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Mars Pathfinder Six-Degree-of-Freedom Entry Analysis
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The Mars Pathfinder mission provides the next opportunity for scientific exploration of the surface of Mars
following a 7.6 km/s direct entry. In support of this effort, a six-degree-of-freedom trajectory analysis and aerody-
namic characteristic assessment are performed to demonstrate vehicle flyability and to quantify the effect that each
of numerous uncertainties has upon the nominal mission profile. The entry vehicle is shown to be aerodynamically
stable over a large portion of its atmospheric flight. Two low angle-of-attack static instabilities (freestream veloci-
ties of about 6.5 and 3.5 km/s) and a low angle-of-attack dynamic instability (supersonic) are identified and shown
to cause bounded increases in vehicle attitude. The effects of center-of-gravity placement, entry attitude, vehicle
roll rate, aerodynamic misprediction, and atmospheric uncertainty on the vehicle attitude profile and parachute
deployment conditions are quantified. A Monte Carlo analysis is performed to statistically assess the combined
impact of multiple off-nominal conditions on the nominal flight characteristics. These results suggest that there is
a 99.7% probability that the peak attitude throughout the entry will be less than 8.5 deg, the peak heating attitude
will be below 6.2 deg, and the attitude at parachute deployment will be less than 3.9 deg.
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Nomenclature
= yaw/roll reference length, m
= axial force coefficient
= drag force coefficient
: lift force coefficient
: static pitching moment coefficient
: static stability parameter
; dynamic pitch damping coefficient
= normal force coefficient
: static yawing moment coefficient
= dynamic yaw damping coefficient
= total pitching moment coefficient
= side force coefficient
: total yawing moment coefficient
= pitch reference length, m
; moments of inertia in body axes, kg-m2

= lift-to-drag ratio
= total pitching moment
: total yawing moment
: dynamic pressure, N/m2

: reference aerodynamic area, m2

: entry velocity, km/s
= e.g. position in body axes, m
= aerodynamic reference point in body axes, m
= angle of attack, deg
= total angle-of-attack, (a2 + £2)1/2, deg
= sideslip angle, deg
= entry flight-path angle, km/s
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Introduction

T HE Mars Pathfinder mission will provide the next opportunity
for scientific exploration of Mars. The spacecraft is currently

scheduled for launch in December 1996 onboard a Delta II rocket;
Mars arrival is planned for July 1997. The entry vehicle contains a
scientific instrument platform and microrover that are to be placed
on the surface of Mars. In addition to its science mission, Mars
Pathfinder is viewed as a proof-of-concept system needed to demon-
strate the technology elements required for further exploration of
Mars.1'3

Mission analysis and interplanetary trajectory tradeoffs for the
Mars Pathfinder concept are summarized in Ref. 4. As sketched
in Fig. 1, the Mars Pathfinder aeroshell5 is based on its Viking
predecessor, a 70-deg sphere-cone. However, vehicle geometry is
essentially the only common entry characteristic between the two
missions. As shown in Fig. 2, the Viking 1 and 2 entries were initi-
ated from orbit (relative entry velocity of 4.5 km/s,6~8 whereas the
Pathfinder mission calls for a direct entry from its interplanetary
flight path (relative entry velocity of 7.6 km/s).4 Other entry char-
acteristics for the two missions are summarized in Table 1. Mars
Pathfinder is roughly half the mass and scale of the Viking entry
vehicles. Additionally, the Viking entry vehicles utilized an active
control system throughout their entries, making use of a center-of-
gravity (e.g.) offset from the symmetry axis and reaction-control
system propellant, to achieve flight at approximately 11-deg angle
of attack.7'8 Mars Pathfinder will not rely on any form of active
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Fig. 1 Mars Pathfinder entry vehicle.
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Table 1 Mars Pathfinder and Viking entry comparison

Entry characteristic

Ve.inertial, km/S
Vg.relative, km/S

Xe.relative, deg
Entry mass, kg
S,m2

of, deg
CD
Ballistic coefficient, kg/m2

L/D
Guidance and control system
aMeasured at 125-km altitude.

