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1. For the spacecrafts travelling from one planet to another, the travel path can be designed in
multiple ways. The most energy efficient of these methods is called ‘Hohmann Transfer Orbit’.
In this method, the spacecraft travels in an elliptical orbit with the Sun at the principal focus.
Thus, its motion is governed by Kepler’s Laws and hardly any fuel is spent for this journey.
Step-wise process of Hohmann orbit is as follows:

e Step 1: The spacecraft is in the close proximity of Earth.

e Step 2: The spacecraft engine is fired to allow it to escape the
the Earth and enter the region where the Sun’s gravity is th
point in Earth’s orbit at which engine is fired will also be a p
spacecraft around the Sun.

e Step 3: The spacecraft travels along an elliptical orbi
orbit of Mars.

e Step 4: The timing of this journey is such that
Martian orbit and the elliptical orbit of the space
reaches this point.

e Step 5: The spacecraft engine is fire i ured by the
Mars’ gravity and it remains in cl
Points to note:

A. The point where the engine
from the Sun.

B. The point where the spacec
farthest dista

d Mars are in circular, co-planer orbits around
orbit is also in the same plane.

arth, Mars and the spacecraft) are point masses
tion (as viewed from the top) in their respective

3
w = diy
= (1.524au)*
|PM = 1.881yr|
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(b) (1.5 marks) Find the length of semi-major axis of this Hohmann transfer orbit (in au).

Solution:
The Sun-Earth distance, dg, is the perihelion distance and dy, i.e. the Sun-Mars
distance, is the aphelion distance of the spacecraft.

Hence, semi-major axis, (ag), of the Hohmann Transfer orbit is:

o dptdy
T
lag = 1.262 au]|

(¢) (1.5 marks) Find time spent by the spacecraft be

Solution:

Let (tg) be the time spent between St
Hohmann transfer orbit.

This time will be half of the orbi
orbit.

he Hohmann transfer orbit between Earth and
at the instance of Step 2 (as Ey and M;) and at
p position F; directly below the Sun. Calculate
- Ej line for the other three points (M;, Es and

E2 and Mz)
espect to S

between Earth and Mars can be shown as below,
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From the figure above - | ZM,SFE; = 180°

ZMSE; - During spacecraft flight from Step 2 to Step 5 (0.707 years) Mars would
move through an angle:

~0.709
92_5 = 360° x m
= 136°

.. when spacecraft is at £, Mars will be at an angle ZE;SM; gi

ZE1SM; = 180° — 136°
ZElle - 440

And the angle between £} — S and S — E is

ZE\SEy = 360° x 0.709
| LE\SEy = 255°

(e) (2.5 marks) Calculate orbital velocity of Earth and Mars‘around Sun.

Solution:
Orbital velocit

5.09 au/yr
v = 24.15km/s

(f) (8 marks) Determine if the following statements are True or False. Explain your reason
in one line each.

1. The semi-minor axis of the Hohmann orbit is 1 au.
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ii. The semi-major axis of the Hohmann orbit is 1.52 au.
iii. The thrust was applied in Step 2 to increase the speed of the spacecraft.
iv. The thrust was applied in Step 5 to increase the speed of the spacecraft.

v. If Step 5 is missed, we can re-capture the spacecraft in an orbit around the Earth
when it again reaches its departure point in space. (see point C abo

vi. The Hohmann transfer orbit only touches (and does not intersect
vii. The kinetic energy of the spacecraft in Hohmann orbit is low
viii. The spacecraft would be approaching Mars from behind i

Solution:
i. False. Semi major axis will be greater than dg.

ii. False. Semi major axis will be less than d
iii. True. The spacecraft has to go to an orbit
iv. True. It has to go to an orbit dy; >

v. False. The Earth would hav,

vi. True. Any point other th er distance in
elliptical orbit. See the fi

vii. True. Since the speed of t

viii. False. Befouefs
velocity & it j ian velocity. Hence if it was
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Focal plane

r:[ \\\\\‘**~~,‘\‘
L Ry P

Solution:

Focal plane

a star in the focal plane is given as,

= f/206265
y=fx485x107°
We know, | = 3y
FRAC )
2r
gp— 129 _ Ty
2r r




INAO - 2023

X fx48x107%  f?x4.85x107°

dx
r r
200)? x 4. 1076
dx:(OO)x585>< 0 m
dr = 0.038 cm

oo dr~04mm)|

3. A cubical box, with edges of length s, is in a circular orbit of r
period of revolution of the box is P. The star can be ap
with radius Ry (s, Ry < d) and temperature Tj.

In all parts of this question, at time ¢ = 0, normal
pointing towards the star and this face has an albed

(a) (7 marks) If the same face of t r at all times, find its
equilibrium temperature 7.

