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Nomenclature
a = vertical acceleration, m/s?
Fr = Froude number
h = liquid height from baffle at center of tank, m
h, = critical height, m
hy = liquid height from baffle at surface dip, m
[0) drain volume flow rate, m?/s
r = drain line radius, m
R, = baffle radius, m
u liquid radial velocity at surface dip, m/s
v = liquid velocity in drain line, m/s
V; = liquid volume at fixed point in tank, m?
V, = liquid volume remaining in tank at gas ingestion, m?
8 = width of control volume, m
o = liquid density, kg/m?

I. Introduction

N UNDERSTANDING of the process by which liquid
propellant drains from a rocket tank is important for propellant
management, because residual propellant in the tank affects launch
capability. Turbopump rocket engines must cut off before the
pressurant gas enters the pump by means of gas ingestion or gas
blow-through to prevent overrotation and possible critical launch
failure. Thus, some amount of propellant always remains in the tank.
Several types of propellant management devices can be placed
near the tank outlet; the configuration of the devices depends upon
launch system requirements [1-4]. To better understand how to
design these devices, we need to study the propellant-draining
process. However, for such studies, large-scale or inflexible devices,
such as full-scale propellant tanks with cryogenic propellant under
high-acceleration or low-gravity conditions, are clearly impractical.
Numerical procedures based on findings from small-scale experi-
ments are much more desirable. Recently, with progress in computer
technology and simulation techniques, a few numerical inves-
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tigations have been performed [2]. However, few studies have
reported 1) numerical simulations for the most common circular-
plate-type device, 2) numerical methodologies, such as treatment of
boundary layers and three-dimensional (3-D) effects, and 3) detailed
flowfield investigations on dip formation and bubble behavior
by comparing numerical simulations with the theoretical liquid
remaining.

In this study, we investigated the draining process for the circular-
plate-type device, using both experiments and numerical simulations
in order to discover a potentially effective draining theory and carry
out simulations for applications to actual rocket flights in the future.
We used a small-scale tank and analyzed two-dimensional (2-D) and
3-D two-phase flows for both laminar and turbulent flows by
comparing the results with a theoretical model based on Bernoulli’s
law. This paper presents a comparison of the experimental, numer-
ical, and theoretical liquid remaining. The characteristics of the
draining flow and the effectiveness of the theory and simulation are
discussed in terms of the numerical simulation methodology.

II. Theoretical Model

Propellant tanks of launch vehicles generally contain a baffle: that
is, a circular plate installed horizontally above the tank outlet [3].
Without a baffle, the liquid flow generates a large vortex, and
pressurant gases readily enter the feed line [5,6]. The baffle delays
gas ingestion into the turbopump.

Figure 1 shows a schematic of liquid draining from a rocket tank
immediately before gas ingestion. The dip on the liquid’s surface
near the baffle edge appears and then grows rapidly. Finally, gas
reaches the drain line connected to the rocket engine. We require an
expression for the critical height of the liquid /.., defined as the height
of the liquid’s surface measured from the baffle surface at the time the
dip forms [7,8]. Bernoulli’s law, applied between the bottom of the
dip and the center of the surface, gives

(€]

where a is the vertical acceleration of the launch vehicle (for the
ground experiment, a = g). Viscous force and surface tension can be
neglected during the powered flight of launch vehicles. We assumed
that all liquid drains through the toroidal control volume, indicated in
Fig. 1 by a dotted-line area immediately before gas ingestion. This
assumption is appropriate, because the dip grows rapidly, and the
liquid velocity becomes large around the dip. Q can then be written as

pah = pahy + pu?

O = u{2nR,hy + 27 (R, + 8)hy} = 2unhy(2R, +8) (2)
Equations (1) and (2) give
2
h ¢ 3

=h _—
0t 8 2an2 2R, + 5

Gas ingestion to the feed line occurs immediately after the dip grows
faster than the drop speed of the liquid level, or dh/dh, = 0; thus, A,
can be written as

he _[G/REr T A
T [8{1 + (8/2&)}2] @
where
2
Fr= ;Ta ®)

Fr, called the Froude number, is the ratio of the inertial to the
gravitational forces.
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Fig. 1 Schematic of tank-draining problem.
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Fig. 2 Small-scale tank for draining experiment and close-up view of its
outlet.