Mars Pathfinder

7.4a

7.6
(retrograde)

-14.8a

552.0
5.52
0.0
1.7

58.8
0.0

Spin stabilized
bMeasured at 243.8

Viking

4.73a, 4.65b

4.50a, 4.42b

(direct)
-17.63b

980.8
9.62
-11.1

1.6
63.7
0.18

Three-axis control

-km altitude.

a, deg 8 ^ ? 0 Velocity, km/sec

a) Lift coefficient vs velocity and angle of attack
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Fig. 2 Mars Pathfinder and Viking entry profile comparison.

control. Instead, mission planners are relying on an initial spin and
aerodynamic damping to provide vehicle stability about the nominal
0-deg trim angle of attack, throughout the entire atmospheric flight.

In light of the differences between the Viking and Mars Pathfinder
entry environment, a six-degree-of-freedom (DOF) aerodynamic
characteristic assessment and trajectory analysis was performed.
The primary objectives of these six-DOF analyses were to demon-
strate the flyability of the Mars Pathfinder vehicle and to quantify
the effect that each of numerous uncertainties (e.g., initial state er-
rors, aerodynamic uncertainty, and mass property misprediction)
had upon the nominal mission profile. In addition, these analyses
have been used by the Mars Pathfinder project office to 1) address
the effect that an initial vehicle wobble, incurred during the cruise-
stage separation, would have upon the atmospheric flight, 2) quantify
the impact of various uncertainties upon the parachute deployment
conditions, 3) determine how close to the vehicle's axis of symmetry
the e.g. should be located, and 4) provide information regarding the
appropriate vehicle spin rate.

Before the flight of the Viking spacecraft, two distinct regions of
aerodynamic instability had been noted by several investigators. In
ballistic range tests through both air and CO2 (the main constituent
of the atmosphere of Mars), a static instability at small angles of
attack was observed for the Viking aeroshell at Mach 7 (3.4 km/s).9
Furthermore, a supersonic, dynamic instability at small angles of
attack had been observed in several experimental (wind-tunnel and
ballistic range) facilities.10-11 Since the Mars Pathfinder vehicle is to
fly without active control at a nominal 0 deg trim angle of attack,
these instability results are of even more significance to this mission
than during the Viking program. Therefore, another objective of the
present analysis is to investigate the impact that such instabilities
have on the Mars Pathfinder mission.

Analysis
Aerodynamics

The aerodynamic database utilized in the flight simulation studies
was derived from a combination of computational fluid dynamics
calculations, and wind-tunnel and ballistic range results. Aerody-
namic predictions of the Mars Pathfinder lift, drag, and pitching
moment characteristics were obtained from application of the high
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Fig. 3 Mars Pathfinder aerodynamic characteristics.

alpha inviscid solution (HALIS)12 and Langley aerothermodynamic
upwind relaxation algorithm (LAURA)13 codes at numerous trajec-
tory points over an angle of attack range of 0-11 deg. The Euler
code, HALIS, was used to get an initial set of forebody aerody-
namics in a timely manner. These inviscid results were supple-
mented with full-chemistry Navier-Stokes solutions obtained with
LAURA. The LAURA program was explicitly written to solve three-
dimensional, viscous, hypersonic flowfield problems in chemical
and thermal nonequilibrium. The full set of aerodynamics was not
obtained with LAURA due to the computational expense of each
three-dimensional solution. However, excellent agreement between
LAURA and HALIS aerodynamics estimates has been obtained
in the past under aeroassisted flight experiment conditions (three-
dimensional, thermochemical nonequilibrium, air).14 Furthermore,
the 11-deg angle-of-attack solutions obtained with the LAURA code
showed excellent agreement with Viking flight data.15 Base effects
on CD were calculated by including the afterbody in several of
the full-chemistry Navier-Stokes solutions. The computed aerody-
namic characteristics (CL, CD, Cm as a function of freestrem veloc-
ity and a) are shown in Figs. 3a-3c.

Based on the computational flowfield solutions, the static aerody-
namic stability of the Mars Pathfinder aeroshell may be estimated.
Figure 4 presents the static stability parameter Cma as a function of
angle of attack and velocity. Note that there are two distinct, low
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Statically unstable regions

Velocity, km/sec
a,deg

aT,

HALIS
Manufactured using information from adjacent Mach numbers

Hill Manufactured using information from 5 degrees angle of attack
|H Manufactured using information from adjacent alphas

Mach
1.5 2.0 6.6 9.4 12.2 14.0 16.0 18.3 20.9 22.3 27.7 31.6 36.7 39.3

Fig. 4 Mars Pathfinder static stability.