Solution:
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Now, because the box (total surface area of 6s®) is always in thermal equilibrium
with the absorbed radiation, hence, by Stefan’s law:

65%0T* = (1 — A)Z—j R T}

R?
4 0 4
T'=(1-A) 5T

R2 1/4
T="T, [(1 — A)6—d°2}

(b) (6 marks) Let all 6 faces of the box have albedo
star, but not rotating about itself, derive the ex
T as a function of time t.

Solution:
At time t, the total projected ar

albedoof 1 —A. Observe the expressions obtained in part b and write the final expression
for temperature in this case.

Solution:
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The expression obtained in part b is -

911/4
T(t) =T [%] [ (1—A)|cos(wot)] + (1 — A) |sin(wpt)| ]1/4

Let us consider the extreme case, at ¢ = 0, the face towards th
opposite to it) which has albedo A (and hence absorption fracti
contribute to the temperature. While the contribution of the o
Hence, the cosine term, which survives at t = 0 will have a
and thus the multiplying factor for the sine term will be A.
Thus we get,

10 -1 | ] = ) feosteat)

o A [sin(wot)]V*

4. Indian Space Research Organisation (IS
The spaceship needs to pass through
between 2.0au and 3.0au. The aste

end a spaceship to the planet Jupiter.
e asteroid belt between Mars and Jupiter which lies

(a) (2 marks) Calculate the cross-se area within which the centre of an asteroid needs
to come from the j

(b) (8 marks) Assume that the asteroid belt is completely static and the spaceship is launched
on a random day of the year to travel radially away from Sun, but within the plane of
solar system. Calculate the probability (Fp) that the spaceship will escape the asteroid
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belt unharmed.

Solution:

To find cylindrical volume traversed by
Ry : The inner edge of the asteroid belt

volume) and N be the total

ility that the spacecraft will escape unharmed is

Po=1—-14x10""

(c¢) Qualitatively compare the probability in the each of the following cases with Fy:
i. (2 marks) The probability (Ps) when the spacecraft’s speed through the asteroid
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belt is doubled.

ii. (1 mark) The probability (Pg) when the spacecraft is not moving radially but is in
an elliptical orbit with aphelion point at Jupiter (5au). Here we consider probability
only for a single crossing.

iii. (2 marks) The probability (Pc) when the spacecraft is not moving ra but is in

an elliptical orbit with aphelion point at the centre of the asteroi

Solution:

i. Since the equation for the probability of collisions is i
the spacecraft, therefore, Py = Ph.

ii. When the orbit is elliptical the path covered wi
of radial path (which is a straight line path

iii. In this case the spacecraft travels a longer

B, 0> Pg > P, C-
5. (22 marks) Assume that the Earth an nar circular
orbits of radius rg and ) respectively. gles made by
the radius vectors of Earth and Mars e X-axis (which

points in the direction of Vernal Eq
On 21 September, 0 was 0° and Oy

In the answersheet you are given a ta
of 0 and 6y for the d s e table and write them in the respective columns.

The answersheet al Mars and Earth. The dotted
lines are marking 1°. The central black line is when
O or Oy will e distant stellar background near one edge of the

cted positions of Mars on the stellar background.
bers near the marked projected positions. Now

Towards
Vernal Equinox

10
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Solution:

Fixed Stellar Background

6. Saee is an observer at North Pole during the month of December. On the grid given in your

11
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answersheet:
(a) (1 mark) Mark the directions.
(b) (1 mark) Mark the pole star (Polaris).

(¢) (6 marks) Approximately, for how many days will the Moon be visible 4
month assuming clear skies? If you were doing an exact calculation,
effects you will have to consider? List any three effects that may a
an hour or more.

one lunar

(d) (6 marks) In this month the full Moon was seen on winter s
constellation. Saee noted the Moon’s position every day at 7 pm
month. Mark the approximate positions of the Moon as séen by her.
label the day number starting with day of first obseryadti

(e) (3 marks) Aadarsh, who is also camping at the

position for 24 hours period of the 6th day after full moon. Describe what he wi

Solution:

(a)

(¢) 14.5 ér 15 Days. Following are some of the secondary effects which can change the
answer by about an hour -

e The Moon is not a point object but has a finite angular size of around half a
degree as seen from Earth.

12
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The orbit of Moon is inclined to the ecliptic by about 5°.

Refraction due to the atmosphere of Earth.

e Change in the position of Earth around Sun.

e Precession of nodes of lunar orbit.

e Eccentricity of lunar orbit.

(d) Everyday the Moon changes its position as shown in the grid.
is clockwise.

(e) The Moon remains nearly in the same position with re
will complete a full circle around zenith in an anti

by 13°. Thus the two ends of the circle won’t

prepared using IXTEX2,