Equation (4) indicates that the Froude number and geometry
around the tank outlet dominate the draining process. When the
Froude number is identical and the outlet geometry is similar, the
draining process is also similar, irrespective of the actual tank size.
Therefore, by matching the Froude number and geometry, we can use
asmall-scale tank to predict the draining performance of a large-scale
tank in an actual launch vehicle. When the Froude number is small,
the gravitational force is greater than the inertial force, and the dip
formation is restrained, because the surrounding liquids stream into
the dip due to gravitational force, even if the dip is about to appear. In
contrast, when the Froude number is large, dip formation is
enhanced, and gas ingestion occurs.

Assuming that the dip appears near the baffle edge, or 2R, > 4,
Eq. (4) becomes
2 1/3
he _ {(r/Rb) Fr} ©
r 8

The situation is improved when R, is large; however, the
configuration for which this is true causes a large pressure drop
through the baffle. The tradeoff must thus be carefully weighed for
the design of the baffle.

III. Experimental Apparatus and Procedure

Experiments using full-scale tanks or real cryogenic inflammable
propellants are clearly impractical. Therefore, we fabricated a small-
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Table 1 Froude numbers for
different propellant types

Propellant Froude number
LH, 100-200
Liquefied natural gas 20-60
Kerosene 20-60
Liquid oxygen 20-60

scale tank for use in draining experiments to evaluate the liquid
remaining at gas ingestion. The thermodynamic effects of the
cryogenic propellants are significant for propellant management,
although they hardly affect the draining process [9,10], and the
Froude number is important from a fluid dynamics point of view.
Hence, water was used as the draining fluid, because the Froude
number is readily controlled by the water flow rate. Figure 2 shows
the small-scale tank made of acrylic for easy observation of the water
behavior. The inner diameter of the tank is 600 mm, which is ata scale
of approximately one-fourth to one-eighth that of an actual launch
vehicle. The drain line has a 90° elbow, and its radius ris 7.6 mm. The
baffle design for the tank outlet requires the consideration of two
factors: liquid remaining and pressure drop through the baffle. These
requirements are contrasting and must therefore be determined
uniquely for each launch vehicle. Our chosen geometry is also shown
in Fig. 2, with a 3-mm-height step simulating a joint between the
propellant-tank wall and a manhole.

Experiments were conducted under static and atmospheric
conditions. The initial volume of water in the tank was 10,000 cc,
corresponding to an 80 mm liquid level from the baffle surface; this is
sufficient for minimizing the water-surface oscillation effects
immediately before the gas ingestion. The drain flow rate was con-
trolled using a valve and measured using a turbine flowmeter. Both
were installed in the drain line. The time of gas ingestion was
determined from a video recorded near the outlet and synchronized
with the data logger. The volume flow rate at the start of the draining
process was difficult to measure accurately; therefore, we installed a
point-level sensor in the tank to determine when the water surface
arrived at the fixed point that corresponds to the fixed water volume
V. The liquid remaining V, can be obtained by

v,=vf—/th 0

The integral starts from when the water surface arrives at the fixed
point through gas ingestion. The flow rate is almost constant during
this interval. Therefore, any error in the start transition does not affect
the liquid remaining. The shorter the integral interval, the higher the
accuracy that we can obtain; this is because the flowmeter error
accumulates with integral time. However, near the critical height, the
water surface oscillates more, and the location of the fixed point
becomes less certain. Considering these factors, the point-level
sensor was set to approximately 3000 cc and carefully calibrated
before every experiment.

The Froude number dominates the draining process. Typical
Froude numbers during powered flight for several different
propellant types are listed in Table 1. The Froude number for
hydrogen is particularly large, because its low density leads to a high-
flow velocity. Experiments were performed at 1 G, where the Froude
number is controlled by the drain flow rate. We selected water flow
rates of 300, 600, and 800 cc/s, corresponding to Fr = 18.3, 73.3,
and 130.4, respectively; these values were chosen to approximately
cover the range of values listed in Table 1.