0.34 0.42 1.20 2.10 2.71 3.09 3.52 4.00 4.52 4.86 5.60 6.59 7.41 7.62
Velocity, km/sec

Fig. 6 Data sources used to assemble Mars Pathfinder static aerody-
namic database.

Dynamically unstable regions

a, deg
1.5

Mach

Fig. 5 Mars Pathfinder dynamic stability.

angle-of-attack regions of static instability, the first at about 6.5 km/s
and the second at 3.5 km/s. In each of these regions, a small pertur-
bation in the vehicle's angular orientation will result in an increasing
vehicle attitude away from the trim state. This lack of static stability
was predicted by both the HALIS and LAURA computational fluid
dynamics analyses. Furthermore, the lower velocity instability is a
perfect match to the phenomena predicted by NASA Ames ballistic
range tests made during the Viking program.9 These static instabil-
ities are a result of an abrupt shift of the sonic line from the nose
region to the shoulder on the windward side of the vehicle forebody
under certain flowfield conditions.15 Fortunately, both aerodynamic
instabilities are confined to regions of low angle of attack. Hence,
the increase in vehicle attitude caused by these phenomena will
place the vehicle in a statically stable zone in which the attitude will
be driven back towards the 0-deg trim state. In terms of mission sig-
nificance, the high-velocity static instability is of more importance
since this phenomenon occurs as the vehicle is near peak heating
(discussed further in the "Results and Discussion" section).

Dynamic damping coefficients (Cmq) were taken directly from
an extensive set of ballistic range and wind-tunnel measurements
made in support of the Viking program.16"18 Dynamic stability in-
formation could not be obtained computationally within the time
constraints of the present analysis. Furthermore, because these data
are difficult to obtain experimentally, the aerodynamic coefficients
derived from the Viking preflight tests are subject to large measure-
ment uncertainties. Figure 5 presents the dynamic stability para-
meter Cmq as a function of angle of attack and Mach number. As
shown, the vehicle is dynamically stable for all angles of attack at
Mach numbers above 2.5. Below Mach 2.5, the vehicle is dynam-
ically unstable at low angles of attack. Hence, uncertainty in this
parameter will mainly impact the parachute deployment conditions
(nominally planned for Mach 1.8).

Based on the computational and experimental data presented in
Figs. 3 and 5, a six-DOF aerodynamic database was constructed
using a combination of linear and spline interpolation techniques.
Eulerian rotations were used to obtain values of side force and yaw-
ing moment characteristics at nonzero sideslip conditions (making
use of the vehicle's axisymmetry). Within the database, the aerody-
namics are correlated by angle of attack, sideslip angle, and either

velocity or Mach number (depending on the flight condition). The
source of the static aerodynamic coefficients (Fig. 3 data) is illus-
trated in Fig. 6 for the various trajectory points. Note that for angles
of attack of 5 deg and below, the static aerodynamics are mainly de-
rived from the LAURA flowfield solutions. For a given flight condi-
tion and vehicle attitude, the database provides estimates (including
base effects) of CA, CN, Cy, Cm, Cn, Cmq, and Cnr for use in the
six-DOF trajectory simulation. Note that a complete presentation of
the Mars Pathfinder aerodynamic data is provided in Ref. 19.

Six-DOF Trajectory Simulation
The trajectory analysis was performed using the six-DOF version

of the program to optimize simulated trajectories (POST).20 This
program has been utilized previously in a similar application.21 In
the present study, the program was utilized to integrate the six-
DOF equations of motion from a given entry state to the parachute
deployment conditions. The six-DOF aerodynamic database as well
as Mars atmospheric and gravitational models were inputs to the
simulation. In accordance with the Mars Pathfinder mission plans,
no formal guidance and control strategy was used. A time-to-go
algorithm that uses accelerometer measurements to estimate the
time of parachute deployment was used to determine the trajectory
termination point.22 Note that this algorithm was derived from three-
DOF flight simulation data assuming a 0-deg angle-of-attack flight;
hence, six-DOF effects such as trim stability and the impact of lift
and side forces have not been taken into account.

