derived DCA formula as

00 = friorr [Ca + [ (0e)], (8)
N 0.706
Shorr(x) = arccos{ 1-2tanh [5. 16 (m> ] }
©)

For the oscillations of free surface in a tank in the present
study, the characteristic time and velocity can be selected as

te~+/pR’ /o and u.~+\/40/pR, where R is the radius of the

tube. The calculated value of u. and ¢z, are 0.164 m/s and
0.13 s. The capillary number corresponding to u. is Ca =
0.002, which is of the order of 1073,

As shown in Fig. 3, the DCA described by Hoffman and
Kistler shows little difference as compared with the model
proposed by Jiang et al. (1979), and thus the commonly used
DCA model of Kistler (1993) was adopted in the present
work.

Geometry, Initial and Boundary Conditions

The transient axisymmetric model was adopted for numerical
simulation of the dynamic behavior of liquid water in an
inverted tube that is employed to model a half-capsule storage
tank, as shown in Fig. 4. The inner diameter of the tube d in
the simulation model is 21.8 mm which is the same size in the
experiment of Li et al. (2018). The height of the straight cy-
lindrical part of the tube, H, was selected to be two times of the
diameter in the computational domain. Further increase of H
exhibited no influence on the dynamic behavior of liquid.

The boundary on the wall of the tube was divided into two
parts to apply different conditions. For the moving contact line
region, the Navier-slip boundary condition

u = i, - Vu (10)

was used, where u is the value of the tangent velocity parallel
to the wall, 7,,, is the unit vector normal to the wall, A is the slip
length. According the Hoffman’s experiment (Cox 1986), the
value of ) is taken as 10~® m, which is of the order of the first
layer height of the grid on the wall. The no-slip and no-
penetrating boundary condition u =v =0, where v is the nor-
mal velocity component to the wall, were applied on the wall
of the tube except for the moving contact line region. For the
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Fig. 4 Schematics of the physical model. The free surface center (FSC)
and moving contact line (MCL) are the characteristic points selected to
represent the dynamic behavior of the free surface

entire wall, the boundary condition for pressure p and volume
fraction « are

o«

P Ja
" on

on

= ~o, (11)

w

w

i.e. their normal gradient to the solid wall is zero.
The effect of contact angle is described by the wall adhe-
sion model in the following form (Brackbill et al. 1992):

n = n,cosb,, + t,,sinb,,, (12)

where 7,, is the unit vector tangential to the wall. 6,, is the
contact angle, i.e. the dynamic contact angle 6.

The DCA model is implemented as follows. First, calculate
the value of capillary number Ca based on the velocity obtain-
ed from the last time step using Eq. (10). Secondly, calculate
the value of DCA 6 using Eq. (8) and (9). Thirdly, apply the
contact angle boundary condition given by as Eq. (12). Thus,
a time step iteration was completed.

The tube model was initially patched with the water in
agreement with the volume fraction of water in the experi-
ments (Li et al. 2018). The equilibrium position of the free
surface in normal gravity was calculated based on the initial-
ized flat free surface and taken as the initial condition for the
successive calculation in microgravity.

In the numerical simulation, the quadrilateral mesh was
adopted and the independence of mesh was checked. The final
optimal mesh number was 63,404 in the following study. The
range of time interval was 10™* s~10" s to ensure the
Courant number lower than 0.1. The convergence criterion
of relative residual error was 107° for every parameter.
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Results and Discussion
Dynamic Behaviors of the Free Surface

Figure 5 shows the dynamic behavior of the free surface de-
flections in a tube after an abrupt drop of gravity in the case
where the air fraction k,= 1.20. Here, k,, is defined as k,=2V,/
Vo, where V,, and Vj, are the volume of air and sphere, respec-
tively, and Vi =47R*/3. Two kinds of gravity changes are
used in the present numerical simulation, one is the idealized
step reduction of terrestrial gravity from one to zero (labelled
as gs), and the other is the actual experimental gravity change
during the free fall in the Drop Tower Beijing, shown in Fig. 2
(labelled as gz). The static and dynamic contact angle models
are also compared. Considering the principle of light projec-
tion and the refraction effect of light near the wall, it is more
appropriate to take the FSC points from the lower boundary in
the centerline of the tube and the triple phase points from the

z (mm)

/ : —0—DTE

50+t ---=NUM, gs, SCA, 60.0°
----- NUM, gs, SCA, 46.0°
——NUM, g, SCA, 46.0°
_60 1 1 1 Il
0.0 0.3 0.6 0.9 1.2
t(s)

