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THE APPROACH TO NUMERICAL SIMULATION OF THE SPATIAL
MOVEMENT OF FLUID WITH THE FORMATION OF FREE GAS
INCLUSIONS IN PROPELLANT TANK UNDER SPACE FLIGHT CONDITIONS

The space propulsion systems ensure several start-ups and shutdowns of main liquid-propellant rocket engines under microgravity
conditions for the spacecraft program movements and reorientation control. During the passive flight of the space stage (after its main
engine shutdown), the liquid propellant in the tanks continues to move by inertia in microgravity away from the propellant manage-
ment device as much as possible. In this case, the pressurization gas is displaced to the propellant management device, which creates
the potential danger of gas entering the engine inlet in quantities unacceptable for the reliable engine restart. In this regard, determin-
ing the parameters of fluid movement in propellant tanks in microgravity conditions is an urgent problem that needs to be solved in
the design period of liquid propulsion systems. We have developed an approach to the theoretical computation of the parameters of the
motion of the ‘gas — fluid’ system in the propellant tanks of modern space stages in microgravity conditions. The approach is based
on the use of the finite element method, the Volume of Fluid method and modern computer tools for finite-element analysis (Computer
Aided Engineering — CAE systems). For the passive leg of the launch vehicle space flight, we performed mathematical modeling of the
spatial movement of liquid propellant and forming free gas inclusions and determined the parameters of movement and shape of the
free surface of the liquid in the tank as well as the location of gas inclusions.

The numerical simulation of the fluid movement in an experimental sample of a spherical shape tank was performed with regard
to the movement conditions in the SE Yuzhnoye Design Bureau ‘Drop tower’ for studying space objects in microgravity. The motion
parameters of the ‘gas — fluid’ interface obtained as a result of mathematical modeling are in satisfactory agreement with the
experimental data obtained.

The use of the developed approach will significantly reduce the amount of experimental testing of the designed space stages.
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inclusions, finite element method, Volume of Fluid method, propellant management device.
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INTRODUCTION

The operability of main propulsion systems of launch
vehicles (LV) space stages directly depends on the re-
liability of several liquid rocket engines (LRE) start-
up — shutdowns necessary for the implementation of
program motions and orientation control of the LV
in space [5]. During the launch vehicle space flight,
after the main engine shutdown, the liquid propel-
lant moves by inertia to the propellant tank’s upper
bottom, moving as far as possible from the propellant
management device (PMD). According to the fact
of releasing PMD volume from the liquid propellant
and filling it with pressurization gas in microgravity
conditions, there is a threat of propellant discontinu-
ity. The motion of a critical volume of pressurization
gas to the engine inlet leads to cavitation failure in
the LRE pumps and to the engine start-up failure.
Design issues for the implementation of a reliable
engine restart are based on the accumulation of lig-
uid propellant certain mass at the outlet of the tank.
This propellant mass must be sufficient to carry out
the start-up even in cases when the vector of the to-
tal mass forces acting on the liquid propellant has a
direction opposite to the direction of liquid motion
from the tank inlet to the engine [8].

Space stage propellant tanks, in some cases, are
containers of a complex spatial configuration with
thin and smooth walls, which are under pressuriza-
tion gas pressure [e.g., 4, 5, 8]. The complex and
unpredictable features of liquid propellant motion
in propellant tanks in microgravity conditions de-
fine the increased level of requirements for the de-
sign and functional characteristics of PMD (as arule,
well-proven capillary accumulators and mesh phase
separators are used as such devices [8, 10, 13]). For
excluding the possibility of gas entering the engine
during a restart, it is necessary to predict the behavior
of the ‘gas — fluid’ dynamic system on the stage of
the space stage LRE design. This dynamic system de-
scribes the motion of fluid and gas in the tank during
various LV program flight motions in microgravity
conditions. The processes occurring in this dynamic
system are the subject of many-sided experimental
and theoretical investigations [e.g., 1, 2, 4, 6, 8, 20].

In [2, 4], the influence of the flight conditions
of the LV space stage on the development of liquid
propellant oscillations in tanks and the operability of
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PMD at various time intervals of the LV space stage
flight was studied in cases when the filling level of
the tanks is higher than the installation level of mesh
phase separators.

