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Dear Reader,
Firstly, thank you for downloading this Free Workshop E-Book
sample. Its intention is to show future Workshop Members the
layout, style and theme of upcoming E-Books available to
subscribers.
Hopefully, the content will prove to not only be informative, but
also accessible to a wide range of ages and interest. Mathematics
and equations in the E-Books are shown in their technical form, but
examples are worked through step by step to ensure that the
reader can follow the content.
The E-Book series will also be shaped by the workshop community
and the intention is to release books on a regular (at least monthly)
basis– if you feel there is a topic that could be explored, then
please get in touch!

Richard Arundal, Director of Arundal Astronautics
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Tel: 01803 297229

Planetary Studies:
Mercury
Mercury Facts:
Equatorial Radius
(km)

2439

Mass (kg)

3.3 x 10²³

Density (kg/m³)

5420

Surface Gravity
m/s²

3.7

Rotation Period

58.7 days

Average Distance
from Sun (Au)

0.387 (57.9
million km)

Orbital Period

88 days

Orbital
Eccentricity

0.206

Escape Velocity
(km/s)

4.2

Atmosphere
Composition

Atomic Oxygen,
Sodium, Helium,
Potassium

Mercury, the planet closest to our Sun
taken by the MESSENGER spacecraft.
Credits: NASA

Mercury is the planet closest
to our sun and the first of four
terrestrial planets in our Solar
System. Mercury has some
strange characteristics that you
may not expect from a planet
so close to the sun!

Let’s first consider how the
rotation period is almost
exactly two thirds (2/3) of its
orbital period. What does this
mean?
88 orbital days x 2 = 176
58.7 rotational days x 3 =176.1

For every 2 orbits, Mercury
only rotates 3 times – making a
Mercury day very long!

«Calculating a Mercury Solar Day» shows us that if you were standing on
Mercury, the time from sunrise to sunset is the same as one Mercury year (87.96
Earth Days) making Mercury's day twice as long as its year! This special
relationship means that Mercury is tidally locked with the Sun and has been for
billions of years. What effect does this have on Mercury?

«Calculating a Mercury Solar Day»
Let T be orbital period (87.96 days) and P be rotational period (58.65
days) and S be the solar day (also known as synodic period).
In one Earth day , Mercury will have rotated 360° / P (angle A) with
respect to the stars but only 360° / S (angle B) with respect to the sun.
The difference between these two angles (angle C) is equal to the
angular distance Mercury has moved during its orbit, 360° / T (angle D)
. Therefore:

360°/P - 360°/S = 360°/T or 1/S=1/P – 1/T
Replacing letters with numbers, we get:
1/S = 1/58.7 – 1/88 = 0.00567 (Remember BEDMAS!)
To find S, we use transposition of formula:
S = 1 / 0.00567 = 176 days

Visualisation of
the MESSENGER
Spacecraft
Approaching
Mercury.
Credits: NASA

MESSENGER
One of the few spacecraft
missions to study Mercury was
the MESSENGER (MErcury
Surface, Space ENvironment,
GEochemistry, and Ranging.)
The spacecraft launched in 2004 and after several flybys,
it began formally collecting data in 2011.
There are some significant engineering challenges with exploring
Mercury and many of these have been utilised in the
MESSENGER mission and will be discussed here.

Due to Mercury being much closer to the Sun then Earth, the first
technical problem to consider is the intense heat. The planet itself
experiences intense heat at the equator around 430°C, but on the
night side of the planet, the temperature drops to nearly -200°C.
Strangely enough, the North and South
pole of Mercury are permanently cold at
the bottom of some craters due to Mercury
having almost no tilt. This means that the
craters are always in shadow. Not only
this, but MESSENGER discovered water ice
at the bottom of these craters!

Mercurys north
pole with water ice
(highlighted yellow)
Credits: NASA

The MESSENGER trajectory plan shown below looks quite complex
and you may be wondering why so many flybys occurred and why
did it take so long to get to Mercury?
Sending a spacecraft to Mercury and keeping it in orbit was one of
the technical challenges of the mission design. A direct launch would
seem to make the most sense at first, but when you consider how
close Mercury is to the Sun, then you will realise that the immense
gravitational pull of the Sun actually makes a spacecraft speed up the
closer it gets.

MESSENGER Trajectory Plan. Credits: NASA

This becomes a problem because it means that a spacecraft would
arrive at Mercury with such high speed, that it would just fly
straight past and not enter orbit!

So, the orbit designers had to design MESSENGERS trajectory to
make clever use of Earth, Venus and Mercury – using each planets
gravity to slow down the spacecraft!
Why not use rockets, you may ask? The designers considered
this, but the calculations showed that the propellant required to
slow down MESSENGER would be unpractical, so the decision
was made to utilise planetary flybys. The penalty for doing this,
however, was that it increased the journey and mission time of
MESSENGER.