Summing the moments about the pitch and yaw axes, a coupled
set of two nonlinear static trim equations were derived and added to
the simulation:

MMm =

\ c*ref)

M" =

qSc = Cv

xcg - *ref
* ——

qSb = C

At a given point in the trajectory simulation, solution of these
equations such that Cpiteh and Cyaw equal zero yields the static trim
attitude (a and /?). Furthermore, for static stability,

-'pitch

3d

dCav

<0

>0

These static trim equations are not used in computing the six-
DOF vehicle motion but were included to estimate the static vehicle
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Table 2 Mars Pathfinder six-DOF entry analysis—nominal values
and 3-cr uncertainities

Nominal values 3-a

CL,CY
CD above Mach 10
CD below Mach 5
Cm, Cn above Mach 10
Cm,Cn below Mach 5
Cmq, Cnr above Mach 6
Cmq, Cnr above Mach 3
Entry flight-path angle, deg
C.G. offset along axis of

symmetry, mm
C.G. offset from axis of

symmetry, mm
Density above 100 km
Density below 75 km
Entry attitude, deg
Entry yaw and pitch rates, deg/s
Entry roll rate, deg/s
Accelerometer measurement

errors (two), m/s2

Timer errors (two), s

See Fig. 3a
See Fig. 3b
See Fig. 3b
See Fig. 3c
See Fig. 3c
See Fig. 5
See Fig. 5

-14.8

583.1

0.0
Means Mars-GRAM
Means Mars-GRAM

0.0
0.0
12.0

0.0
0.0

±0.05
±2%
±10%
±0.003
±0.005
±21.6%

+110%, -48%
±1

±5

±5
±60%
±30%

±7
±1.1
±0.6

±4.9
±0.25

trim attitude throughout the atmospheric flight. In this manner, a de-
composition of the Mars Pathfinder motion into static and dynamic
components is possible.

Numerous sources of uncertainty affect the Mars Pathfinder flight
model. A portion of this uncertainty arises as a result of technol-
ogy limitations (e.g., the interplanetary navigation system can only
achieve the Mars entry state conditions to within a specified toler-
ance). A lack of knowledge concerning the Mars atmosphere and
the computational uncertainty of the aerodynamics analysis are other
contributing sources of error. Because the Mars Pathfinder configu-
ration is currently undergoing detailed design, the center-of-gravity
position is also subject to some change. Finally, entry attitude and
attitude rate errors as a result of cruise-stage separation are possi-
ble. Therefore, in this analysis, an attempt was made to quantify and
model the degree of uncertainty in each of 14 major parameters. The
uncertainty range attributed to each of these parameters is listed in
Table 2 along with the nominal values. For a parameter with more
than one variance (e.g., drag coefficient or density), the uncertainty
is estimated using linear interpolation between the two regions.

Results and Discussion
Nominal Mars Pathfinder Entry

The nominal Mars Pathfinder entry trajectory and attitude history
are illustrated in Figs. 7 and 8. Note that throughout this investigation
the vehicle attitude is denoted in terms of the total angle of attack
aT. This simplification is possible, without loss of generality, since
the vehicle is axisymmetric. The nominal entry assumes no error in
the entry interface attitude, e.g. placement, predicted atmospheric
conditions, mass properties, or aerodynamics modeling.

As shown in Fig. 7, each of the atmospheric entries is initiated at
131 km with a relative entry velocity of 7.57 km/s. During flight,
onboard accelerometers are used to sense a deceleration level of 5 g
(about 51s into the flight) and initiate a 10-s timer. At about this
same time, the vehicle encounters the first static instability region as
indicated by the abrupt increase in vehicle attitude shown in Fig. 8.
This instability occurs as the vehicle is passing through peak heat-
ing (60 s). Another accelerometer measurement is taken 10s after a
deceleration level of 5 g is sensed. Based on this deceleration level,
the onboard attitude information management system computes the
time-to-go before parachute deployment. This timer is used to ter-
minate each of the six-DOF entry trajectory simulations; in this case,
the time-to-go is computed as 84.6 s, which corresponds to an entry
time of 145.7 s. Also shown in Fig. 8, the vehicle flies through peak
dynamic pressure (at about 70 s) with an associated increase in the
oscillation frequency, the second static instability region (at about
77 s), which is evident by the second abrupt increase in vehicle at-
titude, and peak Reynolds number (about 80 s). Note that a final
increase in attitude is seen as the vehicle flies below Mach 3, where
it is dynamically unstable at low angles of attack.