In [20], for the flight conditions of the CZ-3A LV,
the numerical modeling of the liquid fuel motion in
the space stage fuel tank was carried out. Also, in this
paper, the influence of the Rayleigh-Taylor instabil-
ity on the fluid dynamics in the tank was studied.
The process of liquid fuel reorientation in the tank
volume is considered for two cases: when the inter-
face between the ‘gas — fluid’ media is initially a flat
surface and when this surface is curved. It is shown
that these two different initial conditions for the ‘gas-
fluid’ interface in the tank lead to the implementa-
tion of two different fluid flow modes.

In [1], the results of the Ariane 5 upper stage flight
with a cryogenic propellant engine were analyzed.
As a part of the analysis, the flight data were stud-
ied in detail to study the influence of various factors
(including thermodynamic ones) on the behavior of
liquid propellant during flight. The data from sensors
of various types installed inside the propellant tanks
made it possible to compare experimental data of the
propellant position in the tanks and the results of the
theoretical studies obtained using the CFD method
and the special software designed to evaluate the pro-
pellant thermodynamic condition.

In [6], the behavior of liquid propellant and its
free surface was investigated in conditions of re-
duced or almost zero gravity. For evaluating the dy-
namic behavior of liquid propellant, the propellant
tank model of the Orion service module was built.
Orion service module included propellant manage-
ment devices and mass sensors. Flight data and data
from ground experiments were used to test numerical
models of propellant dynamics in tanks. On the basis
of the developed models, the configurations of liquid
propellant in microgravity conditions (at different
levels of tank filling) were calculated. The propellant
sedimentation time was evaluated for various dock-
ing maneuvers.

The propellant sedimentation process in the LV
space stage oxidizer tank using two low-thrust en-
gines before restarting the main engine was studied
in [16]. The authors have developed a computation-
al-experimental method for calculating the required
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propellant sedimentation time. This computational-
experimental method combines experimental testing
and numerical simulation of propellant sedimenta-
tion. Using this method makes it possible to carry out
the necessary research (propellant sedimentation)
with the required accuracy and to reduce the amount
of testing significantly.

Despite the progress in studying the dynamics of
‘gas — fluid’ media in LV tanks, a number of unsolved
problems remain. These problems are topical in the
LV space stages design. In particular, nowadays, there
is no approach for calculating the gas content of lig-
uid propellant and the location of free gas bubbles
in the liquid propellant of the LV space stage tanks
(i.e., the ‘gas — fluid’ interface in the region of the
propellant tanks) before main LRE start-up. Such
evaluations are necessary for calculating the required
operating time of low-thrust engines of a space LRE
(for the aim of propellant sedimentation before main
LRE start-up). These evaluations can increase the
efficiency of PMD, taking into account the possibil-
ity of experimental testing of in-tank processes with
reproduction of the required microgravity conditions
limited by the technical characteristics of special
‘Drop towers’ [10, 20].

The aim of this paper is to develop an approach to
the numerical calculation of the motion parameters
of the ‘gas — fluid’ interface of the propellant tanks
of modern LV space stages in microgravity conditions
(i.e., in the period from the main space stage LRE
shutdown until the LV control system command to
main LRE start-up).

1. THE MODELING OF THE MOTION PROCESS

OF THE GAS — FLUID INTERFACE IN MICROGRAVITY
CONDITIONS USING THE VOLUME OF FLUID (VOF)
METHOD AND FEATURES OF MODERN FINITE
ELEMENT ANALYSIS SYSTEMS (COMPUTER AIDED
ENGINEERING, CAE-SYSTEMS)

According to the proposed approach, mathematical
modeling of hydrodynamic processes in the space
propellant tanks of the main LRE feeding system is
carried out by the finite element method. It allows us
to take into account the design features of propellant
tanks and hydraulic feedlines in mathematical mod-
eling of the motion process of propellant components
to the main LRE inlet in microgravity conditions [2].
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Taking into account the fact that space stage tanks,
as a rule, are symmetrical by the stage longitudinal
axis, space stage tanks’ geometric models can be con-
sidered as flat sections of the tanks. Then, accord-
ingly, the mathematical model of the axisymmetric
outflow of propellant components from space stage
tanks is studied.

