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1. Third-body Perturbations

For nearly circular orbits the equations for the secular rates of
change resulting from the Sun and Moon are :

Longitude of the ascending node:
Q = -0.00338 cos(i)/n
Q = -0.00154 cos(i)/n

Moon

Sun

Argument of perigee:
Wyioon = 0.00169(4-5sin%) /n
Wy, = 0.0077(4-5sin%)/n

1. Third-body Perturbations

PROBLEM 1

Calculate the perturbations in and argument of
perigee caused by the Moon and Sun for the International Space Station orbiting at an
altitude of 400 km, an inclination of 51.6 degrees, and with an orbital period of 92.6
minutes.

SOLUTION, Given: i = 51.6 degtees
n = 1436 / 92.6 = 15.5 revolutions/day

Q_moon = -0.00338 x cos(i) / n
Q_moon = -0.00338 x cos(51.6) / 15.5
Q_moon = -0.000135 deg/day

w_sun = -0.00154 x cos(i) / n
w_sun = -0.00154 x cos(51.6) / 15.5
w_sun = -0.0000617 deg/day




1. Third-body Perturbations

PROBLEM 1 (Continued)

Calculate the perturbations in longitude of the 0

caused by the Moon and Sun for the International e Station orbiting at an
altitude of 400 km, an inclination of 51.6 degtees, and with an orbital period of 92.6
minutes.

SOLUTION, Given: i = 51.6 degtees
n = 1436 / 92.6 = 15.5 revolutions/day

w_moon = 0.00169 x (4 - 5xsin21i) / n

w_sun = 0.00077 x (4 -5 x sin21) / n
w_sun = 7x (4-5xsin2 51.6) / 15.5
w_sun = 0.000046 deg/day

2. Perturbations
due to Non-spherical Earth

m  When developing the two-body equations of motion, we assumed the Earth
herical mmetrical, homogeneous mass. In fact, the Earth is
neither homogeneous nor spherical.

The most dominant featutes are a bulge at the equator, a slight pear shape,

and flattening at the poles. For a potential function of the Earth, we can find

a satellite's acc ion by taking the gradient of the . The

most widely used form of the geo-potential function depends on latitude and
, 1, called the zonal coefficients.

potential generated by the non-spherical Earth causes petiodic variations
in all the orbital elements. The dominant effects, however, are secular
variations in longitude of the ascending node and argument of perigee
because of the , tepresented by the in the geo-
potential expansion. The rates of change of Q and W due to ]2 are shown in
the next slide:




2. Perturbations
due to Non-spherical Earth

= 0),=-1.50],(Ry/a)*(cos i)(1-¢)?
" = 2.06474 x 10 a"/2 (cos i) (1-€%)

= Wy, = 0.75n],(Ry/2)*(4-5sin” i) (1-¢?)?
= 1.03237x101 27/2 (4-5sin i) (1-¢3)2

where
#is the mean motion in degrees/day,
|, has the value 0.00108263,
Ry is the Ear uatorial radius,
a is the semi-major axis in kilometers,
7/ is the inclination,

¢ is the eccentricity, and Q and w are in degrees/day.

For satellites in GEO and below, the J2 perturbations dominate;
for satellites above GEO the Sun and Moon perturbations dominate.

2. Perturbations

due to Non-spherical Earth

= PROBLEM 2

A satellite is in an otrbit with a semi-major axis of 7,500 km, an inclination of
28.5 degrees, and an eccentricity of 0.1. Calculate the ]2 perturbations in
longitude of the ascending node and argument of perigee.

7,500 km i = 28.5 degrees e = 0.1

Q_J, = -2.06474x10" x a”7/2 x (cos i) x (1 - €22

Q_J, = -2.06474x10" x (7,50 x (cos 28.5) x (1 - (0.1)%)2

Q_j, = -5.067 deg/day

W_J, = 1.03237x10%* x a2 x (4 - 5 x sin? i) x (1 - e2)?

W_J, = 1.03237x10" x (7,500)7/2 x (4 - 5 x sin? 28.5) x (1 - (0.1)?)

