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Numerical Analysis of Sloshing and Wave Breaking in a Small
Vessel by CIP-LSM*

Takehiro HIMENO**, Toshinori WATANABE™*, Satoshi NONAKA***, Yoshihiro NARUO*** and
Yoshifumi INATANIT**

For the prediction of sloshing in the propellant tank of a rocket vehicle, the preliminary
investigation was conducted. The flow field in the propellant tank during the ballistic flight of
the vehicle was experimentally reproduced with the sub-scale model. The lateral acceleration

as large as about 0.8 G was provided with a mechanical exciter and the deformation of the
liquid surface in the small vessel was visualized with a high-speed camera. The sloshing
phenomena were also simulated with the CFD code, called CIP-LSM. The important features
of surface deformation and wave breaking were successfully reproduced in the computation.
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1. Introduction

With the progress of human activities in space, the
occasion to handle liquids under low gravity conditions is
now growing. In weightless flights, the absence or diminu-
tion of gravity force makes it extremely difficult to posi-
tion and control two-phase fluids in a desirable manner.
For the establishment of the technology for the manage-
ment of fluid or liquid propellant" in space, it is essen-
tial to accumulate technical knowledge to enable appro-
priate assessment of the fluid systems designed for space
applications. However, in the atmosphere, there are not so
many opportunities to realize the low-gravity state with
airplanes or drop towers. Investigative methods based
on CFD, Computational Fluid Dynamics, are therefore
strongly desired.

2. Background

Figure 1 shows the flight of a rocket vehicle con-
ducted by ISAS/JAXA, the Institute of Space and Astro-
nautical Science. In the series of the reusable rocket vehi-
cle testing, RVT®, vertical landing, repeated flight capa-
bilities and turnaround characteristics were demonstrated.
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Fig. 1 Reusable rocket Vehicle Testing (RVT), conducted by

ISAS/JAXA at Noshiro Testing Center in 2003.

The liquid hydrogen-propelled vehicle, shown in Fig.2,
was designed to provide opportunities for the studies and
investigations on the technical issues aimed at the realiza-
tion of reusable launch vehicle (RLV) in the future, such as
flight on demand, quick turnaround, higher performance,
light weight structures and materials and so on. The per-
formance of the test vehicle at present is still limited.
However, many lessons were learned and more flights will
be conducted to improve the performance of the hardware
and software through flight operations.
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Fig. 2 Perspective drawing of the test vehicle which utilizes
LOX and LH, as propellants for the pressure-fed-type
engine

The propulsion system of the test vehicle acquires the
capability of re-ignition, which enables the rocket engine
to burn more than two times during the flight. It is not only
a minimum requirement for achieving vertical landing af-
ter the ballistic flight, but also enables various sequences
such as those in sounding missions or aborting operations.
Indeed, the possibility of the ballistic flight followed by
the re-ignition at low altitude is considered for the future
campaign of RVT.

Nevertheless, from the viewpoint of the propellant
management, it becomes very difficult to maintain the lig-
uid propellant at the desirable position in the tank under
the low-gravity condition during the ballistic flight. Dur-
ing this period, the vertical acceleration by aerodynamic
force can be as small as 0.01 G, whereas the lateral accel-
eration can be a level similar to the lateral one induced by
the side wind with a speed of 5 meters per second. Hence,
there is concern that the high amplitude sloshing of liquid
propellant might take place in the tank. If a large amount
of gaseous helium, which is utilized for pressurization,
should be sucked out through the outlet port located at the
bottom of the tank and reach the combustion chamber, it
might lead to failure of the re-ignition sequence and, in the
worst case scenario, the loss of the vehicle.

3. CIP-LSM: Numerical Method for Free-Surface
Flow

To establish the fundamental technology for propel-
lant management in space transportation systems, a nu-
merical method, called CIP-LSM®-® | is under develop-
ment to simulate three-dimensional free-surface flows un-
der various gravity conditions. In the present paper, the ex-
perimentally observed flow fields were numerically simu-
lated with the code and the computed results were com-
pared with the experimental data for validation.

