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INFLUENCE OF THE MAGNUS EFFECT ON THE
SPACECRAFT LIFETIME

A mathematical model of the dynamics of a large fragment of space debris in
the form of a ball is developed and investigated. The effect of the Magnus
force on the spacecraft lifetime at different angular velocity of object rotation,
the apogee of the orbit, the mass of the object, and the radius of the sphere
were studied. The dependence of the magnitude of this force on various
parameters was studied and a conclusion was made about the insignificant
effect of the Magnus effect on the orbital lifetime of the object.
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Introduction

Technogenic clogging of near-Earth space is an actual problem of
modern space exploration. One of the segments of debris are large frag-
ments of space debris: firstly, these are space vehicles that have stopped
their active existence (non-functioning), and, secondly, these are the last
stages of carrier rockets. One of the ways to deal with large fragments
of space debris is non-contact (without mechanical capture) impact with
the aim of moving them to lower orbits for further decay due to aerody-
namic braking.

In addition to direct influencing in the opposite direction to the
satellite's velocity vector, the incoming atmospheric flux can create an
additional perturbing force acting in a plane perpendicular to the on-
coming stream [1], [2]. Such an aerodynamic force is described in the
literature as the Magnus effect. This phenomenon was a subject of great
interest in the field of gas physics and is named after Professor Gustav
Magnus, who established that there is a lifting force affecting the rotat-
ing cylinder placed in the air stream [3]. The Magnus force is a function
of the shape, speed of rotation of the object, density and velocity of
freestream flow. As the altitude of the orbit decreases, the density of
the atmosphere increases, thereby increasing the magnitude of the force.

© Perviy B.A., Sarychev O.P., 2018

20 ISSN 1562-9945



2 (115) 2018 «CucreMHbIe TEXHOJIOTHHN »

As a result, this effect can have a significant effect on the motion of
space vehicles in the region of low Earth orbits.

In the study [4], an analysis was made of the possibility of using
the Magnus effect to maintain the specified orbit of the object at an ul-
tralow (80 km) height, which, in the opinion of the authors, can im-
prove the quality of atmospheric studies within the ionosphere and
thermosphere, and also conduct more controlled escape of objects from
orbit.

The results of the study [4] showed that for a spherical object
weighing 20 kg, the Magnus effect doubles its time in orbit at a perigee
altitude of 80 km and an angular velocity of 5000 rpm.

Problem statement

The purpose of this study is to assess the degree of influence of
the Magnus effect on the motion of space objects and to establish the
possibility of using it for debris removal due to its own rotation at
various characteristics of the object and orbital modes.

Major part
Magnus effect and aerodynamic lift power

The Magnus effect arises at a time when the rotating body cre-
ates an asymmetrical flow (above and below the body), thereby creating
an aerodynamic rise. As the stream flows around the rotating body, a
reduced pressure is created on the side where the flow direction coin-
cides with the direction of the angular velocity of the object (Fig. 1) [5].

Figure 1 - Magnus force direction in the oncoming stream

The difference in pressure causes a lifting force, which causes the
body to move in a direction perpendicular to the oncoming stream. The
value and direction of the Magnus force depend on the flux density, and
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these dependences are different for the continuum and freestream re-
gimes.

The form of the regime depends on the mean free path of the
molecules in the gas. If the mean free path is small in comparison with
the dimensions of the body, then the gas can be considered a continuum.
With this assumption in mind, the gas density, temperature and veloc-
ity of the gas molecules have a definite value at each point of space. In
these two regimes, the physics of the flow and the interaction of mole-
cules are different. A widely recognized parameter determining whether
the flow is a continuum or a freestream flow is the Knudsen number,
which is equal to the ratio of the mean free path to the macroscopic
length of the physical object. In other words, the Knudsen number is a
measure of the degree of rarefaction of the gas [6]. As the local Knud-
sen number increases, free-molecular effects become more pronounced
and, ultimately, prevail over continual effects. In this study, in contrast
to the study [4], the perigee altitude of various orbital regimes exceeds
200 km, so the analysis is under free-molecular conditions of the oncom-
ing flow.