For modeling hydrodynamic processes in the pro-
pellant tanks of the main engine feeding system (pro-
pulsion system), the Volume of Fluid (VOF) method
was used. This method allows taking into account the
complex topology of flows. The implementation of
VOF analysis in the proposed approach was carried
out using modern issues of finite element analysis
(CAE-systems) [9]. The CSF (continuous surface
force) method is used to describe the motion inter-
face between gas and fluid relative to the tank walls.

The developed model, describing the unsteady
flow of an incompressible fluid with a deformable
free surface in the considering tank, included the
continuity equations, moment equations, and mo-
tion equations of the fluid free surface. These equa-
tions are written using function C . This function C
describes the fluid fraction in the calculated volume
of a finite element in the tank finite element model
with fluid. These equations are written in a general
form as follows [7]:

— continuity equations

VV =0, (1)
— fluid momentum equation

%(pV)er(V-V)V = —Vp+uV2V+E +pa,, (2)

— motion equations of fluid free surface

6_C +V-VC=0, 3)
ot
where V is Hamilton operator, V' is the fluid veloci-
ty, p, p> 1w, E are the pressure, density, viscosity, and
surface tension of the fluid, respectively, a, is the lon-
gitudinal acceleration of the LV space stage.

The function C in equation (3) can take the fol-
lowing values: C =0 is in the case of the absence of
fluid filling in the finite element volume, C =1 is in
the case of complete filling of finite element volume
with fluid, and 0 < C < 1 is for intermediate states.

In the context of VOF and CSF methods [9], the
surface tension force of a fluid F. is determined from
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the equation:

F =ckVC, “4)
where k is the average curvature of the ‘fluid — gas’
interface at the research point, ¢ is surface tension
coefficient, calculated from experiment for a specific
pair of ‘fluid — solid’.

2. NUMERICAL CALCULATION OF THE MOTION
PARAMETERS OF THE ‘GAS — FLUID’ INTERFACE
IN THE REGIONS OF THE MODERN LV SPACE
STAGE FEEDING SYSTEM PROPELLANT TANKS
DURING MAIN LRE START-UP

The LV space stage feeding system is designed to fill
the reserves of propellant components in the stage
propellant tanks and supply them to the propulsion
system feedlines. This feeding system is one of the
main structural and functional systems of the space
stage. The propellant tanks included in the pro-
pulsion system are the thin-walled containers with
structurally complex PMD for ensuring the continu-
ity of liquid propellants. These PMDs, designed to
maintain the propellant components without free gas
bubbles, are placed at the inlet to the engine feed-
lines for the limits permissible for the operability of
the start-up engine [5, 8].

Predicting the location of liquid propellant (i.e.,
the ‘gas — fluid’ interface in the propellant tanks re-

to main engine

Figure 1. Schematic diagram of the propellant tank of the
main LV space engine propellant feeding system: / is the mesh
phase separator, 2 is a tank wall, 3 is the honeycomb capillary
accumulator, 4 is a liquid propellant, 5is PMD (plate), 6 is a
pressurization gas

6

gions) in the passive flight leg of the LV space stage
is necessary for calculating the propellant sedimen-
tation time after the implementation of various
program motions of the LV space stage. Also, this
prediction helps to carry out the reliable main LRE
start-up. In addition, due to the irregular distribu-
tion of local path pressure losses during the motion
of liquid in different parts of the feeding system from
the liquid free surface in the tank to the inlet into the
propellant feedline of the main LRE, under certain
modes of stage LRE start-up in microgravity condi-
tions, there may be a breakthrough of a certain vol-
ume of pressurization gas under the tank PMD and
in the LRE propellant feedlines.