IV. Numerical Methods

We developed a numerical simulation tool to describe the
propellant-draining process. Both 2-D (axisymmetric) and 3-D
simulations were conducted to evaluate the effect of draining
asymmetricity due to the drain line elbow. The effect of turbulence
was evaluated by conducting both turbulent and laminar flow
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Table 2 Physical properties for calculation

Water Air
Density, kg/m? 998.2 1.255
Viscosity, 107> kg/m/s 100.3 1.789
Surface tension, N/m 0.07274 ——
Contact angle to the wall, ° 75 —_—

calculations. Turbulent flow was simulated by the realizable k-¢
turbulence model. The Navier—Stokes equation was spatially
discretized by the finite-volume method, and the convective flux was
evaluated by a second-order upwind scheme. Time integration was
handled by a first-order-implicit noniterative time advancement
algorithm. The air and water gas—liquid two-phase flow was modeled
by the volume-of-fluid (VOF) method, and the surface tension of
water was assumed to have a 75° contact angle to the wall. Values for
the physical properties of water and air used are listed in Table 2. The
liquid remaining in the tank was estimated in a similar manner to the
experiments in which the front of the bubbles arrived at the drain line.
Simulations started with 10,000 cc water in the tank, as in the case of
the experiments.

The geometry used for the simulations was the same as that in the
experiment (Fig. 2). The number of grids for the 2-D and 3-D
simulations were 23,000 quadrilateral cells and 780,000 hexahedron
cells, respectively. Only half of the domain was simulated for the 3-D
cases, because the geometry was symmetrical. The cell distribution
of the normal 2-D grid and radial cross section of the 3-D grid were
similar; the minimum grid size was 0.125 mm around the baffle edge
and the maximum was approximately 5 mm at the tank equator for
both grids. The azimuthal interval was 5° for the 3-D grid, except
near the center of the axis. For the boundary conditions, the atmo-
spheric pressure was set at the tank equator, and flow discharged from
the end of the drain line at the specified flow rate (300, 600, or
800 cc/s). The wall boundary condition was no slip.

We compared the VOF model with another simulation model
based on the cubic-interpolated pseudo-particle-based level-set
method (CIP-LSM) and some experiments in a previous study [11].
We confirmed that the models provided similar results for the surface
behavior.

V. Experimental and Numerical
Results and Discussions
A. Comparison of Liquid Remaining
Figure 3 shows a comparison of experimental, theoretical
[calculated from Eq. (6)], and numerical simulation results for liquid
remaining at gas ingestion. The theoretical critical height &, was
converted to liquid remaining at gas ingestion in order to compare the
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Fig. 3 Liquid remaining: comparison of experimental, theoretical,
and numerical simulation results (CFD denotes computational fluid
dynamics).
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Fig. 4 Comparison of laminar and turbulent flow at gas ingestion (3-D,
600 cc/s).

experimental and numerical results. The difference in liquid
remaining at the critical height and gas ingestion is very small: that is,
approximately 6 cc. The experimental error was estimated by
replicating four times; it was approximately +10% and was mainly
caused by water-surface oscillation. The amplitude of oscillation, of
the order of a few millimeters, depended on the flow rate. At
300 cc/s, the experimental and theoretical results were in good
agreement. However, for 600 and 800 cc/s, the theoretical results
underestimated the liquid remaining. The numerical simulation
results revealed the reason for the same, as discussed next.

B. Comparison of Laminar and Turbulent Flow

Figure 4 shows a comparison of laminar and turbulent flow results
at gas ingestion for 3-D numerical calculations at a flow rate of
600 cc/s. The upper and middle parts of the figure show the
isosurface for VOF = 0.5; the lower part of the figure shows the VOF
distribution, or distribution of water and air. Although the turbulent
flow was almost symmetric, the laminar flow became asymmetric.
This is why the liquid remaining differed for the 2-D/laminar and
3-D/laminar cases (Fig. 3). The liquid remaining for the 2-D/
turbulent and 3-D/turbulent cases was similar, because the turbulent
flow was almost axisymmetric.

The bubble size was smaller for laminar flow than for turbulent
flow, as shown in Fig. 4; this was because of the eddy viscosity of the
turbulent flow, which prevented the generation of fine bubbles. The
Reynolds numbers in the drain line (greater than 25,000) and around
the baffle (greater than 30,000) were greater than the critical
Reynolds number in the pipe flow (~2000). Therefore, the flow
regime could be turbulent around the baffle and in the drain line. The
bubbles observed in the experiment flowed along the upper side of
the drain line, as in the case of the turbulent flow simulation. With
regard to the cell size, approximately 16 cells were required for
proper bubble evaluation by VOF calculation [12]. The cell size was
adequate for the turbulent flow.