Ashenberg [7] investigated a flat satellite experiencing non-
constant aerodynamic perturbations, using the Gauss method for the
equations of parameter variation. He states that if the satellite has more
flat surfaces, rotates at a certain insignificant speed, or has a large
area-to-mass ratio, then the lifting force is not zero. The lifting force is
regarded as a vector in a plane perpendicular to the velocity. Perturba-
tions are projected in the direction of the nadir, toward the interior of
the orbit, and calculations are performed under the assumption of free-
molecular flow. The lift force acting in the plane of the orbit affects the
eccentricity, while the orthogonal force perturbs the orbital plane orien-
tation. The general conclusion is that the time-varying aerodynamic re-
sistance can generate different forms of secular orbital motion.

Moore [8] also describes how stabilized satellites can be subjected
to a steady or periodic aerodynamic lift, which leads to tangible changes
in the parameters of their orbits. He uses Lagrange's equations of mo-
tion to study the effect of lift and resistance on orbital elements and
states that the exact definition of disturbing forces requires a real ex-
periment, with the study of the interaction of gas with the surface, or a
detailed analysis of orbital disturbances and data on the rotation speed.
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In [8], a hyperthermal freestream flow, in which the mean free path of
molecules is very large in comparison with the dimensions of the satel-
lite and the molecules do not have a random thermal motion (the ac-
commodation coefficient is 1). Diffuse reflection is significant at alti-
tudes of 200-800 km, where atomic oxygen predominates, and at high
altitudes the reflection mode is close to mirror reflection.

Wong [9] determines the aerodynamic forces for a rotating sphere
in a free-molecular flow. It is established that in the free-molecule re-
gime the Magnus force exerts a negative lift on the spheres in the nadir
direction. Expressions for the limiting case of a hypersonic free-
molecular flow are derived. Moreover, if the temperature of the sphere
is low and the reflection is completely diffusive, the velocity of the re-
flected molecules is so small compared to the free flow that it can be ne-
glected.

Volkov [10] numerically investigates the behavior of a rotating
sphere in a three-dimensional flow of a rarefied gas in a transient and
near-continuous flow regime. It is established that in the rarefied gas
flow, in the absence of intermolecular collisions, the direction of the
Magnus force is opposite to the direction in the continual flow at low
Reynolds numbers. The negative rise arising in the transition region is
explained by the increase in the contribution of the axial stress to the
Magnus force with a decrease in the Knudsen number. The difference in
the direction of the Magnus force in the freestream and continual re-
gimes means that in the regime of transient flow the Magnus force de-
pends essentially on the Knudsen number. Moreover, for some value of
the Knudsen number this force vanishes. It was shown in [10] that when
the Knudsen number decreases, the coefficient in the expression for the
Magnus force takes values in the range from -4/3 to the maximum value
of +2 in the continuous flow regime at low Reynolds numbers, and then
decreases to the limit value corresponding to large numbers Reynolds.

Rubinov and Keller [11] calculate the Magnus force in the con-
tinuum regime using the Navier-Stokes equations, and taking into ac-
count the small Reynolds numbers. It is shown that for small Reynolds
numbers the rotation of the sphere does not affect its coefficient of
aerodynamic resistance. In addition, the authors indicate that in the
continuum regime for small Reynolds numbers the aerodynamic torque
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acting on the rotating sphere does not depend on the translational veloc-
ity of the sphere relative to the gas.

Thus, it follows from this review that the coefficient in the ex-
pression for the Magnus force in the free-molecular and continual re-
gimes varies from -4/3 to +2 with a decrease in the satellite. Since this
study analyzes at altitudes in excess of 200 km, the corresponding coef-
ficient takes negative values.

Equations of motion, perturbing factors and numerical solving methods

We will represent the motion of an artificial Earth satellite as a
motion of a material particle of infinitesimal mass in the gravitational
field of a central body by a mass under the action of forces determined
by a potential function and a set of non-potential forces. Then the dif-
ferential equations of motion of a particle in an inertial rectangular co-
ordinate system connected with the central body can be represented in

the form
dx dU M
dtZZdX+F1’U:fr U (1)

with initial conditions
Xy = x(t())a 3&0 = x(to)a (2)

M
where x = (x,, X,, x;)" is the position vector of the satellite; L poten-
r

tial function due to the attraction of a spherical Earth; f- gravitational
constant; U,- potential function of disturbing forces; r- module of the

position vector; t¢- physical time.

