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Table 2 Comparison of Space Shuttle speci� cations with those of Mini Shuttle
and Lockheed Martin X-33/VentureStar vehicles

STS Mini STS VentureStar X-33

Length, ft 184 149 127 67
Width, ft 78 62 128 68
Gross liftoff weight, lb 4,439.000 4,460,000 2,186,000 273,000
Propellant LH2/LO2 C solid RP-1/LO2C solid LH2/LO2 LH2/LO2
Propellant weight, lb 3,776,600 3,926,900 1,929,000 211,000
Empty weight, lb 619,000 502,000 197,000 63,000
Main propulsion Two solidsC three SSMEs Two solids C three MSMEs Seven RS 2200 Two J-2S
Liftoff thrust 6,400,000 6,400,000 3,010,000 410.000
Maximum speed Orbital Orbital Orbital Mach 15C
Payload weight, lb 42,900 30,900 59,000 NA
Payload bay size, ft 15 £ 60 12 £ 48 15 £ 45 5 £ 10
Sea level speci� c impulse, sa 391 300 347 347
Vacuum speci� c impulse, sa 453 359 455 455
aLiquid rocket engine.

and is intended to be a technology demonstrator. Inasmuch as it is
designed for suborbital operation, the ratio of structural weight to
fully loaded weight is not critical. However, this is just the opposite
with the VentureStar vehicle. According to its speci� cations, this
SSTO vehicle will have an empty weight of 197,000 lb and a pro-
pellant load at liftoff of 1,929,000 lb. Assuming the same mixture
ratio of 6 foroxidizermass to fuelmass as usedfor theShuttle’s main
engines, the volume of propellant tankage required is 638,220 gal.
This is compared to the 518,000-galcapacity of the Shuttle’s ET. It
presents a very formidable, if not impossible, design problem then
to build a practical spacecraft of such voluminous size that weighs
only about 30% more than the Shuttle Orbiter. With consideration
of these facts and other negative aspects, it is dif� cult to understand
the arguments for feasibility presented by proponents of the SSTO
concept.2;3

Conclusions
From a preliminary analysis for feasibility of a kerosene-fueled

Mini Shuttle, it appears that this type of launch vehicle could be
a practical solution to the problem of � nding a worthy replace-
ment for the Space Shuttle. Because no new technology is required,
there would probably be greater safety and less risk than with other
proposed systems such as the SSTO VentureStar. Moreover, the
development time would be considerably shorter with greater as-
surance of meeting performance objectives. Although it is dif� cult
to estimate precisely the reduction in launch costs with the Mini
Shuttle, the savings should be substantial. With a 4

5 -size Orbiter, a
3
4
-size ET, and the same SRBs, the Mini Shuttle would have a pay-

load capability about 75% of the Space Shuttle. Thus, there would
seem to be suf� cient justi� cationforNASA to undertakean in-depth
study of the merits of combining the Mini-Shuttle conceptwith that
of the Shuttle II.
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Introduction

I N 1976, two Viking spacecraftsuccessfullylanded on Mars. The
Viking Lander 1 touched down on the Martian surface (22.5±N,

48±W) about 4 p.m. local solar time on July 20, 1976, and later that
year on Sept. 3, Viking Lander 2 landed (44±N, 226±W) about 10
a.m. local solar time. During entry, both vehicles traversed all of
the speed regimes going from orbital velocities under near vacuum
conditions, i.e., the free-molecule � ow regime, through the hyper-
sonic noncontinuumand continuumregimes, down to zero velocity
on the planet’s surface,where the pressureof the CO2 atmosphere is
less than 1% of the Earth’s surface pressure.Because of the tenuous
Martian atmosphere, a three-tier deceleration system (aerodynamic
braking, drag magni� cation using a parachute, and � nally terminal
descent landing rockets) was used to place the Viking science pay-
load on the surface of the planet. The Viking aerodynamic braking
phase used a spherically blunted, 70-deg half-angle cone entry ve-
hicle.Viking 1 was designatedas the path� nder for the second iden-
tical entry vehicle. Data collected from the � rst entry were quickly
processed1 and analyzedso that full advantagecould be taken of the
knowledge gained from the � rst Mars entry experience.This initial
analysiswas followed by more detailedanalysisof the atmosphere2