E
£ .
N ‘:
_50 i .‘. v -O—-DTE
G e e e NUM, g, DCA, 46.0°
——NUM, gg, DCA, 46.0°
6.0L— . ' :
0.0 0.3 0.6 0.9 1.2
t(s)

Fig. 5 Temporal evolution of FSC for different physical conditions. (a)
SCA model vs. DTE results, (b) DCA model vs. DTE results. The gg
corresponds to the step reduction of terrestrial gravity from one to zero,
and the g to the actual experimental gravity change in the Drop Tower
Beijing, shown in Fig. 2. The error bar is the space uncertainty of the FSC
in the Drop Tower experiment with the value of £0.3 mm

upper boundary of the shadow on the side of the tube.
Therefore, a revised value of the SCA 6,= 46.0°, rather than
the previous value of 55.6° in Li et al. (Li et al. 2018), is
obtained based on the experimental observation (see Fig. 6),
and is adopted in the present simulation. The same method
with Li et al. (2018) was used to construct the free surface
profile to obtain the revised value of SCA. Assuming a spher-
ical free surface in microgravity condition, the contact angle 6,
can be calculated by 6, = arccos (R/R,,),where R is the inner
radius of'test tube and R, the radius of meniscus. The previous
numerical result with a SCA of .= 60.0° in Li et al. (Li et al.
2018) is also included for comparison.

In the Drop Tower experiments, the free surface shows a
maximum deflection after the abrupt gravity drop, and the free
surface evolution exhibits a rapid damping oscillation to its
equilibrium state. For the numerical results with the step re-
duction of gravity, the case with the SCA of 6,= 60.0° shows
much weaker damping effect on the free surface oscillations
with significant discrepancies in the final equilibrium position.
When the revised SCA of 6= 46.0° was adopted, the free
surface evolution exhibits stronger damping intensity and
lower oscillation frequency, and the final equilibrium position
significantly shifts towards that of the experimental result.
Furthermore, when the influences of the DCA were taken into
consideration, the amplitude of the free surface deflections
was further damped. Figure 7 shows the evolution of contact
angle adopting the DCA model in the Og, gravity condition.
The DCA shows a damped oscillation synchronically with the
evolution of MCL until reaching the SCA value where the
contact line achieves its equilibrium position. Its discrepancy
from SCA, i.e. 6p—6,, approximately remains in the range of

Fig. 6 Contact angle in the test tube
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Fig. 7 Temporal evolution of the contact angle captured with the DCA
model by Kistler (1993)

+ 1.5 °. The free surface undergoes several oscillations and
rapidly evolves into the equilibrium position due to the extra
viscous damping on free surface oscillations. When the actual
experimental gravity (i.e. gz) condition was further consid-
ered, the evolution of the free surface deflections exhibits
much stronger damping effect and much faster transition into
the final equilibrium position after the initial maximum deflec-
tion. It is worth noting that the numerical result of the SCA
model under the actual gravity level, as depicted in Fig. 5 (a),
also exhibits stronger damping effect as compared with the
result of SCA under gg condition. Nevertheless, the numerical
results of the evolution of FSC using DCA model (as shown in
Fig. 5 (b)) agree better with the DTE result than the SCA
model (as shown in Fig. 5 (a)) under gz condition, especially
after the first oscillation. Note that there is a space uncertainty

S1

Fig.8 Three representative states of the oscillations of contact line. Here Zyax, Zmin and z. represent the contact lines locating at the maximum, minimum
and equilibrium position, respectively

S2
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0f 0.3 mm in the image processing of the experimental results.
As a result, the numerical result can be considered in a good
agreement with the experimental results, which validates the
present numerical simulation, supports the adoption of
Kistler’s DCA model and implies the importance of consider-
ing the actual gravity evolution in the experiment (Fig. 5).

Dependency of the Free Surface Dynamic Behaviors
on the Air Fraction

It is worthwhile to figure out the dependency of the dynamic
behavior of the free surfaces on air fraction k,. Therefore, a
series of numerical simulations were carried out for the dy-
namic behavior of the free surface under the step reduction
gravity condition with £, ranging from 0.80 to 1.88 in the
tube. The results can be divided into three representative
states regarding the position of the MCL, as shown in
Fig. 8. S1 is for small %,, e.g. 0.80, the contact line oscilla-
tion keeps staying over the horizontal plane of z=0. S2 is
for intermediate k,, the contact line oscillates alternatively
over and below the horizontal plane of z=0. S3 is for large
k,, e.g. 1.88, the contact line oscillation keeps staying below
the horizontal plane of z =0.