Methods for solving the two-body problem with perturbations in-
clude analytical and numerical methods. Numerical approaches imply
the numerical integration of perturbing forces. The numerical approach
is also applied to the equations of variation of parameters, and in this
case the elements of the orbit are integrated numerically [12], [13].

We describe the method and the formulas by which the calcula-
tions are performed. We consider the problem of numerical integration
of a system of ordinary differential equations of the first order

dx,

dt

:fi(xl,xz,,,,,xn,t), i=12,...,n (3)

with initial conditions x, = x\*, x, = x{”, ..., x, = x'” having t = ¢,
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Variables x,, x,,..., x, for convenience we will call the coordi-

nates, and the variable ¢ as time.
The Runge-Kutta formulas given below allow one to determine

the coordinates at a point in time ¢,,, =t, + hif they are known at the

time ¢,. The formulas are compiled on the basis of the method of inter-

polation by polynomials with respect to the step of integration A, in
which the terms of some order of smallness are neglected with respect to
the step size. In this case, all members are kept up to the 4th order in-
clusive with respect to the step. The Runge-Kutta formulas have the
form

x’ = 2.t

P = a2t 4)
q:k) = fi(x(lk) + % hpik), x(;) + % hp(;), ...,xik) + % hp(nk), .t % h),

SRR ESR T AP T IS R L]

s =fe +hop a) + hp s xR g, 4 BY;

1,2.,n ()

k+1

X, =xﬁk”%h(pih)+2q£k)+2rfk)+s§k))’ b=
Because of the presence of various perturbing forces, equation (3)
can only be used as an approximation of real motion. The accuracy of
the approximation decreases as the integration time increases. These
perturbing forces include terrestrial gravitational harmonics (deviations
from the ideal sphere), lunar-solar gravitational perturbations, atmos-
pheric resistance, solar radiation pressure and the tides of the Earth.

As a model of the Earth's attraction, the standard form of re-
cording the potential of the Earth's gravity was used [14].

Atmospheric drag is the main non-potential force acting on a sat-
ellite in low Earth orbit. It acts in the direction opposite to the velocity
vector, and reduces the energy of the satellite. A decrease in energy
leads to a decrease in the orbit altitude, until the satellite enters the
atmosphere. Perturbations caused by atmospheric resistance are consid-
ered more significant than the perturbations from - the second zonal
harmonic of the Earth from the contribution to the decrease in the alti-
tude of the orbit [14].

Acceleration due to atmospheric drag can be expressed as

éd g=—%p%v2\79 (6)
ra; m
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where p is the density of the atmosphere; (] ,- drag coefficient; A -

cross-sectional area; m - mass of the satellite; v- speed of the satellite
relative to the atmosphere; v- is the unit vector in the direction of the
flow velocity.

Another one of the non-gravitational perturbations is the light
pressure. We will assume that the power of the solar radiation flux is
constant, the light pressure force is always directed along the Earth-Sun
line, the Earth's orbit is circular, the satellite has a spherical shape.
Under these assumptions, the acceleration of the direct light pressure of
the sun onto the satellite can be given by the formula [15]

1), 7
a=—C,Anfi"’( Jf‘s )
Rau

where a — is the acceleration vector in inertial coordinates; Cr- coeffi-

cient of reflectivity; A - the area of the satellite; K - percentage of the
emitted light of the Sun, relative to the satellite, which is not eclipsed
(usually equal to 1); m - mass of the satellite; ¢ - solar flux per 1 astro-

nomical unit; c- speed of light; Ruv- the distance from the satellite to
the Sun in astronomical units; F, is the unit vector of the position of the

Sun, relative to the satellite.
The Magnus force is represented by the expression

Fm=%lerr3pwv’ (8)

where ris the radius of the spherical object; p- density of the oncoming

stream; - angular velocity of the object; vis the speed of the oncoming
stream.

The Magnus force coefficient C,, according to [5], [9], [10], is
negative for the free-molecular incoming flow and depends on the ac-
commodation coefficient ¢, in the form

Cz:_%ar. (9)

As a potential approach, we assume the limiting case of a hyper-
sonic free-molecular flow with total reflection, under which «, =1 [9].