A typical schematic diagram of the propellant tank
of the LV space stage main engine feeding system is
shown in Fig. 1. In the figure, the number 4 indicates
the position of liquid propellant immediately before
the main LRE start-up.The capillary stabilizer (mesh
phase separator, / in Fig. 1) in the presented LV space
stage feeding system is made on the basis of a plain
weave mesh. The capillary honeycomb propellant ac-
cumulator (3 in Fig. 1) ensures that the part of the pro-
pellant component above the capillary stabilizer is in
contact with it in an amount sufficient to orientation
control system engines’ operation and stabilization of
the space stage in the passive flight period. This pre-
vents gas from motion under the capillary stabilizer
when the component is rated from the tank. During the
period of main engine operation, the capillary honey-
comb accumulator is filled with a liquid propellant.

The proposed approach for calculating the motion
parameters of the ‘gas — fluid’ interface in the re-
gions of the propellant tanks of the modern LV space
stages feeding system is based on modeling the mo-
tion parameters of the ‘gas — fluid’ interface in the
propellant tanks regions for calculation the location
of liquid propellant. In this case, numerical modeling
is carried out taking into account the surface tension
forces and propellant wettability, the resistance forces
to the motion of liquid propellant, the design features
of the propellant tank (geometry and composing of
PMD), and capillary effects in the accumulator.

The resistance forces to the motion of liquid pro-
pellant and the pressure loss forces are irregularly
distributed in the tank over the volumes of the flow
part of the accumulators, the mesh phase separator
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(see Fig. 1), the subgrid space, and PMD in the con-
ditions of the complex architecture of the intra-tank
space. These forces make a decisive influence on the
emerging fields of liquid propellant velocities and
pressures during the propellant motion to the tank
PMD in the process of main engine start-up.

For mathematical modeling of the tank depletion
process (see the equations system (1)—(4)), the ‘two-
dimensional fluid’ elements with coefficients K of
local pressure losses are used to describe the propel-
lant component motion in the accumulator through
the phase separator grid, in the sub-grid space of the
tank, and in the flow part of the PMD. The coeffi-
cients K are determined with the use of experimental
data by the expression:

AP
K=—7p—,
pV°Al

where AP is the fluid pressure loss in the researched
flow region, V is the steady fluid velocity, Al is the
length of the fluid path along the streamline with the
acting resistance force to the fluid motion.

The resistance force to the fluid motion in the cap-
illary accumulator was calculated by the formula [11,
14]:

3
F =a 4?2 v.m,

res a
z

where I1 is the accumulator cell perimeter, a, is em-
pirical coefficient (a, =0.182).

Local pressure losses on the grid of the grid phase
separator were calculated using the hydraulic resis-
tance coefficient of the grid & . The value of hydrau-
lic resistance coefficient of the grid was obtained ex-
perimentally [3, 17]:

E=a+P/Re,
where a, B are the values of empirical coefficients,
Re is the Reynolds number.

3. AN EXAMPLE OF THE NUMERICAL
IMPLEMENTATION OF THE DEVELOPED APPROACH
TO CALCULATING THE PARAMETERS OF LIQUID
PROPELLANT MOTION IN A PROPELLANT TANK

IN MICROGRAVITY CONDITIONS, INVESTIGATED
EXPERIMENTALLY IN A ‘DROP TOWER’

For an experimental investigation of the liquid motion
in the LV space stage tanks in low gravity conditions,

Figure 2. General view of the investigated structure of the tank
with liquid filling [18]

the possibilities are widely used, which are provided
by the research laboratory complexes of the so-called
‘Drop tower’ [6, 15, 19] including the laboratory and
the ‘Drop tower’ for theoretical investigations per-
formed by Yuzhnoye State Design Office [16].

In the experiment, the test container was a tank of
a spherical shape on a scale of 1:12 (Fig. 2). For mod-
eling the external conditions acting on the liquid in
the model tanks, the so-called kinematic model was
used (Fig. 3). This kinematic model for investigating
the behavior of the liquid medium in the model tank
in microgravity conditions is widely used. The kine-
matic model includes: a frame, gas jet system, opti-
cal device system, control and measurement system,
technological feedlines and refueling system, over-
flow control system, a drainage system of the model
tank, and a balloon of a gas jet system. The gas jet
system is designed to create model longitudinal ac-
celerations after breaking the connection between
the kinematic model and the platform and includes
a cylinder filled with high-pressure gas (from 100 to
150 bar), a control solenoid valve, and two jet nozzles
that ensure the creation of thrust directed along the
longitudinal kinematic model axis in the direction of
gravitational forces action.