Deceleration,^
Earth g's 10

Relative
velocity, 4
km/sec

150

125

100

Altitude, __
' km 75

25

50 75 100
Time, sec

125 150

Fig. 7 Nominal six-DOF Mars Pathfinder entry trajectory character-
istics.

Static instability regions

ccT. 2deg

0 25 50 75 100 125 150
Time, sec

Fig. 8 Nominal six-DOF Mars Pathfinder entry attitude profile.

Note that even for the nominal case in which the vehicle enters
with zero a and ft (the static trim attitude for perfect e.g. placement),
some small attitude oscillation is initially induced as the result of
flight-path angle changes. Because the orientation of the relative
velocity vector is not fixed, the vehicle develops an angle of attack
and an oscillatory attitude motion about the trim state ensues.

Effect of Variations in the Major Parameters
To obtain further insight into the six-DOF atmospheric motion of

the Mars Pathfinder vehicle, variations in the major parameters were
examined independently. Where appropriate, the effects of multiple
uncertainties were coupled. The major contributors to a dispersion
in the entry vehicle's attitude history or parachute deploy conditions
are summarized here.

Center-of-Gravity Placement
After assembly, the uncertainty in the spacecraft's e.g. should

be quite small (with 1-2 mm). However, forcing the e.g. onto the
vehicle's axis of symmetry requires additional mass to compensate
for the pay load's nonsymmetric mass distribution. If some angle of
attack could be tolerated, a reduction in vehicle mass would be
possible. Hence, the impact of e.g. offsets as large as 10 mm was
investigated.

Significant movement of the e.g. along the symmetry axis (space-
craft's x axis, see Fig. 1) was possible without disturbing the vehi-
cle's stability characteristics (or trim attitude). In fact, xcg variations
as large as 250 mm were possible. The static trim attitude throughout
the trajectory produced by various e.g. offsets away from the axis
of symmetry is shown in Fig. 9. The effect of both static instabil-
ity regions on trimmed attitude is evident. Note that a trim attitude
above 5 deg in the peak heating region (6.5-6.6 km/s) will result for
e.g. offsets greater than 5 mm. Figure 10 shows the vehicle attitude
profile for a 3-mm e.g. offset from the axis of symmetry. In this
case, entry begins with a 0-deg total angle of attack, but the vehicle
aerodynamics cause an attitude reorientation such that oscillatory
motion about the trim state (denoted by the dashed lines) is reached
in about 30 s.
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Velocity, km/sec

Fig. 9 Mars Pathfinder static trim attitude for various center-of-
gravity offsets from the axis of symmetry.

Fig. 11 Effect of initial attitude errors on Mars Pathfinder entry atti-
tude profile.

Peak heating

- Peak dynamic pressure

Fig. 10 Mars Pathfinder attitude profile for a 3-mm center-of-gravity
offset from the axis of symmetry.

The general characteristics of the Mars Pathfinder attitude motion
are also evident in Fig. 10. The trajectory is characterized by 1) an
increase in vehicle attitude just before peak heating, 2) flight with
a lower attitude, but higher oscillation frequency through peak dy-
namic pressure, 3) a second increase in vehicle attitude in the Mach
15-18 range (velocity of 3.2-3.8 km/s), and 4) a small increase in
vehicle attitude as parachute deployment is reached. These entry at-
titude characteristics appear to some extent in all of the six-DOF tra-
jectory simulations as a result of a lack of static or dynamic stability
(Cma and Cnf} or Cmq and Cnr effects) under certain flight conditions.

A e.g. offset from the symmetry axis also impacts the parachute
deployment conditions as a result of small but nonnegligible lift and
side forces. Without an adequate roll rate, the integrated effect of
these forces can be quite large. For example, with a 5-mm e.g. offset,
no initial roll rate, and no other uncertainties, variations of 12.9 km
in parachute deployment altitude and of 1.62 in Mach number were
noted. However, with a minimal roll rate (as low as 10 deg/s), the
effect of these forces is substantially reduced to variances of 1.8 km
in altitude and 0.21 in Mach number.