3.1 Governing equations
In this method, no-slip velocity is assumed between
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Fig. 3 Algorithm of CCUP scheme

the vapor phase and liquid phase. Both the gaseous and
liquid flows are described by three-dimensional Navier-
Stokes equations for homogeneous two-phase flow as fol-
lows;

6—p+(12’-V)p=—pV'12’ €))]
ot
al’—t) = - =
pE+p(u~V)u=V:H+g 2)
de " o
.OEJFP(M'V)e:{H:V}-M—V-q, (3)

where the stress tensor I1 includes the tensors of pressure
pl, viscous force T, and surface force T,. With the unit
vector #ig perpendicular to the liquid surface, each tensor
is written as

N=-pI+T,+T, “4)
T,=AV-id)I+u(Vii+ Vi) 3)
T(T=0'65(I—I’_l)57l5). (6)

In CIP-LSM, the governing equations are described
and discretized along the generalized curved coordinates
(£,1,0), and the independent variables O = (T, p,i)” are
solved with TCUP®~® temperature-based CCUP”). In
the discretization, the variables Q are collocated at the
center of each control volume Q, where

Q={(,y,i-1/2<E<i+1/2,j-1/2<n<j+1/2,

k=1/2<0<k+1/2}. @)
and the Jacobian and metrics are evaluated in terms of the
volume and the surface area of Q, respectively. The al-
gorithm of TCUP is schematically illustrated and summa-
rized in Fig. 3 and Table 1.
3.2 Tracking surface position

In order to track the motion of the liquid surface
and capture the configuration, the hybrid algorithm, called
HLSM®, was developed on the basis of the LSM®-® and
MARS"?. In this method, to specify the attribution of
phase state, vapor or liquid, on the fixed grid system, the
Heaviside function Hg (&,7,¢) is introduced as an indepen-
dent variable and is defined as follows;

Hg =0.5:where the fluid attributes to the liquid state,
Hjg =0:the point locates on the liquid surface, (8)
Hg =—-0.5:where the fluid attributes to the vapor state.

JSME International Journal



Table 1  Algorithm of TCUP (Temperature-based CCUP)
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The delta function in Eq. (6) can be written as

8sits =VHs. )
Since neither condensation nor vaporization is considered
in the present paper, the change of Hy in the flow field is
described by the convection equation;

0Hy

o

This equation is solved by MARS!?, the Multi-interface
Advection and Reconstruction Solver, which is PLIC1D-
like VOFU? based algorithm proposed by Kunugi. By the
spatial integration within ©Q, Eq. (10) is discretized as fol-
lows;

H}, —HY,
— = { Y [Gl 155} an
é=tmi
Hn+l_H# 0n+l +1/2
VJ v={ 3 { 3 ] Hy AL, (12)
Uc=Uc, Ve We -1/2

where Hy denotes the volume fraction defined as
k+1/2 j+1/2 i+1)2

fHSdV f stdé:c?dg, (13)

k-1/2 j-1/2 i-1/2

and G; represents the flux of Hy through each surface
on Q. The contravariant velocities are calculated from
the physical velocities obtained after the operation of the
acoustic phase in TCUP. Hence the position of the lig-
uid surface is implicitly expressed and tracked indirectly
as the contour of Hy =0 in the fixed grid system.

For instance, flux G in the ¢-direction is calculated as
follows. At first, the area fraction H, on the intersection
of ©Q and the contour of &, is defined as
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Fig. 4 Tangential plane of zero level set and the interpolation
of H; in ¢-direction based on MARS
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Then, the profile of H, within |§—i] < 1/2 is interpolated
with a piecewise linear function as Eq. (15).

