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ABSTRACT

Computational Fluid Dynamics (CFD) study of liquid oxygen draining in a spinning tank with and without
baffles is carried out for hybrid propulsion rocket. The effect of tank spinning and the presence of baffles on
the vortex formation and unusable propellant mass is brought out in this work. The interface of the draining
propellant is captured using the Volume of Fluid (VOF) framework while the motion of baffles is simulated
through mesh motion technique. Initially, analysis of liquid oxygen draining is carried out in a stationary
tank without baffles. It is found that that a vortex is formed in the tank and gas entry in the feed line happens
at 21s resulting in unusable propellant of 1.9kg. Subsequent analysis of liquid draining in a spinning tank
without baffles shows that gas enters into the feed line earlier as compared to the stationary tank. Finally,
the analysis is carried out for propellant draining in spinning tank with baffles. It is found that the
momentum imparted by the baffles to the draining fluid increases the unusable propellant mass further
compared to tank without baffle.
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1. INTRODUCTION

A hybrid propulsion rocket is being developed by ISRO that has solid propellant as fuel
and liquid oxygen as the oxidizer. This hybrid propulsion rocket is envisaged to be
aerodynamically spin stabilized. In one of the liquid oxygen storage tank configurations,
baffles are placed on the tank inner walls along its length. The baffles are placed to reduce
the propellant sloshing during flight. However, the spinning of the tank and the presence of
baffles may cause vortex formation during propellant draining that can lead to a decrease in
the usable propellant mass. In the present study, three-dimensional transient numerical
simulations of liquid oxygen tank draining during flight is carried out to study the effect of
tank spinning and baffles on the un-usable propellant mass towards the end of the flight.

2. LITERATURE REVIEW

Various experimental studies have been reported on the formation of vortex during
draining of liquid in tanks [1-3]. It has been reported that a dip forms on the free surface of
the draining liquid which intensifies into a gas-vortex. The gas enters the drain port at a
critical height. In the context of rocket engines, this gas entry from the tank drain into the
pump may lead to critical failure. Therefore, it is important to study and estimate the
formation of gas vortex during draining of the liquid propellant. Various researchers have
successfully proven the usability of VOF method to capture the formation of vortex during
liquid draining [4-6].

Researchers have also reported the flow field in a stirred tank both with and without
baffles on the tank wall. [7, 8]. A detailed experimental study of liquid motion in spinning,
nutating tanks was reported in [9] to determine the effect of such liquid motion on the
stability of the spacecraft. However, to the best knowledge of the authors, study on the flow
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field during propellant draining in a spinning tank with and without baffles for launch vehicle
application is not available in open literature. Therefore, in the present paper, a numerical
investigation is carried out to bring out the effect of tank spin motion and baffles on the
vortex formation and un-usable propellant in the tank. The following 3D transient CFD
analyses were carried out for the draining of liquid oxygen from the tank.

Casel: Analysis of propellant draining in a stationary tank without baffles.
Case 2: Analysis of propellant draining in a spinning tank without baffles.

Case 3: Analysis of propellant draining in a spinning tank with baffles.

3. COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS

The 3D computational domain of the liquid oxygen tank is shown in Figure 1. The domain
consists of the tank with baffles both in the cylindrical part and in the bottom dome of the
tank. The cylindrical part of the tank is 1.76m in height and 0.3m in diameter. A set of four
baffles is mounted longitudinally each on the tank cylindrical wall and in the bottom
hemispherical portion of the tank. The domain for the cases 1 and 2 is similar as shown in
Figure 2 except that the baffles are removed from the tank. The domain is meshed with
polyhedral elements having a total mesh count of 27lakhs. The maximum skewness of the
mesh is 0.85 while the minimum orthogonal quality is 0.16.

A pressure inlet boundary condition was applied at the vent in the top dome in order to
maintain the ullage at a constant pressure of 35bar during liquid oxygen draining. A constant
liquid oxygen mass flow rate of 6kg/s is specified at the drain port outlet. The tank was
simulated to be spinning at a rate of 6rps. The vehicle acceleration of 50m/s> was considered
as the body force acting on the propellant. The initial propellant loading of 128kg and
resulting ullage volume of 6 litres was considered for the simulation. Each transient
simulation was carried out for a duration of 22s.
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Figure 1: Computational domain of the LOX tank
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4. NUMERICAL METHODOLOGY

The numerical simulations were carried out using ANSYS Fluent. The spinning of the
tank having baffles is simulated using the mesh motion technique. The interface of the
draining liquid oxygen is captured using Volume-of-Fluid (VOF) methodology with SST k-w
turbulence model. The pressure and velocity coupling is achieved using the Pressure-Implicit
with Splitting of Operators (PISO) scheme. The discretization of the governing equations was
carried out using second order upwind scheme in space. First order implicit scheme was used
for time marching with a time step of 1x10™s. Non-iterative time advancement was invoked
for improved stability of the solution at each time step.