Atmospheric Interface Entry Attitude
As long as the e.g. is positioned relatively close to the symmetry

axis (within a few millimeters), the vehicle will reorient itself from a
different initial alpha and beta entry condition to an attitude motion
consisting of a small oscillation about the static trim state during the
first 50 s of entry. This level of aerodynamic stability is significant
because the mission plans call for an attitude on the order of 5 deg or
less through the peak heating region (typically 55-65 s from the en-
try interface). As demonstrated in Fig. 11, with the e.g. on the axis of
symmetry, initial attitude errors as large as 9 deg are accommodated
by the time the vehicle reaches the peak heating regime. As the e.g.
offset from the symmetry axis increases, the time to damp towards
the static trim attitude also increases slightly. However, by the time
peak heating is reached, the attitude oscillations are generally within
±1.0 deg of the trim state (demonstrated in Fig. 10).

These results imply that if the vehicle's e.g. can be located close
enough to the axis of symmetry, the attitude correction propul-
sive maneuver currently in the Mars Pathfinder flight plan may not
be necessary. This maneuver is currently in the mission profile to al-
ter the vehicle's Earth-pointing attitude (an Earth-pointing attitude
is maintained throughout the interplanetary flight) to a zero total
angle-of-attack entry attitude. Removal of this attitude correction
maneuver would provide simplification of the Mars Pathfinder mis-
sion plan and potentially lessen the risk. The results presented in
Fig. 11 suggest that this maneuver may not be required because
the aerodynamic moments (although small in magnitude) appear to
provide enough damping to return the vehicle to its trim state from
initial entry attitudes as large as 9 deg.

Vehicle Roll Rate
The vehicle roll rate must be chosen large enough such that any lift

or side forces are nulled out by this spin but not so large that the in-
duced inertial stability overwhelms the aerodynamic moments early
in the flight. As discussed previously, this aerodynamic damping is
needed early in the entry to reduce the effect of an initial attitude
error and to reorient the vehicle as the flight-path angle changes. For
too large of a roll rate, the gyroscopic stiffness produced through
vehicle spin can overwhelm the aerodynamic moment and cause the
vehicle to attempt to maintain an inertially fixed attitude. This situa-
tion is undesirable because an increasing angle of attack will result
as the relative flight-path angle changes. On the other hand, without
an adequate roll rate, the integrated effect of the lift and side forces
on the parachute deploy conditions can be quite large. Fortunately,
with a minimal roll rate (as low as 10 deg/s), the effect of these
forces on the parachute deploy conditions is substantially reduced.

Viscous roll damping will occur during the trajectory as rotational
energy is dissipated within the boundary layer. This phenomenon
is well known for vehicles with large roll rates; however, for a ve-
hicle spin on the order of 10-20 deg/s, this effect is difficult to
quantify. Preliminary Navier-Stokes solutions (using the LAURA
program) suggest that this effect will be small. For example, at
peak dynamic pressure, where this viscous damping should be the
largest, roll damping would induce an instantaneous 0.0338 deg/s
change on a vehicle spinning at 12 deg/s. As a conservative estimate,
one could assume that this torque is of constant magnitude for the
entire 60-s dynamic pressure pulse. This approximation suggests a
2.03 deg/s decrease in the Mars Pathfinder roll rate (assuming an ini-
tial 12 deg/s spin). Note that the significance of this phenomenon will
decrease as the vehicle roll rate and dynamic pressure decrease. As
a result of these effects, a vehicle roll rate between 12 and 24 deg/s is
suggested.

Drag Coefficient, Flight-Path Angle, and Atmospheric Density Variations
Variations in each of these parameters directly affect the bal-

listic flight path; hence, the aerothermodynamic environment and
parachute deploy conditions will be altered from the nominal case.
(The entry vehicle mass should also be included in this list; how-
ever, variations in this parameter as the design matures may be
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err.
deg

2.0

Fig. 12 Effect of dynamic stability uncertainty on parachute deploy-
ment attitude.

accommodated by a judicious selection of the nominal flight-path
angle.) Assuming the 3-<r uncertainty levels listed in Table 2 for
each of these three parameters, the parachute deployment altitude
was found to range between 5.1-11.6 km, Mach number was be-
tween 1.5-2.1, and dynamic pressure was in the range 510-690
N/m2.

Dynamic Stability Coefficients
As shown in Fig. 5, the Mars Pathfinder aeroshell is dynamically

unstable at low angles of attack during supersonic flight. This pre-
diction of instability is based on the ballistic range and wind-tunnel
testing conducted before the flight of the Viking entry vehicles. Be-
cause these data are difficult to obtain experimentally, the aerody-
namic coefficients derived from the Viking preflight tests are subject
to large measurement uncertainties, as listed in Table 2.