W_J, = 8.250 deg/day




3. Perturbations
from Atmospheric Drag

m  The drag force I, on a body acts in the opposite direction of the velocity
vector and is given by the equation:

Fp, = (1/2) Cp pV2A

where
CD is the drag coefficient,
p is the air density,
V is the body's velocity, and
A is the area of the body normal to the

The drag coefficient is dependent on the geometric form of the body and is

generally determined by experiment. Harth orbiting satellites typically have

very high drag coefficients in the range of about 2 to 4. Air density is given by
the Atmosphere Properties Table (see next slide).

Atmospheric Scale Helght & Density, to 35,786 km
Atmospheric Density

Maximum

(ka/m®)

o a4 E 1225
100 58 .2 S.756-7
150 25.5 19965
200 37.5 2.41E-10 365610
448 5.97E-11 1.20E-10

300 50.3 LATE-11 48411
350 548 6.666-12 7.18E-11
400 0.2 282612 105611
450 61.3 1.090-12 5.350-12
500 64.5 4.76E-13 202612
68.7 2.14E-13 153812

748 89814 #.46E-13

84.4 473614 4.77E13

993 2.36E-14 273613

121 1.24E-14 159613

151 6.956-15 41614

158 4.236-15 5.675-14

226 2.786-15 3A9E-14

1.88E-15 221E-14

266 1.49E-15 1.43E-14

408 5.70E-16 282E.18

279616 1.16E-15

829 GOAE-17 3.80E-16

423617 1.54E-16

754617 700617

177617 I67E-17

LIME-17 211617

106017 134617

B.62E-18 5.30E-18

£.09E-18 5.41E.18

4.56E-18 374618

3.56E-18 287E18

287618 2.34E-18

237618 108618

1.21E-18 116618

7.826-19 BAZE-19

5.850-19 &.010-19

4.83E-13 5.04E-19

413619 5.21E-19

4.04E-19 5.12E-19

Alitude Scale Height
(kem) {km}




3. Perturbations
from Atmospheric Drag

For circular orbits we can approximate the changes in semi-major axis, petiod,
and velocity per revolution using the following equations:

Aa, = (-2TIC,ApPa?)/m
AP, = (-6Tr*ChApPa?)/m
A\Ircv: (-ITCDApa\r)/rn

where
m 4 is the semi-major axis,
m  Pis the orbit period, and

m V, A and 7 are the satellite's velocity, atea, and mass tespectively.

3. Perturbations
from Atmospheric Drag

m A rough estimate of a satellite's lifetime, L, due to drag can be
computed from

m L=-H/Aa,

m where H is the atmospheric density scale height




3. Perturbations
from Atmospheric Drag

= PROBLEM 3

A satellite is in a circular Earth orbit at an altitude of 400 km. The
satellite has a cylindrical shape 2 m in diameter by 4 m long and
has a mass of 1,000 kg. The satellite is traveling with its long axis
perpendicular to the velocity vector and it's drag coefficient is
2.67. Calculate the perturbations due to atmospheric drag and
estimate the satellite's lifetime.

3. Perturbations
from Atmospheric Drag

SOLUTION:

Given:

m 2= (6,378.14 + 400) x 1,000 = 6,778,140 m
B A=2x4=8m?

= m = 1,000 kg

m Cp=267

From Atmosphere Properties:

p = 2.62x10-12 kg/m? and H = 58.2 km




3. Perturbations
from Atmospheric Drag

V =SQRT[GM / a]
V = SQRT[ 3.986005x1014 / 6,778,140 |
V = 7,669 m/s

Then apply the equations below, to calculate for the perturbations due to
atmosphetric drag for semi-major axis, petiod, and velocity pet revolution:
Aa = (-2TTC,APa?)/m

AP, = (-6T1°CApa?)/m

rev

AV, = (MCyApaV)/m

=(2x Mx2.67x 2.62x10% x 6,778,140%)/1,000 = -16.2 m

3. Perturbations
from Atmospheric Drag

Estimate the satellite's lifetime
L~-H/Aa_
L ~ (582 x 1,000) / -16.2

L ~ 3,600 revolutions

4. Perturbations
from Solar Radiation

- ASolar —Rad -4.5x10° (f\ /Illsnt>

sat

® in which unit is [m/s?]




