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Guidelines: Please turn in neat and clean exam solutions that give all the formulae that you have
used as well as details that are required for the grader to understand your solution. Attach these
sheets to your solutions.
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Questions

1. (30 pts) Describe the general non-equilibrium structure of a hypersonic normal shock wave in air, in-
cluding the characteristic zones where each degree of freedom of molecular motion, or chemical process,
may be in equilibrium or out of equilibrium. In your response, include sketches of the temperature(s),
velocity, and density across the shock in non-equilibrium conditions.

2. (30 pts) Estimate the distance required for equilibration of the vibrational molecular motion in pure
O2 gas behind a Mach-8 normal shock in air at a pre-shock pressure P1 = 1 mbar and temperature
T1 = 230 K. Also provide an estimate of the number of collisions that the gas molecules have undergone
along the vibrational equilibration distance.

3. (40 pts) Consider the ballistic entry of a spherical probe in the Martian atmosphere. The probe
has a radius R = 20 cm and is made of a heat-resistant alloy of density !s = 10, 000 kg/m3. It
enters the atmosphere at a velocity UE = 15 km/s at an angle "E = 45o with respect to the local
horizontal. Calculate (a) the maximum acceleration that the inertial guidance system of the probe will
be subjected relative to the terrestrial acceleration of gravity, (b) the altitude at which the maximum
acceleration is attained, (c) the kinetic energy upon collision with the ground, and (d) the percentage
of the initial kinetic energy that has been dissipated into heat during the re-entry. In your calculations,
use the Newtonian theory of hypersonics to estimate the drag coe!cient of the probe.



 