as well as vehicle performance.3
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Two spacecraft are scheduled to arrive at Mars on July 4
(Path� nder mission4) and Sept. 12, 1997 (Mars Global Surveyor
mission5). The Path� nder mission will place a remotely controlled
rover vehicle on Mars’ surface. The Path� nder’s multiple decelera-
tion systems are similar to those used by the Viking entry vehicles
with the addition of an air bag to cushion the touchdown.Also, like
the Viking mission, the � rst stage of deceleration employs a spher-
ically blunted, 70-deg half-angle cone entry vehicle. However, the
entry speed of Path� nder is nearly twice that of Viking due to the
direct entry on the Earth–Mars transfer, as opposed to Viking’s de-
orbit from an existing orbit about Mars. The Mars Global Surveyor
Orbiter includes the use of aerobrakingto circularize the orbit about
Mars prior to conducting various scienti� c mapping surveys.

In addition, the near future mission to Mars, Mars 2001, includes
plans for a direct aerocapture transfer from the Earth–Mars tra-
jectory. The planned vehicle shape is also a spherically blunted,
70-deg half-angle cone. All of these, and future aerobraking mis-
sions to Mars, rely on knowledge of the entry vehicle aerodynamic
characteristics as it transitions from the free-molecule � ow regime
into the hypersonic continuum regime, as well as knowledge of the
properties of the upper atmosphere.Typically, wind-tunnel data are
not available in the rare� ed regime so that designers rely heavily
on computational results. Con� dence can be greatly enhanced by
comparing the � ight data, in lieu of wind-tunnel data, to compu-
tational results. Fortunately, for Mars, the wealth of data collected
by the Viking missions provides con� dence to the design of future
Mars missions. The purpose of this Note is to present a compar-
ison of Viking 1 � ight aerodynamic extraction results with recent
direct simulation Monte Carlo (DSMC) simulations in the rare� ed-
� ow regime. An application of the DSMC codes to calculate the
Path� nder entry vehicle aerodynamic drag is also shown.

Attitude and Density Results
The Viking entry vehicle was instrumented with three-axis ac-

celerometers and gyros, a mass spectrometer, stagnation pressure

Fig. 1 Viking 1 vehicle angle of attack vs altitude during transition into hypersonic continuum from free-molecule � ow.

Fig. 2 Atmospheric density vs altitude from Viking 1 measurements.

sensor, and other scienti� c instruments. For this brief Note, only
those measurements germane to the aerodynamic coef� cients will
be discussed. Other data and more detailed results exist in the open
literature.1¡3

From the gyro measurements, the attitudeof the entry vehicle can
be obtained, and it is shown in Fig. 1 as a function of altitude for
Viking 1. Positive lift is generated with a negative angle of attack,
i.e., vehicle nose down relative to the velocity vector, for a spher-
ically blunted, 70-deg half-angle cone entry vehicle. The Viking
mission used lift to prolong the atmospheric transit time during the
aerobraking phase to maximize the dissipation of the vehicle’s ki-
netic energy. Above about 75 km, the onboard control system was
programmed to hold a constant attitudeof approximately11 deg. At
0.05 g, which was sensedby the accelerometers,the attitude control
system was programmed to switch to an attituderate dampingmode
for the remainder of the aerobraking phase. This event occurred at
about 75 km (Fig. 1). Viking 1 trimmed at about 10.7 deg, an angle
just slightly less than the design value of 11 deg (Fig. 1) at altitudes
from about 40–50 km. The attitude information shown in Fig. 1
will be an important reference when interpreting the aerodynamic
coef� cients shown later.

The Viking measurements are used to generate the density en-
countered by the vehicle. The sources for density from � ight are
the mass spectrometer, the stagnation pressure sensor, and the ac-
celerometers. The Viking mission had an open-source magnetic-
sector mass spectrometer as part of its scienti� c complement.6 The
pressure device senses pressure by de� ection of a thinly stretched
diaphragm referenced to a vacuum chamber and is also part of the
complementof scienti� c instruments.The accelerometerswereused
for both engineeringpurposes,e.g., guidanceand control, as well as
part of the scienti� c complement in generatingthe atmosphericstate
properties.Figure 2 shows the density–altitude pro� le derived from
the measurements of the mass spectrometer at higher altitudes and
the stagnationpressuresensorand accelerometersat lower altitudes.
Between about110 and 130 km, the noiseon the accelerometersand
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the reliabilityof the correctionsto the mass spectrometer data leave
a gap between the data sets. A � t to both sets of data is used to bridge
this data gap. The function used for the � t, the values obtained for
the function constants, and the resulting comparison with the data
(the dashed line) are shown in Fig. 2.