Hg =max{~0.5,min[0.5, H)(é - £5)]} (15)

As shown in Fig. 4, when Q intersects the liquid surface,
the tangential plane at the nearest point on the liquid sur-
face from the corresponding grid point in the £ is written
as

Ne(§ =)+ Ny(n—=j)+N({=k)+¢=0, (16)

where ¢ represents the signed distance from the liquid sur-
face in the physical space, which will be defined as the
‘level set function’ later. The metrics being frozen in £,
the coefficients in Eq. (16) can be described as

E=¢&m, (17)

and the inclination Hé in the interpolated profile can be
approximated as

Hé=N§/1/N$+N§. (18)

Then, to satisfy the condition that the integral of H; within
|€ —i| < 1/2 should correspond to Hy, the intercept &s is

given as follows;
| -1 _
+1)/2— Iz —2|§|}

Ng = (xg.yg,zp) 1 for

£ —i = sgn(@): {(

(el > (" - 1)/2') (19)
fs—izg-‘-min( , 52)
(il <|( 172l 1) /2') (20)

where &=-Hy/H;. 21)

After that, the trapezium integration of H; in the upwind
direction yields the value of flux G¢ at (£ —i)=+1/2.
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With fluxes G, and G, evaluated in the same manner, the
change of Hy can be obtained by Egs. (11) and (12). Since
the fluxes of Hy are given by the integration of the in-
terpolated profile with the piecewise linear function, the
dissipation of the liquid surface can be avoided distinctly
and, at the same time, the volume conservation can be
highly satisfied on the basis of the finite volume method.
It is important that, by using ¢ for the calculation of H_,
MARS is easily extended to the computation in the three-
dimensional curved coordinate system.
3.3 Capturing surface configuration

In order to obtain the information on the surface con-
figuration, the level set function ¢ is introduced as a depen-
dent variable. As shown in Fig. 5, if ¢ remains the property
of the distance function in terms of the liquid surface, i.e.,

[Vé|=1 in the flow field near the liquid surface,

(23)

and ¢=0 on the liquid surface where Hy =0,
(24)

the normal vector #s and the curvature x of a ¢- contour
can be easily calculated from the spatial distribution by
L
Nl
To realize property (23), the Hamilton-Jacobi type
equation

k=V-iig. (25)

0
a_?"'(SLSMﬁS)'V(ﬁ:SLSM, (26)
¢

V& + (/27
is iteratively solved and the distribution of ¢ is re-

initialized at every time step, as has been proposed by
Sussman and Osher in the algorithm of LSM, Level Set

where S gy= 27
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Table 2 Physical properties in transient zone: X in Eq. (32)

Physical Properties X
P Density P
C, :Specific Heat at Constani p pC,
C, :Specific Heat at Constant p pC,
Cs  : Sound Velocity ( pCé) -
My Joule Thomson Coefficient PC, 1y
M Viscosity Coefficient -
k  : Heat Conductivity k!

Method®®, where 7 represents virtual time for the iter-
ation. By the application of CIP!'3»% to solve the left-
hand-side of Eq. (26), LSM can also be easily extended to
the curved coordinate system™.

In the present mentioned CIP-LSM, to realize prop-
erty (23) more explicitly, the condition

¢=Hy- 1[1\7‘?+]\73+1V§ and S;5u=0
if |Hy|<0.30 (28)
is additionally imposed to Eq. (26). It is important that Hy
is used in the re-initialization so that error in the volume
conservation would not be accumulated.

Thus, owing to the complementary combination of
MARS and LSM, HLSM can be used not only to advect
the volume fraction adequately, but also to capture the de-
formation of the liquid surface distinctly.

3.4 Extended surface

In accordance with the original LSM, the extended

Heaviside function H, is defined also in CIP-LSM as

1
H, =O.5-max[—1.0,min{1.0, N —sin(@)}}.
e n &
(29)
Then, so as to relax the discontinuity and stabilize the dif-
ference computation, the physical properties at an arbi-

trary grid point, such as p and y, are expressed as

p= O.S(pL,'q +pGas) + Hs(pLiq _pGas)’ (30)

where pp;; and pgqs are respectively calculated by the
equations of state for monophase fluid as a function of p
and T

PLig :fLiq(p’ T), PGas =fGas(p’ T) (31)
The other properties needed in TCUP are also given by the
weighted averages as

X=(0.5+H)X1iq+(0.5-H)XGas- (32)
The forms of X for the various properties are listed in Ta-
ble 2.

