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Please carefully read these instructions. All students must attempt Section 1. Space
Systems Engineering students must attempt Section 2 but do not need to do Section 3.
Space Architecture and Design students do not need to do Section 2 but must attempt
Section 3. Bonus questions for fun are in Section 4. Remember to state all assumptions.

Useful Equations and Constants
• G = 6.67408× 10−11 m3 kg−1 s−2

• T = 2π
√

a3

µ

• MEarth = 5.972× 1024 kg

• REarth = 6370 km, mean radius of the Earth

• MSun = 1.989× 1030kg

• 1360 W m−2, Solar Constant at the top of Earth’s atmosphere

• ρ = M
V

where ρ is density, M is mass, and V is volume. ρ = 4
3
πr3 for a sphere of radius

r

• E = 200× 109 kg m−1 s−2 Young’s modulus of steel

• ρsteel = 8050 kg m−3 density of steel

• λn is a nondimensional natural frequency parameter, where here λ1 is 1.8751 for the
first mode of a clamped-free beam.

• fn = λ2n
8πL2

√
E(D2

outer+D
2
inner)

ρ
[Hz] is the natural frequency of a hollow cylinder, where

Douter is the outer diameter, Dinner is the inner diameter, E is Young’s modulus, ρ is
density, and L is the length

• FD = 1
2
ρCDAv

2 where ρ is density, CD is the drag coefficient, A is the area, and v
velocity.
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• 1 atomic mass unit (amu, or u) = 1.6605 ×10−27 kg

• λobserved
λsource

=
√

1− v
c

1+ v
c

• 1 parsec (pc) = 3.086× 1013 km

• 1 AU = 1.496× 108 km

• 1 radian = 206265 arcseconds

Introduction
NASA recently celebrated the 25th anniversary of the first servicing mission to the Hubble
Space Telescope, STS-61, which took place in December 1993. Prof. and Astronaut Jeff
Hoffman was a Mission Specialist on board. The crew installed two new devices, the Wide
Field and Planetary Camera 2 (WFPC2) and the Corrective Optics Space Telescope Axial
Replacement (COSTAR). Both WFPC2 and the COSTAR apparatus were designed to com-
pensate for the primary mirror’s incorrect shape. The crew also installed new solar arrays
to reduce the “jitter” caused by excessive flexing of the solar panels during the telescope’s
orbital transition from cold darkness into warm daylight, and they installed new gyroscopes
to help point and track the telescope.

1 Questions All Students Must Attempt
A) How many sunrises and sunsets did Prof. Hoffman see per day when servicing Hubble

in Low Earth Orbit (LEO)? Hubble’s orbit has semi-major axis 6917 km, eccentric-
ity 0.000283, inclination 28.47◦, RAAN 80.34◦, argument of perigee 64.90◦ and mean
anomaly 23.78◦.

B) The planned mission lifetime for the Hubble Space Telescope was 15 years. How many
thermal cycles would HST experience in 15 years? HST has been in orbit now for
nearly 29 years, about how many more cycles is that?

C) Making simplifying assumptions (such as a circular orbit, and treating penumbra as
negligible), how long is the Hubble Space Telescope in eclipse each orbit? Draw a
diagram to show your work.

D) HST has a primary mirror with a diameter of 2.4 m. It is designed to be diffraction
limited at λ = 440 nm. What is its angular resolution? If Pluto is at aphelion at a
distance of about 50 AU and has a diameter of about 2376 km, can HST resolve it?

E) During operation, the primary and secondary mirrors, 4906.9 mm apart, have to stay
stable to better than 2.5 µm. The telescope metering structure is made of graphite
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epoxy composite with a Coefficient of Thermal Expansion (CTE) of -0.45× 10−6/◦C.
Assume linear expansion. How well must the thermal engineer control the temperature
of the metering structure?

F) HST had its solar panels replaced twice. Once was during the first servicing mission
in 1993, because they vibrated due to the steep thermal gradient when HST went into
and out of eclipse and prevented HST from meeting its pointing requirement (panel
temperatures swung from -70◦C to +86◦C). The two original solar panels were each a
flexible 12 m × 2.8 m sheet unrolled and supported by a Northrop Grumman steel tube
system called BI-STEM. The BI-STEM tubes, when deployed, had an outer diameter
of 22 mm and thickness of 0.64 mm. Calculate the natural frequency of vibration
for the first mode of the solar panel assembly. This value matches the disturbance
measured by the attitude control system.

G) The original power requirement of HST was 4400 Watts with the 1993 set of two 12 m
× 2.8 m panels. Assuming that the panels exactly met the requirement, what was the
overall efficiency of the solar panels?

H) The second time HST had its solar panels replaced was in 2002 with STS-109. The
new panels were the same as the ones used on the Iridium satellites, more typical stiff
but steerable panels. The new panel dimensions were each 7.1 m × 2.6 m, and they
generated 5700 W. What was the overall efficiency of the new solar panels?