As shown in Fig. 12, this uncertainty produces a factor of 2 varia-
tion in the potential attitude at parachute deployment. Note that the
attitude profiles shown in Fig. 12 assume no e.g. offset and a roll
rate of 12 deg/s. Although the degree of variation is roughly con-
stant, larger attitudes are observed as the e.g. is moved away from
the vehicle's axis of symmetry. Furthermore, because the attitude
increases as the Mach number decreases, deploying the parachute at
as high a Mach number as the other mission constraints will allow
is suggested.

Multiple Off-Nominal Effects—Monte Carlo Analysis
During the actual flight of the Mars Pathfinder entry vehicle, some

combination of off-nominal conditions will be encountered. Hence,
it is important to statistically quantify each uncertainty such that the
effect of the combinatorial variance of all of the parameters upon
the nominal flight conditions may be assessed.22 To accomplish this,
each of the major parameters was modeled in a Gaussian sense based
on the nominal and 3-a uncertainty values listed in Table 2. Three
thousand off-nominal cases were randomly estimated and simulated
in a Monte Carlo manner. A 99.7% probability exists that each ran-
dom parameter computed within the Monte Carlo analysis will be
within the uncertainty bounds of Table 2. Vehicle attitude at several
key trajectory points was monitored: 1) peak attitude throughout
the entry, 2) peak heating attitude, 3) parachute deployment atti-
tude, 4) attitude when the Reynolds number reaches 9.0e + 05 (esti-
mated as the point where the forebody boundary layer could become
turbulent), and 5) peak dynamic pressure attitude. Additionally, the
parachute deployment conditions (time, altitude, dynamic pressure,
and Mach number) were monitored.

The results of the six-DOF Monte Carlo simulations are graph-
ically presented in Figs. 13-19 and tabulated in Table 3. In the
distribution plots of Figs. 13-17, bins of 0.1 deg are shown. Note
that each of these figures has the expected Gaussian shape with
the exception of Fig. 13 that shows a bimodal distribution of peak
attitude throughout the entry. This bimodal distribution is a result
of peak attitude generally occurring in one of two distinct trajectory
phases. If the initial attitude error is greater than about 5 deg, the
peak attitude will occur in the first 10-20 s of flight. This large at-
titude will be damped early in the flight (before peak heating) and
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aT, deg

Fig. 13 Predicted peak attitude distribution from six-DOF Mars
Pathfinder entry Monte Carlo analysis.
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Fig. 14 Predicted peak heating attitude distribution from six-DOF
Mars Pathfinder entry Monte Carlo analysis.
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Fig. 15 Predicted parachute deployment attitude distribution from
six-DOF Mars Pathfinder entry Monte Carlo analysis.

250

Number
of

100 -

07, deg

Fig. 16 Predicted critical Reynolds number attitude distribution from
six-DOF Mars Pathfinder entry Monte Carlo analysis.

is the cause of the large number of cases between 6 and 7 deg in
Fig. 13. When the initial attitude error is less than about 5 deg, the
peak attitude will not occur until the first static instability region is
reached (roughly coincident with peak heating). Hence, the other
bimodal peak shown in Fig. 13 occurs at an angle of attack of about
4.5 deg, the same as the peak shown in Fig. 14.

Note that the mean peak attitude throughout the entry is 5.38 deg,
mean attitude in the peak heating region is 4.67 deg, and the mean
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Table 3 Six-DOF Mars Pathfinder entry Monte Carlo
analysis statistics

Maximum attitude throughout
flight, deg

Peak heating attitude, deg
Parachute deployment attitude, deg
Re = 9 x 105 attitude, deg
Peak dynamic pressure attitude, deg
Parachute deployment attitude, km
Parachute deployment Mach number
Parachute deployment dynamic

pressure, N/m2

Parachute deployment time, s

Mean
value

5.38
4.67
1.63
3.42
1.21
8.72
1.80

596.8
146.8

Min.

3.54
3.54
0.18
0.63
0.25
3.28
1.23

436.7
131.0

Max.