Figure 4 shows one of the versions of the depen-
dence of longitudinal acceleration on time, realized
during tests in a ‘Drop tower’ [18].
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Figure 3. Composed scheme and photo of the kinematic model

The obtained dependences of the longitudinal
model acceleration a, on time can be divided into
three characteristic periods (Fig. 4):

— from 0 to 0.38 s is the period of free fall after
the action of the suspension lock of the kinematic
model;

— from 0.38 to 0.51 s is the period of the electro-
pneumatic valves opening and the set of thrust by the
gas jet system;

— from 0.51 to 2.3 s is the period of longitudinal
acceleration decrease due to the reduction of gas jet
system thrust and the increase of the aerodynamic
resistance.

For verifying the developed approach, the results
of an experimental investigation of the fluid motion
in a model tank when it falls in the ‘Drop tower’,
given in [6], were used. A spherical tank (D = 15 cm;
Viiquid fitting = 0-3 dm?) made of acrylic plastic was used
as a test tank in the experiment. PMDs were not in-
stalled in the test tanks. Chladone 113 liquid (ethane
series chladone) was used as a model fluid, having a
surface tension coefficient o = 17.2x10~3 N/m, den-
sity p = 1564 kg/m?, viscosity p = 4.7x10~* kg/m s.
The temperature in the tank was assumed to be con-
stant and equal to 20 °C. The deformation of the tank
walls was not taken into account. The acceleration

8

of the tank a, (see Fig. 4) in the ‘Drop tower’ was
directed along the longitudinal axis of the tank from
the upper bottom to the PMD located in the lower
region of the tank.

Numerical modeling of fluid motion in the tank,
taking into account the deformation of the fluid free
surface (see Fig. 5, 6), was carried out using the finite
element analysis by the ANSYS (FLOTRAN CFD
and ANSYS FLUENT) [9]. To analyze the motion of
liquid propellant in the tank under microgravity con-
ditions, the series of event times were considered that
characterize this process: the event of 7;, = 0.001 s is
the period of the fluid location at the bottom, the be-
ginning of motion in microgravity conditions (Fig. 5,
a, b); the event of 7} = 1.13 s is the period of motion
in microgravity conditions (Fig. 5, ¢, d); the event of
T, = 1.23 s is the period of the ‘connection’ of a flow
rate of 0.15 dm?/s (Fig. 5, e, f); the event of T5=1.7s
is the period of falling of the ‘gas — fluid” boundary
(Fig. 5, g, h); the event of T, = 2.3 s is the period
of cut-off (Fig. 5, i, j). The areas occupied by fluid
and gas are indicated in figures by numbers / and 2,
respectively.

It can be seen from the figures that the modeling
results are in qualitative agreement with the experi-
mental results.
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a, m/s’
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0 0.4 0.8 1.2 1.6 2.0 Y

Figure 4. The dependence of the longitudinal acceleration of
the kinematic model on time

The figures illustrate the process of liquid propel-
lant motion in the studied tank in microgravity con-
ditions created in the ‘Drop tower’. Fig. 5, b, d, f, h,
and j show the results of numerical modeling, Fig. 5,
a, c, e, g, and i demonstrate the photo of the ‘gas —
fluid’ interface in the tank, obtained as a result of the
experiment.

Fig. 6, ¢, f, g, and j show the calculated distribu-
tions of velocities (V) in the nodes of the finite el-
ements of the liquid propellant and gas in the tank
along its longitudinal section for the events of 1.13,
1.23, 1.7, 2.3 s (taking into account the flow rate of
0.15 dm?3/s for 1.23 s).

From Fig. 6, ¢ and f, it follows that the maximum
values of the velocities are located near the upper
bottom of the tank as a result of the fact that intensive
wetting occurs and the greatest surface tension forces
are present in this area.

From Fig. 6, g and J, it follows that the maximum
velocity increases to 0.5 m/s and is located near the
slot on the lower tank bottom. This speed value cor-
responds to the local liquid propellant loss realized
during these time events.