Figure 9 compares the evolutions of the MCL and the
FSC in the tube for air fraction k,= 0.80, 1.30 and 1.88,
which corresponds to three representative states of the con-
tact line oscillations, S1, S2 and S3 (see Fig. 8), respec-
tively. The dynamic evolution of MCL and FSC in 0g,
with SCA 60,= 46.0° are also plotted as a comparison. For
all the cases, after an abrupt drop of gravity, the evolutions
of MCL and FSC reveal damped oscillations synchronous-
ly approaching to their respective equilibrium positions
with a phase shift 7. The final equilibrium position of
MCL remains the same for both DCA and SCA, which

Zﬂ

//_— — O —r> - Zmax
- ;Zeq

s A~ — Zmin

S3
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Fig. 9 Comparison of temporal evolution of the MCL and the FSC for
different air fraction k,, after an abrupt drop of gravity. (a) £,=0.80; (b) k,=
1.30; (c) k,=1.88

means that the equilibrium position of MCL is determined
by the value of SCA. The time duration required for a
complete transition to the steady state in a reduced gravity
condition is nearly the same for different values of k,.
However, the amplitude of the oscillation decreases with
increasing k,, which means larger damping intensity for
smaller k,. Notably, the amplitude of the MCL oscillation
exhibits obvious discrepancies between the cases using
DCA model and the cases using SCA model. In addition,
there is a phase difference after the third period of MCL
oscillations in the case of k,= 0.80. However, this phase
difference disappeared gradually as the case of k,= 1.88 is
approached. The principal reason for this phase difference
lies still in the geometry of the physical model, in which
the contact line moves with a curved path accounting for
the spherical head of the tube in the case of £,= 0.80, in
contrast to a straight path for the cylindrical part in the case
of k,= 1.88. The analysis can be detailed as follows.

Without loss of generality, the evolution of the character-
istic position of MCL and FSC can be specified by

7= Ae "cos (wi—9), (13)

where A is the amplitude, ¢ the initial phase, -y the relaxation
frequency whose reciprocal 1/ is the relaxation time in which
the amplitude A is reduced by a factor of 1/e, w the angular
frequency which is related to the frequency f'by w=2xf. The
value of w is

w= 7, (14)

where wy is the base angular frequency. From Eq. (14) we can
see that a larger -y gives rise to a smaller w.

Considering the relaxation frequency -y as a function of the
characteristic length of the tube R, the density of liquid and gas
prand p,, the viscosity of liquid and gas 1; and 1, the surface
tension o, the contact angle 6, and the gravity acceleration g, it
has the following form:

7:f<R;pz,pg,m,ug,a;9,g), (15)

Taking R, p; and o as a unit system, Eq. (15) is reduced to a
dimensionless relationship:

v =t."f(Ca/Re,0,Bo), (16)

where the Reynolds number is defined as Re = puR/i. When it
refers to the microgravity condition, the Bond number can be
neglected, then Eq. (16) is reduced to

y=t"f(OK,0), (17)
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Table 1 Parameters of curve

fitting of the MCL with the DCA & A(mm) y(radss) w(rads ) ¢ @ad) z,(mm) wy(rades) v  Resquare

model in 0go, as Eq. (13) and (14)

specified 0.80  2.018 3.442 30.950 3.190 5274 31.141 0.111  0.846
1.30 1.231 3.790 37.450 9.544 0.282 37.641 0.101 0.919
1.88 1.025 2.960 43.950 9.328 —5.230 44.050 0.067 0.958

where  the  Ohnesorge  number, specified by  part, the equivalent characteristic length R* <R, leading to

Oh = \/Ca/Re = \/pv*/(oR), is a typical measurement of
the damping effect (Stange et al. 2003), v is the kinematic
viscosity defined as v = u/p. From eq. (16) we can see that v
is proportional to the inverse of capillary time scale

te~+/pR® /o, which means a larger characteristic length refer-
ring to a smaller damping effect. On the other hand, the
damping effect is the result of a competition between the cap-
illary and viscosity effect, and the influence of contact angle.
The specific form of Eq. (13) for the cases &, = 0.80, 1.30, 1.88
was respectively figured out by curve fitting of the MCL data.
The coefficient is bounded with the 95% confidence. As
shown in Fig. 10, the numerical results of the oscillations of
MCL exhibit good agreement with the theoretical predictions,
except for the case of £,=0.80 in which there are visible phase
differences between the numerical and the theoretical results.
The detailed fitting parameters are listed in Table 1.

