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where ml is the mass of the lander and D is the drag on the lander. The drag on the lander is
estimated using a drag coefficient CDl,
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where Al is the projected area of the lander and ⇢a is the atmospheric density which is a function of
altitude z. Even if we believe the model has all of the dominant effects (which is does not, but that
would get even more complicated), there would still be uncertainty about many of the parameters
used in the model. For example,

• The drag coefficient of the lander, CDl, will have significant uncertainty because of the ex-
tremely high speed which will involve complex fluid dynamics including chemical dissociation
and significant heat transfer.

• The initial velocity, V (tI), and entry flight angle, ✓e, will have uncertainty as it will be difficult
to control these to high precision.

• The Martian atmosphere is subject to localized weather which by itself can impact the density
by ±10%. So, let’s consider the atmospheric density as being given by ⇢a(z, f⇢) = (1 +
f⇢) ⇢std(z) where ⇢std(z) is a standard day model of the density of the Martian atmosphere
and f⇢ accounts for uncertainty (due to localized weather or other effects).

One way we can begin to quantify the impacts of these parameter uncertainties is to look at how the
behavior of the lander changes when one of the parameter varies over the range of possible values.
For example, let the nominal values of these parameters be,

CDl = 1.7, V (tI) = 5800m/s, ✓e = 83�, f⇢ = 0 (9.3)

With the parachute deploying when V = 470 m/s, then for the nominal parameters this would
occur at 9.75 km.

Let’s suppose that the following ranges of values are all plausible for the four parameters,

• 1.5  CDl  1.9

• 5500 m/s  V (tI)  6100 m/s

• 80�  ✓e  86�

• �0.1  f⇢  0.1

Figures 9.2 – 9.5 show the impact of varying one of these parameters while holding the other
parameters at the nominal values. Note the different ranges on the zp axis. ✓e makes the largest
impact on zp, followed by CDl, f⇢, and V (tI). For example, zp varies from approximately 6 km
to 16 km over the range in ✓e, while zp only varies from 10 km to about 9.5 km over the range of
V (tI). Suppose that parachute needs to open by 9 km to have a high likelihood that the lander
can decelerate sufficiently before reaching the Martian surface (please note this value of 9 km is an
arbitrary value and only being used for illustrative purposes). Then we could ask: what fraction of
the possible CDl values would the parachute deploy below 9 km? From Figure 9.2, we can observe
that zp  9 km for CDl < 1.59 approximately. Thus, the fraction of CDl values for which zp < 9
km is (1.59 � 1.5)/(1.9 � 1.5) ⇡ 0.23 or 23% of the entire CDl range of values. Similarly, for the
other parameters, zp < 9 km when
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