Figure 6 shows the translation between ¢ and H, and
the illustration of their contours in the flow field around
a rising bubble. Thus, the liquid surface is extended as a
transient zone with the thickness of 2 &.

Then, according to the CSF (Continuum Surface
Force) model!?), the surface force appearing in the right-
hand-side of Eq. (2) can be adequately estimated, as fol-
lows;
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Fig.7 The model tank mounted on the mechanical exciter.

e [ (V9| VE,
V:T,=—0k——ilyg = O'{V (|V¢|)} 7k (33)

where surface tension o is assumed to be constant.

4. Assessment of Liquid Behavior

In order to give appropriate assessment on the dy-
namic behavior of liquid propellant during ballistic flight,
the sloshing motion in a small vessel was experimentally
investigated. The second purpose of the experiment was
to obtain the visualized data for checking the correlation
with the numerical results.

4.1 Experimental assessment

Figure 7 shows the mechanical exciter manufactured
for the present experiment, which was composed of a step-
ping motor, a rack-and-pinion transmission and a slider.
The model tank made of polyacrylic resin was mounted
on the slider and could be accelerated in the lateral direc-
tion up to about 1.0G. As is shown in Fig. 8, the model
tank, 0.20m in diameter, consisted of a cylindrical part
and an upper and a lower dome, which was similar to the
LH, tank of the test vehicle with about 1/3.2 contraction
dimension. There was a round bar along the center axis,
which corresponded to the feed line in the real tank. In
addition, as the devices for the damping of liquid motion,
a conical baffle with round holes and a perforated cylinder
could be equipped inside the tank.

In the present study, the main concern was focused
on the unsteady deformation of the liquid surface in an
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Fig. 9 Displacement of slider provided by a mechanical exciter
for Case 1; lateral acceleration is 0.8 G at maximum.

environment where the vertical and lateral accelerations
become comparable. As operating fluid, water H,O at am-
bient temperature and normal pressure was utilized. The
unsteady deformation of the liquid surface was observed
with a high-speed camera through the transparent wall of
the vessel. Figure 9 shows the displacement of the slider
as a function of time, which was programmed and con-
trolled by PC. In the experiments described in this section,
the lateral acceleration provided by the mechanical exciter
was varied linearly from —0.8 G to 0.8 G in 0.48 sec, while
the vertical acceleration was fixed as 1.0 G, that is, the
gravitational acceleration on the ground. If one assumes
the similarity rule in terms of the Froude number between
free-surface flows in the model tank and those in the real
one, it is possible to transformed the liquid motion ob-
served on the laboratory scale into that on the flight scale.
In the present paper, only the case without the antislosh
devices is reported.

Figure 10 shows the visualized flow field in the model
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(a) 0.00sec (b) 0.24sec

(¢) 0.48sec (d) 0.72sec

Fig. 10 Sloshing in the model tank in Case 1. Without antislosh devices; visualized with a
high-speed camera.; water as operating fluid; acceleration lateral: vertical = 0.8 : 1.0

tank. In this case, Case 1, the initial level of the liquid
surface was set to be 0.08 m from the bottom, and the an-
tislosh devices in the vessel, the baffle and cylinder, were
removed. Since there is no blockage of the liquid motion
except for the center rod, the liquid swayed once due to
the inertial force to the right and swung back to the left.
It was observed that the inclination of liquid surface be-
came larger than the angular amplitude of the acceleration
vector, the liquid wave reached the top of the tank and fi-
nally broke down. At the same time, a large amount of
vapor was caught in the liquid wave, broke up into small
bubbles and floated near the outlet port.