Modeling the motion of a rotating sphere
The rotating sphere dynamics model is implemented using the
Analytical Graphics Systems Tool Kit (AGI STK) software [16]. During
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developing the model of a rotating object, the Magnus force is pro-

grammed as a super efficient engine with a 2-10" pulse and 5 kg
weight, while the amount of fuel consumed does not affect the final re-
sult of the calculations.

Numerical integration of the equation of motion of the satellite
with the use of the Magnus effect is represented by Runge-Kutta-
Felberg method of 4th order with accuracy control of the 5th order [12],
the resistance coefficient, atmospheric density is calculated on the basis
of the model of the atmosphere NRLMSISE-00 [17] model of the Earth
JGM3 [18], [19].

Results of simulation modeling

The graphs and numerical values of the results of the study are

shown in Fig. 2-8 and in Table. 1 to 7, respectively.

1)

Daye

Hl;!g:h1
Figure 2 - Comparative histogram of the object lifetime
(numerical values in Table 1)

Table 1
The object lifetime (days) on orbit at different angular velocities
Object ang. ve- Lifetime in days for different altitudes, km
locity, rev/imin | 200 | 250 | 300 | 350 | 400 | 450 500
w/0 rotation 0,09 0,51 2,39 8,41 31,4 85,6 239.6
1000 0,09 0,51 2,27 8,42 29,6 85,6 239,6
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Figure 3 - Comparative histogram of the object lifetime on orbit at peri-

gee 200 km
Table 2
The object lifetime (days) on orbit at perigee 200 km
Object ang. ve- Lifetime in days for different apogee altitudes, km
locity, rev/min 5000 7000 10000 15000
w/o rotation 61,8 85,4 113,2 154,5
1000 61,6 85,2 112,9 153,9
é 300
I | | II II
130 140 160 1ED 100 130 240 260 B0 1100
Periges

Figure 4 - Comparative histogram of the object lifetime on orbit at 5000

km apogee
Table 3
The object lifetime (days) on orbit at 5000 km apogee

Object ang. Lifetime in days for different perigee
velocity, altitudes, km

rev/min 200 | 220 | 240 | 260 | 280 | 300
w/o rotation | 61,8 | 130 | 168 | 258 | 360 | 552
1000 61,6 | 130 | 167 | 257 | 359 | 548
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Figure 5 - Comparative histogram of the object lifetime due to different
object masses on orbit at 5000 km apogee

Table 4
The object lifetime (days) at different mass on orbit at apogee 5000 km
Object Lifetime in days for different object mass, kg
ang. ve-
locity, 13169 |12|15[25]50]75|100[125(175|250 (300|400
rev/min
:iv(/)i’lmta' 29185 17.9(27.436.2|45.4|77.5| 150 | 230 | 294 [ 357 | 493 | 725 | 887 |1269
1000 2918,5(17,9|27,4|36,1(45,4|77,3| 150|229 | 294 | 356 | 492 | 723 | 884 |1250
350
b 1}
250
0
.E_.-
150
10
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Figure 6 - Comparative histogram of the object lifetime due to different
object radius at apogee 5000 km, perigee 200 km, weight 100 kg
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Table 7
The object lifetime (days) at different object radius at apogee 5000 km,
perigee 200 km, mass 100 kg

Object ang. Lifetime in days depending
velocity, on different object radius, m
rev/min 1 3 5 7
w/o rotation | 2943 | 33,5 | 11,5 5,7
1000 294,1 | 333 | 114 | 5,6
Conclusions

A mathematical model of the dynamics of a large fragment of
space debris in the form of a ball is developed and investigated, taking
into account its motion relative to the center of mass. On the basis of
the constructed model, the influence of the Magnus force on the time of
finding a spherical object in orbit was studied. The dependence of the
magnitude of this force on various parameters-the orbital regime, the
angular velocity of the object's rotation, the mass, and the radius of the
sphere are investigated. Taking into account the accepted height of the
final removal of the object in 200 km, it is possible to state with confi-
dence that within the framework of the model built, the Magnus effect
does not significantly affect the orbital time of the object in orbit, re-
gardless of the size of the object and the orbital mode.
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