However, the liquid remaining was closer to the experiment for
laminar flow than for turbulent flow, as shown in Fig. 3. This was due
to the water-surface oscillation, which increased the liquid
remaining. Because the eddy viscosity in the turbulent flow reduced
the surface oscillation, the oscillation in the laminar flow was larger
than in the turbulent flow. The oscillation in the experiment, which
was difficult to measure, was probably larger than in the simulations
due to disturbances. Therefore, the order of liquid remaining was
experiment to laminar to turbulent, as shown in Fig. 3; the vibration
environment should be considered for accurate estimation of the
liquid remaining in actual launch vehicles. To clarify draining
processes around the outlet, such as dip formation and gas ingestion,
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applying the turbulent calculation is appropriate. Hence, the next
discussions are based on the turbulent flow calculations.

C. Characteristics of Draining Flow

Figure 5 shows the effect of flow rate on gas ingestion for 3-D/
turbulent calculations. Dip formation was almost symmetric in all
flow rates. Water still remained on the horizontal flat surface above
the step of the tank’s inner wall at the moment of gas ingestion for 600
and 800 cc/s. The remaining volume on the step was approximately
31 cc for 600 cc/s and 75 cc for 800 cc/s, which is close to the
difference between the experiment and theory (Fig. 3). The effect of
the remaining liquid on the step was not considered in the theory
presented in Sec. II; therefore, we can conclude that the theory
properly describes draining without discontinuities of a tank’s inner
wall. However, the theory would be insufficient to evaluate the liquid
remaining, and numerical simulation would be required if the tank
inner wall had such discontinuities as most rocket tanks have. The
water velocity in the tank was at a maximum at the surface of the dip
near the baffle edge, in accordance with Bernoulli’s law [Eq. (1)]; this
is consistent with the theory presented in Sec. II.

D. Grid Sensitivity

To evaluate grid sensitivity, we conducted a finer-grid calculation
for the 2-D/laminar drain flow rate at 600 cc/s. The finer-grid system
had 92,000 cells, which is four times that of the normal grid system
(23,000 cells). The resulting draining processes were confirmed to be
similar. Thus, the normal grid system is sufficient for discussing
the characteristics of the draining process. The resulting liquid
remaining was 95.7 cc for the normal grid system and 117.2 cc for the
finer grid system. The experimental result was 140.1 & 18.3 cc,
which is slightly closer to that of the finer grid system. A numerical
accuracy study based on Richardson extrapolation [13] indicated that
the fractional errors of the liquid remaining were roughly 19 and
1.2% for the normal- and finer-grid systems, respectively. The
difference in liquid remaining was caused by the difference in water-
surface oscillation. The finer-grid system exhibited larger oscil-
lations because of its small numerical viscosity.

VI. Conclusions

Experiments and numerical simulations were performed to clarify
the process by which liquid propellant drains from a small-scale tank
in which the circular-plate-type device is near the outlet for
application to future launch vehicle developments. Theoretical
calculations based on Bernoulli’s law indicate that Fr dominates the
drain flow characteristics and appropriately describe draining
without discontinuities of a tank’s inner wall, which is helpful for
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preliminary design of the tank outlet. Experimental and simulation
results for the liquid remaining are very similar; the slight differences
between them are due to water-surface oscillation. Therefore, for the
estimation of the liquid remaining in an actual launch vehicle, the
vibration environment should be considered. The turbulent and
laminar flow calculation results were proved to differ in their
depiction of dip formation at the water surface and distribution of
ingested bubbles; turbulent flow calculation was shown to be suitable
for evaluating the flow around the tank outlet and the drain line based
on experimental observations of the bubble behavior. In conclusion,
VOF simulation considering flow turbulence is effective, even for
actual propellants under most flight conditions (Fr = 20 to 130); we
were able to show the potential effectiveness of the theory and we
intend to apply the simulation to actual liquid-propellant draining
under flight conditions in the future.
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