For evaluating the operability of the PMD in the
tank [12], it is necessary to know the values of the
propellant flow rates (Fig. 6).

In addition, Fig. 6, gandj show that high velocities
correspond to fluid drops that slide from the upper
bottom of the tank and move in the gas bubble in the

0.001s

1.13s

1.23s

1.7s

2.3s

Figure 5. Motion of the ‘gas — fluid’ interface in the region
of the model tank in microgravity conditions created in the
‘Drop tower’ for the events 7j, = 0.001L s, T} = 1.13 s, T, =
=123s, T;=17s,T;,=2.3s
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V, m/s
0.1130
0.1017
0.904
0.791
0.678
0.565
0.452
0.339
0.226
0.1130
7.28-10"

0.1160
0.1044
0.0928
0.0812
0.0696
0.0580
0.0464
0.0348
0.0232

00116
6.72-10

0.492

0.4428
0.3936
0.3444
0.2952
0.2460
0.1968
0.1476
0.984

0492
1.03- 10

outlet V=0.5m/s

0.60
0.54
0.48
0.42
0.36
0.30
0.24
0.18
0.12
0.06
0.002

k / m

Figure 6. Calculated distributions of velocities (V) in the nodes of finite elements
of liquid propellant and gas in the tank along its longitudinal section for events
T,=113s,T,=123s, T,=1.75, T, =235
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center of the tank. The effect of these drops (Fig. 6, f
and i show the drops contours and significant speed
values of the drops) must be taken into account for
calculating the number of gas bubbles in the feedline.

4. DISCUSSION

Taking into account the issues of the ‘behavior’ of a
cryogenic liquid in microgravity conditions (‘zero’
contact angle of the liquid propellant surface with the
walls, a significantly small value o = 17.2x10~3 H/m
of the surface tension coefficient) for the nature of
the chladone motion in the test tank the value of the
contact angle acquires significance (the shape of the
interface between the gas and fluid media on the tank
walls depends on it), as well as the surface tension
forces, which form the surface of the liquid medium
in the gas cavity of the tank.

Analyzing the results of the chladone motion ex-
periment (with the acceleration of the model tank
a, see Fig. 4), the characteristic features of the mo-
tion of the interface between the liquid propellant
and air environments can be marked:

1. The acceleration caused by gravitational forces
is extremely small. The ‘picture’ of motion is defined
by the most dominant surface tension forces formed
by the physical properties of the liquid propellant,
such as the surface tension coefficient. The motion
of liquid propellant is also caused by capillary effects,
which depend on the liquid propellant properties, for
example, the contact angle of the liquid propellant
surface and the tank walls.

2. For a small contact angle, intensive wetting of
the tank wall surfaces by the liquid occurs. The shapes
of the interface in the experiment and in the numeri-
cal model for intensive wetting are shown in Fig. 5,
a—/f. The maximum values of velocities in the liquid
propellant, defined by the action of surface tension
forces on the upper tank bottom for intensive walls
wetting, are shown in Fig. 6, c and f.

3. The action of surface tension forces significant-
ly exceeds the forces associated with microgravity (by
100 times, see period 1 in Fig. 4). This leads to the
motion of the liquid located at the lower bottom of
the tank in the direction of the upper tank bottom in
the tangential direction to the interface surface. This
conclusion follows from the time variations of the in-
terface shown in Fig. 5, a—e. In addition, the veloci-
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ties in the liquid propellant, defined by the action of
surface tension forces and directed tangentially to the
interface, are shown in Fig. 6, c and f.

4. In the ‘tank-fluid pressurization gas’ system,
intensive wetting of the tank structure by the liquid
fuel surface and the action of surface tension forces
are considered, leading to the movement of liquid to
the upper bottom of the tank with wetting of the tank
structure (as it can be seen from the results of the ex-
periment shown in Fig. 5, a —#). In this case, a gas
cavity is formed in the middle of the tank. This cavity
can be dangerous for the infiltration of free gas bub-
bles in unacceptable quantities to the LRE feeding
system feedline. The process of moving of gas cavity
to the tank bottom during the motion of liquid from
the tank is shown in Fig. 5, i.