As seen from Table 1, the damping intensity, specified by 7/
w, decreases from 0.111 to 0.067 as £, increases from 0.80 to
1.88, which means the oscillation in the cylindrical part is
subjected to a weaker damping effect. In the half-spherical

0g,, DCA, MCL

—— Fitting

z (mm)

0.0 0.4 0.8 1.2
t(s)

Fig. 10 Curve fitting results of MCL with the DCA model in Og, gravity
condition for air fraction &, of 0.80, 1.30, and 1.88

@ Springer

t.* <t.. Therefore, the relaxation frequency ~y for &, = 0.80 is
larger than that for &, = 1.88. Notably, the relaxation frequency
~ for k, = 1.30 is slightly larger than that for &, = 0.80. On one
hand, this is partly due to the fact that z value of MCL was
calculated by the z coordinate component in the Cartesian co-
ordinate system Oz, as shown in Fig. 8. The actual distance of
MCL in k, = 0.80 is larger than what was displayed in Fig. 10
in every oscillation period. After correcting the z value of MCL
to its actual distance in the cases of &, = 0.80 and 1.30 (the
corrected distances for the first half period take the value of
Az= 0.555 mm and 0.004 mm), the corrected relaxation fre-
quencies are 3.450 and 3.779. On the other hand, the stronger
damping effect of DCA for the case of k,= 0.80 yields a larger
time scale #, as compared to the case of k,= 1.30, which leads to
a slight decrease in relaxation frequency .

Figure 11 describes the relationship between the oscillation
frequencies of the meniscus and the air fractions in the tube.
The oscillation frequency increases gradually with increasing
k, in the transition from state S1 to state S2. The increasing
tendency becomes steeper in the further transition from state
S2 to stateS3. In state S3, the oscillation frequency remains
nearly constant with the increase of k,. The trends of the os-
cillation frequency profiles for the cases with DCA and SCA
models are qualitatively the same. However, visible

8
| |
S1 ; S2 ; S3
7l 2
| |
o~ I |
£ he
w6 P
I |
a 9
. | O 0g, DCA
51L& ; : + 103g, DCA
! ! A 0g,, SCA
1.0 1.5 2.0

kV

Fig. 11 Oscillation frequency of the evolution of free surface deflection
vs. k,
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differences can be observed, especially in the air fraction re-
gion of S1. Therefore, to precisely predict the dynamic liquid
behavior (sloshing). e.g. oscillation frequency and amplitude,
in a partially filled storage tank which is dramatically larger
than the present tube in geometry, it is necessary to take the
DCA model into consideration. It is especially needed for the
cases of small air fraction (large filling level) where the MCL
remains in the spherical or ellipsoidal part of the tank. On the
other hand, the residual gravity of 10 g, exerts less influence
on the oscillation frequency variation against the air fraction
as compared to the present case.

Conclusions

The dynamic behavior of liquid in partially filled capsule stor-
age tank in microgravity was investigated numerically based
on the condition of Drop Tower Beijing experiment with
DCA model taken into consideration. The VOF method was
adopted to build the numerical model and to reveal more de-
tails of the liquid behavior, particularly the oscillation frequen-
cies of the free surface. By incorporating the actual gravity
condition of Drop Tower and the revised SCA into the simu-
lation model, the numerical results shows good agreement
with the experimental results, which indicates that the DCA
model is more accurate and meaningful than the SCA model
in the simulation of MCL problems. The dynamic behavior of
two-phase free surface in step reduced gravity condition was
investigated systematically, with the air fraction £, in the tube
ranging from 0.80 to 1.88. The results show that after an
abrupt drop of gravity, the deflections of the free surface in
tube reveal damping oscillations from its equilibrium position
in normal gravity to its equilibrium position in microgravity.
The oscillation amplitude decreases with the increase of air
fraction k,. The oscillation frequency increases with the in-
crease of k, while remaining nearly constant for large air frac-
tion k,, where the MCL stays on the cylindrical part of the
tube. For the same £,, the oscillation frequency significantly
increases with decreasing tank diameter (Li et al. 2018). The
dynamic behavior of free surfaces in the tube, i.e. the capsule
tank, can be captured by the capillary theory with a time scale

of t.~+/pR> /. When the liquid sloshing in a storage tank is
considered in microgravity condition, it is of crucial signifi-
cance to take the DCA effect into account to predict the dy-
namic behavior of free surfaces, which is critical for the sta-
bility and safety of the whole system.
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