As long as the effects of viscosity and surface tension
are allowed to be neglected, a similar flow can be realized
in the subscale experiment. However the numerical inves-
tigation based on computational fluid dynamics, CFD, was
still desired for more precise assessment, because it was
practically impossible to reproduce the unsteady accelera-
tion in the vertical direction on the ground and it was also
difficult to carry out the experiments with a flight-scale
tank containing cryogenic propellants.

4.2 Numerical assessment

Figure 11 shows the configuration of the computed
domain which was similar to the model tank including the
center rod. In this computation, water and air were used
as the operating fluids. The liquid phase was supposed to
be incompressible and the gaseous phase should obey the
ideal gas equation. Initialy, the level of the liquid surface
was as high as 0.08 m from the bottom and the tempera-
ture of each phase was given as 298.15 K, while the pres-
sure was set to be about 1.0x 10° Pa. The flow field was
assumed to be plane symmetric and only the half around
of the tank was solved with 50X 90 stencils in a meridian
section and 36 stencils in the circumferential direction. As
the boundary condition on the surfaces of the tank liner
and the center rod, both the non-slip and wetting condi-
tions were imposed. The vertical and lateral accelerations
were varied as shown in Fig. 9.

At first, the flow field of Case 1 was numerically sim-
ulated. In this case, the antislosh devices were removed.
Figure 12 shows the time variation of the computed flow

Series B, Vol. 47, No. 4, 2004

Fig. 11 Computed domain and grid system for the model tank

with 50 x90x 36 stencils

field. The liquid phase where the value of ¢ was positive
was visualized by the dark-shaded region. Compared with
the experimental results shown in Fig. 10, the cap of the
wave at 0.24 sec, the liquid reaching the top at 0.48 sec
and the following breakdown were clearly reproduced in
the computation. It is therefore possible to say that CIP-
LSM could capture the three-dimensional deformation of
a liquid surface driven by inertial force and the numeri-
cal solution is thought to be fairly accurate. Even though
bubbles and droplets smaller than the grid scale could not
be captured because of the limited resolution, the liquid
motion could be simulated with the developed code.
4.3 Further investigation

In the present study, the several configurations of anti-
slosh devices in the tank were both experimentally and nu-
merically investigated'> to determine the optimum con-
figuration for keeping the ullage gas away from the out-
let port. Then, the flow fields in the real-scale tank were
numerically simulated under the practical condition of ac-
celeration. It was consequently suggested that the combi-
nation of a baffle plate and a perforated cylinder could be
effective against the vapor suction before the re-ignition of
the engine. It is expected to obtain more appropriate as-
sessment on the dynamic behavior of liquid propellant in
the space vehicles.

S. Conclusion
In this report, the sloshing problem in the propellant

tank of a reusable rocket vehicle during ballistic flight was
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(d) 0.72sec

Fig. 12 Sloshing in the model tank without antislosh devices; Case 3.
Computed results corresponded to results for Case 1.

both experimentally and numerically investigated. In the
experiment, the dynamic motions of the liquid surface in
a model-scale tank driven by a mechanical exciter were
successfully visualized. The observed flow field could
be translated to the real-scale tank in accordance with
the similarity rule in terms of the Froude number. Then,
the flow fields observed in the experiment were numeri-
cally simulated with CIP-LSM. Although the bubbles and
droplets smaller than the grid scale were not captured, as
far as the main concern was focused on the surface de-
formation, fairly good agreement was obtained between
the numerical results and the experimental data. However,
in order to confirm the reliability of CIP-LSM, further in-
vestigation and more quantitative comparison are still re-
quired.

As was demonstrated in the present paper, the nu-
merical analysis has the potential to provide helpful as-
sessments for propellant management in a cost-effective
manner. Indeed, the computational method of CIP-LSM is
now under development. Further improvements and inves-
tigations are expected to clarify the various aspects of free-
surface flows for the establishment of fluid-management
technologies.
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