9.08
6.43
5.26
5.72
4.33

15.27
2.66

757.8
166.1

1-a

1.03
0.50
0.76
0.75
0.55
1.25
0.13

36.83
5.00

Number
of

cases
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ay, deg

Fig. 17 Predicted peak dynamic pressure attitude distribution from
six-DOF Mars Pathfinder entry Monte Carlo analysis.
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Fig. 18 Parachute deployment altitude and time-from-entry variation
from six-DOF Mars Pathfinder entry Monte Carlo analysis.
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Fig. 19 Parachute deployment dynamic pressure and Mach number
variation from six-DOF Mars Pathfinder entry Monte Carlo analysis.

attitude at parachute deployment is 1.63 deg. Maximum, minimum,
and l-a variations on these values are presented in Table 3. The
1-or variations should bound the parameter value in 68.3% of the
cases. Hence, there is a 68.3% chance that the attitude at peak heat-
ing will be between 4.17 and 5.17 deg, a 95.4% chance that this
attitude will be between 3.67 and 5.67 deg, and a 99.7% chance that
this attitude will be between 3.17 and 6.17 deg. Similar statistical

information may be derived from Table 3 for the other entry param-
eters listed.

Summary
The Mars Pathfinder mission will provide the next opportunity for

scientific exploration of Mars. The science payload is to be placed
on the surface of Mars following a 7.6 km/s direct entry from its in-
terplanetary flight. During the atmospheric flight, mission planners
are relying on the vehicle spin and aerodynamic damping to provide
vehicle stability about the nominal 0-deg trim angle of attack. To
demonstrate the fly ability of the Mars Pathfinder aeroshell under the
mission guidelines, a six-DOF trajectory analysis and aerodynamic
characteristic assessment have been performed. Through this inves-
tigation, the vehicle aerodynamics and nominal six-DOF motion
have been defined.

This analysis has shown that the Mars Pathfinder aeroshell is aero-
dynamically stable over a large portion of its atmospheric flight. Two
low angle-of-attack static instabilities (about freestrem velocities of
6.5 and 3.5 km/s) and a low angle-of-attack dynamic instability
(during supersonic flight) have been identified and shown to cause
an increase in vehicle attitude. In each of these flight regimes, the
vehicle is aerodynamically stable at higher angles of attack such
that the increase in vehicle attitude is bounded. In general, the Mars
Pathfinder attitude motion is characterized by 1) an increase in vehi-
cle attitude just before peak heating, 2) flight with a lower attitude,
but higher oscillation frequency through peak dynamic pressure,
3) a second increase in vehicle attitude just before peak Reynolds
number that is quickly damped, and 4) a final increase in vehicle
attitude as parachute deployment is reached.

The effects of center-of-gravity placement, entry attitude, vehicle
roll rate, aerodynamic misprediction, and atmospheric uncertainty
on the Mars Pathfinder attitude profile and parachute deployment
conditions have also been addressed. A 5-mm center-of-gravity off-
set from the axis of symmetry is the maximum that can be tolerated
if the attitude in the peak heating region is to be kept below 5 deg.
Aerodynamic moments generated early in the entry were shown to
provide enough damping to return the vehicle to its trim state from
an initial attitude angle as large as 9 deg. The vehicle roll rate must
be chosen large enough to account for viscous roll damping and to
null out the effect of lift and side forces that will occur in flight.
However, the roll rate must not be so large that the induced inertial
stability overwhelms the aerodynamic moments early in the flight.
As a compromise among these two conflicting requirements, a ve-
hicle roll rate between 12 and 24 deg/s is suggested. Of all of the
vehicle aerodynamics, the dynamic stability derivatives are known
with the least certainty. This uncertainty was shown to produce a
factor of 2 variation in the potential attitude at parachute deploy-
ment. To keep the parachute deployment attitude small, a small e.g.
offset from the axis of symmetry is required. Furthermore, because
the attitude increases as the Mach number decreases, deploying the
parachute at as high a Mach number as the other mission constraints
will allow is suggested.

A Monte Carlo analysis was performed to statistically assess the
combined effect of multiple off-nominal conditions on the nominal
flight path. These results suggest that there is a 99.7% probability
that the peak attitude throughout the entry will be less than 8.5 deg,
the peak heating attitude will be below 6.2 deg, and the attitude at
parachute deployment will be less than 3.9 deg. Similar results are
provided for the angular orientation at peak dynamic pressure and at
a Reynolds number of 9.0e + 05. The mean parachute deployment
conditions were found to be an altitude of 8.72 km, Mach number of
1.8, dynamic pressure of 596.8 N/m2, and an entry time of 146.8 s.
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