5. In this case, in the experiment, there were no
PMDs at the lower tank bottom, presented in stan-
dard tanks of space upper stages. It is known that the
presence of PMD can significantly reduce the value
of gas bubbles entering the feedline during engine
start-up. As shown in [12], for a different, for ex-
ample, conical, shape of the tank with PMD in the
form of grids or plates, the shape of the interface may
be different, but the danger of gas bubbles infiltration
the engine inlet remains.

In addition, from the obtained conclusions about
the nature of fluid motion in the tank in microgravity
conditions, we can additionally make the following
remarks on the method of a physical experiment that
are important for further research:

1. For an experiment in the ‘Drop tower’ to study,
liquid (water, helium, or chladone) has a surface ten-
sion coefficient, which decreases with increasing
temperature and is practically independent of pres-
sure. This fact belongs to all liquids and cryogenic
propellant components. It is necessary to take this
fact into account for appropriate experiment pro-
cessing and using the surface tension coefficient cor-
responding to the actual temperature.

2. The value of surface tension is affected by various
reasons. The slightest impurities in the liquid change
the surface tension greatly, reducing it in most cases.
For performing practical calculations, this fact has
to be taken into account. In particular, for calculat-
ing the surface tension coefficient, only pure liquids
should be used. Surface tension can be significantly
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reduced with the help of surfactants, which include
detergents.

3. For calculating the surface tension coefficient
and the contact angle, it is necessary to take into ac-
count not only the substances but also the contacting
gas medium and the solid wall medium.

5. CONCLUSIONS

We propose the numerical approach to evaluate the
motion parameters of the ‘gas — fluid’ interface in
the volume of the propellant tanks for modern LV
space stages in microgravity conditions (during the
time interval from the moment the main space stage
LRE shutdown to the moment the LRE start-up
command). This approach takes into account the
design features of the propellant tank and the ther-
modynamic characteristics of the interface between
two phases of the ‘gas — fluid’ medium in equilibri-
um state and the tank design during LV programmed
stage motion in space. According to the proposed ap-
proach, numerical modeling of hydrodynamic pro-
cesses in the propellant tank is carried out using the
Volume of Fluid method (VOF), taking into account
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! THetuTyT TexHiuHOT MexaHikn HarioHanbHOT akameMii HayK Ykpainu Ta JepsKaBHOTO KOCMIYHOTO areHTcTBa YKpaiHu
Bya1. Jlemiko-TTonens 15, Aninpo, Ykpaina, 49005

2 [lepxxaBHe nianpuemctso «KoHeTpykTopebke 61opo «[liBgenue» iM. M. K. Surens»

Bys1. Kpusopisbka 3, [Ininpo, Ykpaina, 49008

MIAX1I 10 YN CEJTbHOI'O MOAEIOBAHHA ITPOCTOPOBOI'O PYXY PIIVMHU 3 ®OPMYBAHHAM
BIVIbHUX TABOBUX BKIIIOYEHD ¥V TTAJIMBHOMY BAKY B YMOBAX KOCMIYHOTI'O [TOJILOTY