Imagine a simple, single stage rocket with the
following properties:

Launch Mass: 𝐦𝟎 = 75000 kg

Maximum
height

Rocket Science – Single Stage

If we assume in this example the rocket launches
perfectly vertical (straight up) from Earth and we ignore
atmospheric drag (to simplify the equations) and assume
that the gravity is the same at all altitudes (again, to
simplify the equations) then we can calculate:
1. The time it takes for the rocket engine to burnout
2. At what height the rocket engine burns out
3. How high the rocket goes (its maximum altitude)
To calculate the burnout time, tbo ,we need to calculate
the burnout mass, mf, and the propellant mass flow rate,
ṁe. The launch mass, m0, is the mass of the rocket itself
and the propellant. With a mass ratio of N =25, this
means that for every 25kg of propellant mass, there is
1kg of rocket mass:

𝑚𝑓 =

𝑚0 75000
=
= 𝟑𝟎𝟎𝟎 𝒌𝒈
𝑛
25

To calculate the propellant mass flow rate, ṁe, we require
the engine thrust, T, the specific impulse, Isp, and the
value of Earth’s gravity. The propellant mass flow rate is
how much propellant is consumed every second by the
rocket engine. The specific impulse is a measure of the
rockets efficiency that is dependant on the average
exhaust speed. The faster the rocket exhaust is, the
higher the Isp. With gravity on Earth, g0 = 9.81 m/s2, we
can calculate ṁe :

𝑚ሶ 𝑒 =

𝑇
𝐼𝑠𝑝 𝑔0

=

1500000
500 ∗ 9.81

= 𝟑𝟎𝟓. 𝟖𝟏 𝒌𝒈/𝒔

Now we can substitute these values into the burnout time
equation:

𝑡𝑏𝑜 =

𝑚0 − 𝑚𝑓 75000 − 3000
=
= 𝟐𝟑𝟓. 𝟒𝟒 𝒔
𝑚ሶ 𝑒
305.81

Burnout
height

Mass Ratio:𝐧 = 25
Specific Impulse: 𝐈𝐬𝐩 = 500 s
Engine Thrust: 𝐓 = 1.5 MN

Now that we know how long the rocket engine fires for,
we can calculate the burnout height, hbo. First, we need
to calculate the exhaust velocity (remember this is part
of the Specific Impulse!) This can be calculated easily as:

Maximum
height

Rocket Science – Single Stage

The equation for the burnout altitude is quite long and
looks scary, so we will work through it together. First, the
equation will be displayed with algebra lettering and then
they will be replaced with the numbers we have
calculated / been given so far. So, the burnout altitude
equation is:
𝑐
𝑚𝑓
1 𝑚0 − 𝑚𝑓
ℎ𝑏𝑜 =
𝑚𝑓 ln
+ 𝑚0 − 𝑚𝑓 −
𝑚ሶ 𝑒
𝑚0
2
𝑚ሶ 𝑒

2

𝑔0

That’s quite a complex equation, so lets work through it
step by step and replace letters with values we can work
with:
ℎ 𝑏𝑜

4905
3000
1 75000 − 3000
=
3000 ln
+ 75000 − 3000 −
305.81
75000
2
305 .81

2

∗ 9.81

Let’s start tidying this equation up as it still looks very
complicated! Remembering BEDMAS rules:
ℎ𝑏𝑜 = 16.039 3000∗ (−3.2189)+75000 − 3000 −

1
235.44
2

2

∗ 9.81

1
ℎ𝑏𝑜 = 16.039 −9656.7+75000 − 3000 − (55432) ∗ 9.81
2
ℎ𝑏𝑜 = 16.039 65343.3−3000 − 27716∗ 9.81
ℎ𝑏𝑜 = 16.039 62343.3 − 271894
ℎ𝑏𝑜 = 999924.19 − 271894 = 728030.189𝑚 = 728 𝒌𝒎

Once the rocket has burnt out, it will still “coast” as it still
has momentum. The maximum height after coasting (when
its speed finally equals zero, is calculated step by step as
follows:
2
ℎ𝑏𝑜 =

1𝑐
𝑐 𝑚0 𝑛 ln 𝑛 − (𝑛 − 1)
ln2 𝑛 −
2 𝑔0
𝑚ሶ 𝑒
𝑛

Important: The [ ln2 25 ] term is calculated as ln (25) and
then squared to get 10.36
1 49052 2
4905∗ 75000 25ln 25 − (25 − 1)
ln 25 −
∗
2 9.81
305.81
25
80.47 − (24)
ℎ𝑏𝑜 = 1226250 ∗ 10.36 − 1202952.8 ∗
25
ℎ𝑏𝑜 = 12703950 − 1202952.8 ∗ 2.26

ℎ𝑏𝑜 =

ℎ𝑏𝑜 = 12703950 − 2718673.36 = 9985276.64 = 𝟗𝟗𝟖𝟓. 𝟐𝟖𝒌𝒎

Burnout
height

C = 𝐼𝑠𝑝 𝑔0 = 500 ∗ 9.81 = 4905 𝒎/𝒔
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