I) What is the difference in area of the 1993 pair of solar panels compared to the 2002
pair of solar panels?

J) The atmosphere at the orbit altitude of HST is dominated by atomic oxygen, which
has an atomic mass of 16 u, where u is the atomic mass unit. The atomic mass of
materials that the solar panels might be made of, Silicon and Aluminum, are 28 u and
27 u, respectively. Let µ be the ratio of the mass of the incident gas atom to the mass
of the atom on the surface of the spacecraft. To obtain the coefficient of drag, we
should consider the surface and gas involved. Solve for r =

√
1− 4µ

(1+µ)2
. To get the

drag coefficient, CD, consider the upper atmospheric gas colliding with a near room
temperature flat surface normal to the flow. There is a larger contribution to drag from
diffuse re-emission of the impacting atoms (mostly oxygen) than specular reflection, so
CD = 2(1 + 2

3
r). Calculate CD.

2 Questions Space Systems Engineering Students Must
Attempt

K) Use your CD and the the density of Earth’s atmosphere at mean solar activity at
HST’s orbit altitude, ρ = 3.88 × 10−13 kg/m3, and assume the panels are normal to
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the velocity to calculate the drag force on HST in 1993 with the old panels, and the
drag force on HST in 2002 with the new panels.

L) What is the expression for the change in energy with respect to time due to the work
done by the atmospheric drag force? Can you derive the expression for change in
altitude due to the drag force from the change in energy expression?

3 Questions Space Architecture Students Must At-
tempt

M) Sketch an original example mission life cycle plan for the Hubble Space Telescope.
Start from the year of launch in 1990, and assume a 15 year lifetime with 4 planned
servicing missions. Discuss what you would have originally planned for each of the
servicing missions. Assume that HST cost $1.5B in 1990 when it launched ($2.5B
in 2010), and that each servicing mission cost $110M to use the Shuttle, plus an
additional $60-90M for the HST specific hardware and engineering. In 2010, HST,
including servicing missions was estimated to cost $9.6B.

N) Revise your example mission life cycle plan to handle the following events: 1) the repair
of the primary mirror optical system, 2) higher rate of gyro failure than expected, and
3) the tragic and unexpected loss of the space shuttle Columbia in 2003. Discuss the
cost, schedule, and science impacts.

4 Bonus Questions

O) HST is named after Edwin Hubble, an astronomer who observed that there were in
fact galaxies outside our own. He saw that these far away galaxies had a redshift, or a
relative velocity away from Earth. Is the Universe expanding?! Suppose you are using
the telescope and taking spectra of a galaxy and you notice that the Balmer blue-green
line of hydrogen at 486 nm is red-shifted to the red end of the visible spectrum at 700
nm. What is the recession speed of the galaxy in terms of c, the speed of light?

P) Hubble also noticed that the red-shift of different galaxies further away from Earth is
proportional to how far away they are. This lead to the Hubble Law, V = H0D where
V is velocity, D is distance, and H0 is the Hubble constant in units of km/s/Mpc. The
primary goal of the Hubble Space Telescope was to refine and confirm the value of
H0, which is now known to be 70 km/s/Mpc. Hubble had incorrectly estimated it as
500 km/s/Mpc in 1927. Use the HST H0 = 70 km/s/Mpc to estimate the age of the
Universe in years (hint: look at the units carefully).
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Q) If you use Hubble’s 500 km/s/Mpc value, what do you get for the age of the Universe,
and why did that make the geologists laugh?

R) Will the Universe keep expanding forever? Using D as the distance parameter and M
as the mass of the Universe, write an expression for the Universe escape velocity.

S) Substitute Hubble’s Law into your expression for escape velocity. Derive an expression
for the density of the Universe ρcrit, where if the density is greater, escape is achieved
and the Universe will keep expanding, and if it is less, the Universe will collapse.

T) UseH0 = 70 km/s/Mpc and calculate ρcrit. How does your value compare to the density
of Earth’s atmosphere at mean solar activity at HST’s orbit altitude, ρ = 3.88× 10−13

kg/m3?

U) To figure out if the Universe will keep expanding, we need to know the density. Finding
the mass of galaxies is a good start to this. If a star has a velocity of 200 km/s in
“orbit” around the center of a galaxy that is far away from us (tens of Mpc), and the
star is 20 kpc from the center of the galaxy, what is the mass of the galaxy?1

1The other way to calculate galactic mass is by using the observed relationship between star mass and
brightness and inferring that a galaxy of a certain brightness should have the corresponding N stellar masses.
This should work, but when we use what we can see with brightnesses, we are a factor of at least ten less
than your answer to this question. Hence the discovery of “dark matter”.
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