The tracking of the interface(s) between the phases is accomplished by the solution of a
continuity equation for the volume fraction of one (or more) of the phases. For the qth phase
in absence of mass transfer, this equation has the following form:

a -
E(Pq“q) + V- (pgaqv) =0 (1)
Volume fraction equation will not be solved for the primary phase; since it is computed
based on the constraint,
n
g =1
=1 ()

Volume fraction equation is solved using the implicit formulation in this study. In the
VOF model, a single momentum equation is solved throughout the domain.

(08 + 7+ (059) = ~Vp + V- [u(W5 + V)] + p + i
‘ 3)
where p, pu are volume-weighted averaged properties. Ft represents the surface tension
force at the interfaces.
Continuum surface force (CSF) model which accounts for surface tension between a phase
pair as a continuous, volumetric body force term is applied in this study. It has the following
form:

aipikjVa; + ajpikr;Va;

1
j(Pi +p))

Ft = O'fj

“)

where curvature k=-V-'n", interface unit normal n=Vo/Vq|

5. RESULTS AND DISCUSSION

VALIDATION STUDY

Initially, as a model validation, steady state axisymmetric analysis of liquid in a spinning
tank was carried out. The obtained shape and rise of the liquid free surface was compared
with the analytical result. A cylindrical tank having 200mm diameter and 600mm height was
taken for the validation study. The tank was considered to be rotating at a speed of 12rad/s.
The contour of liquid volume fraction obtained from CFD analysis is shown in Figure 2. It
can be seen that CFD estimates the distance between the minimum and maximum height of
the liquid free surface to be 75mm. The expression given by Eq. (5) was used to analytically
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estimate the height of the liquid free surface. The height of the free-surface is estimated to be
73.39mm using Eq. (5). Thus, error in the CFD model is within 2.2%.
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Figure 2: Shape of liquid free-surface in a spinning tank for model validation

where R is the tank radius, o is the angular velocity and g is the gravitational acceleration.

CASE 1: ANALYSIS OF PROPELLANT DRAINING IN A STATIONARY TANK WITHOUT BAFFLES

Initially, analysis of liquid oxygen draining in a stationary tank without baffles was carried
out to estimate the propellant left-out in the tank at the instant when vapor enters the drain
line. Figure 3 shows the liquid volume fraction in the tank at the start of draining (t=0s), 1s,
10s and the time instant at which the ullage gas enters the drain port (21s).
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Figure 3: Contours of liquid (red color) volume fraction at various time instants for Case 1
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It can be seen that when the tank is not spinning, the free surface of the liquid that was flat
initially remains to be flat throughout the draining. A dip is formed at the free surface of the
propellant towards the end of the draining and the ullage gas enters the drain port at 21s. The
mass of liquid oxygen remaining in the tank at this instant is 1.9kg and is termed as unusable
propellant.

CASE 2: ANALYSIS OF PROPELLANT DRAINING IN A SPINNING TANK WITHOUT BAFFLES

Subsequent to case 1, analysis was carried out for a spinning tank without baffles to
determine the effect of spin motion on the flow behavior and un-usable propellant. The initial
condition for this case was the same as that for case 1. Figure 4 shows the contours of liquid
volume fraction at t=5s, 10s and 20.28s (the time at which ullage gas enters the drain port).

Rise in liquid free
surface near wall
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velocity imparted by
tank spinning

Gas entry into
the drain port

t=5s t=10s t=20.28s

Figure 4: Contours of liquid (red color) volume fraction at various time instants for Case 2

It can be seen from Figure 4 that the free surface of the liquid assumes a curved shaped
due to centrifugal force acting on the liquid resulting from spinning of the tank. The ullage
gas enters the tank drain port at 20.28s and the un-usable mass of liquid oxygen in the tank is
6.3kg at this instant. The spinning motion of the tank imparts angular momentum in the
draining liquid, thus increasing the vorticity of the liquid. The increased vorticity results in
earlier dip formation in the liquid free surface which results in a higher left-out mass in case
2.

CASE 3: ANALYSIS OF PROPELLANT DRAINING IN A SPINNING TANK WITH BAFFLES

Figure 5 shows the contours of liquid volume fraction at various time instants for
propellant draining in a spinning tank having baftles. The baffles that are fastened to the tank
walls also spin along with the tank. The spinning baffles impart additional angular
momentum to the liquid that results in a dip formation at the free-surface of the liquid during
early stage of the draining at t=1s. The dip formation in case 3 results in early gas entry into
the drain port compared to that in cases 1 and 2. The gas enters into the drain port at 20.02s in
case 3 and the left-out propellant in the tank, at this time instant, is found to be 7.9kg.
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Figure 5: Contours of liquid (red color) volume fraction at various time instants for Case 3

6. CONCLUSIONS

Two-phase CFD simulations of liquid oxygen draining in the tank of a spin stabilized
hybrid propulsion rocket is reported in the current paper. The simulations are carried out for
spinning tank with and without baffles on its inner wall to determine the effect of spin motion
and baffles on the un-usable propellant in the tank. It is found that the spinning of the tank
increases the un-usable propellant mass from 1.9kg for a stationary tank to 6.3kg for a
spinning tank without baffles. Further, adding anti-slosh baffles to the tank of a spin
stabilized rocket increases the left out propellant to 7.9kg, thus increasing the mass penalty.
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