MapioBi IBUIYHHI YCTAaHOBKM KOCMIYHMX CTYIIEHIB pakeT-HOCIiB B yMOBax MiKporpasiTaliii 3a0e3me4yloTh MpOBeIeHHS
KIiJIbKOX 3aIlyCKiB — 3yMUHOK PiIMHHUX paKeTHUX IBUTYHIiB, HEOOXiIHUX JUIs peajlizallii mporpaMHUX TepeMillieHb i
KOHTPOJIIO Opi€HTAalLlil KOCMiUHOTO amaparty y rpocropi. I1ig yac macMBHOTO MOJILOTY KOCMIYHOTO CTyMeHs (Iicast 3ymUHKHA
IOro MapliloBOrO JIBUTYHA) PiKe MaJIMBO Y 0akax MPOJOBXYE PyX B yMOBaX MiKpOrpasiTallil 3a iHeplli€o, MaKCUMaJIbHO
BiIIAISIIOYUCH Bijl BHYTPillTHbOOAKOBUX 3a0ipHUX MPUCTPOiB. [1pu 11bOMyY Ta3 HaIyBY BUTICHSIETBCS 10 3a0ipHOTO MPUCTPOIO,
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1110 CTBOPIOE TOTEHLIMNHY MOXJIUBICTh MPOHUKHEHHS Ta3y Ha BXiJ y ABUTYH Y KiJIbKOCTSIX, HEIIPUITYCTUMMX I HamiiAHOT
peasizallii MOBTOPHOIO 3aMycKy IBUTYHA. ¥ 3B’13KY 3 LIMM BU3HAYEHHS MapaMeTpiB PyXy PilMHU Y MaJTMBHUX OaKax B yMOBax
MiKporpagBiTallii € akTyaJbHOIO 3a7ayelo, sika BUMara€ BUPILIEHHS MPU MPOEKTYBAHHI PIMMHHMX PAKETHUX ABUTYHHMX
YCTaHOBOK. Po3po0sieHO MiAXil [0 TEOPEeTUYHOrO BU3HAUEHHS MapameTpiB pyXy IpaHUlli MOIiIy CEpelOBUI «Ta3 —
pinvHa» y MOPOXHMHAX MaJIMBHUX 0akiB CydaCHUX KOCMIUHUX CTyreHiB pinnHHux PH B ymoBax mikporpasiTauii. Tiaxin
0a3yeThbcsl Ha BUKOPUCTAHHI METOAY CKiHUYEHHMX €JIEMEHTIB, METOAY O00’€MY PilMHM Ta Cy4YaCHMX KOMII IOTEPHUX 3ac00iB
CKiHUeHHO-eJemMeHTHoro aHamizy (CAE-cuctem). [1yis1 yMOB MacMBHOI OUISIHKU MOJBOTY KOcMiuyHOro ctyneHss PH Bukonano
MaTeMaTUYHe MOJIETIOBAHHS MPOCTOPOBOTO PYXY PiIKOro MajvBa i BiTbHUX rA30BUX BKIIOUEHbB, 10 (POPMYIOTHCS, HA OCHOBI
SIKOTO BU3HAUEHO NapaMeTpu pyxy i popMU BUTbHOI MOBEPXHI PilMHU y 6aKy, Miclie pO3TalllyBaHHS Ta30BUX BKJIIOUYEHb.

lono ymoB pyxy eKCepUMEHTAIbHOIO 3pa3ka MaJIMBHOTrO 06aka 3 pifuHo0 B «kKuakoBiil Bexi» Il «Kb «[liBneHHe»,
MPU3HAYEHOI ISl BABYCHHSI 00’ €KTIB KOCMIYHOI TEXHIKM B YMOBaxX MiKporpaBiTallii, BAKOHaHO YKCEJIbHE MOJICTIOBAHHS PYXY
pinuHu y 0aky chepornoaioHoi popmu. OTpuMaHi B pe3yabTaTi MaTeMaTUYHOTO MOJEIIOBAHHS 3HAUYEHHS ITapaMeTpiB pyxy
piIMHM Ta TpaHULI MOIUTY CEPEAOBUIL «Ta3 — PilMHa» 33aJOBIJIBHO Y3rOMXKYIOTbCS 3 OTPUMAHUMU €KCIEPUMEHTATbHUMU
JNAHUMU.

BuxkopucTtaHHs po3po0sIeHOro MiXo1y J103BOJIUTh 3HAYHO CKOPOTUTU OOCST €KCIIEPUMEHTAIbHOTO BiNpallloBaHHS KOC-
MiuHuX ctyneHiB PH, 1110 npoexkTyoThes.

Karouogi caosa: pinHHa pakeTa-HOCil, MiKporpasiTallisi, TOBTOPHUIA 3aITyCK JABUTYHA, IMACUBHA JIiJITHKA IOJILOTY, IMPOCTO-
POBMIi PYX PiIKOTO MajiiBa, BiJIbHI ra30Bi BKIIOYEHHS 10 PiAMHU, METO CKiIHYEHHUX €JIEMEHTIB, METOJ 00’ €MY PiIMHU, BHY-
TPIlIHLOOAKOBI 3a0ipHi MPUCTPOI.
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