Aerodynamic Results
Extracting individual coef� cients from acceleration requires a

knowledge of atmospheric density. When this is not available, the
most reliableaerodynamicmeasurementsare obtainedby establish-
ing acceleration ratios inasmuch as dynamic pressure cancels and
the acceleration ratio is identical with the force coef� cient ratio.
The ratio of acceleration measurements (normal to axial direction)
for Viking 1 as a function of altitude is presented in Fig. 3. This
measurement corresponds to the hypersonic continuum regime at
about 11-deg angle of attack for altitudes less than about 70 km
and the transition into the rare� ed-� ow regime at altitudes larger
than 70 km. Above about 110 km, the accelerometer noise begins
to dominate prior to achieving the free-molecule � ow regime.

Using the already discussed information on the vehicle attitude,
i.e., thedensityderivedfrommass spectrometer,pressuresensor,and
acceleration measurements along with other information, e.g., ve-
locity, given in Ref. 3, three-dimensionalDSMC simulations7 were
performed for selected trajectory points. The results of these cal-
culationsare shownin Fig. 3. The DMSC predictionsfor the rare� ed-
� ow transitionregionshow excellentagreementwith the � ight mea-
surements. Free-molecule � ow results assuming complete diffuse
re� ection (applicable to near orbital conditions) and modi� ed New-
tonian results for the hypersoniccontinuumconditions are included
in Fig. 3.

Previous work with the Viking 1 data, reported in Ref. 3, allowed
for a separation of the drag coef� cient CD from density using the
stagnation pressure sensor measurements. However, this analysis

Fig. 3 Normal-to-axial coef� cient derived from Viking 1 acceleration measurements compared with DSMC simulations.

Fig. 4 Viking 1 drag coef� cient vs altitude from � ight measurements and DSMC simulation, along with Path� nder drag coef� cient predictions from
DSMC simulations.

was limited to the hypersoniccontinuumregime (altitudes less than
about 70 km) due to the capability of the pressure sensor. Figure 4
shows these � ight results, togetherwith the correspondingsix points
from the DSMC simulations for Viking 1. In addition, the corre-
sponding free-molecule � ow and modi� ed Newtonian values are
included. In essence, Fig. 4 shows the complete aerodynamic drag
of the sphericallyblunted,70-deghalf-angleconeentryvehicle from
free-molecule� ow down into the hypersoniccontinuumat an angle
of attack of about 11 deg.

The Path� nder entry vehicle, also a spherically blunted, 70-deg
half-angle cone shape but with a slightly different afterbody, has
been simulated at 0-deg angle of attack with a two-dimensional
DSMC code.8 Both vehicles have the same bluntness ratio (nose to
aft radius) of 0.5. The results of the simulation are also included
for comparison in Fig. 4. To make the appropriate comparison of
the Path� nder calculations on an altitude basis, the density pro-
� le measured by Viking 1 was used. For a given altitude, both the
Viking and Path� nder simulations used the same density and also
the same composition (95.37% CO2 and 4.63% N2 mole fractions).
The Path� nder vehicle angle of attack is nominally 0 deg, and thus
it is expected that the hypersoniccontinuumvalues should be larger
than the Viking results for 11 deg. Notice, at about 70 km, that the
Path� nder DSMC results tend to level out at a drag coef� cient that
is larger than the Viking � ight measured values, as expected. At
the other extreme, for altitudes above 120 km, the Path� nder free-
molecule � ow valuesdiffer only slightlyfrom the Viking 1 results. It
is dif� cult to make a direct comparison between the two entry mis-
sions near the free-molecule � ow regime for several reasons. The
rarefaction effect on Path� nder is slightly larger than Viking be-
cause the Viking vehicle diameter is larger (3.50 vs 2.65 m). Also,
the Path� nder vehicleentry speed is larger than Viking entry speeds.
Further, the variation in CD with angle of attack in the continuum is
different from the variation in the free-molecule � ow regime. The
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main point is that, with the success in matching the DSMC simu-
lations with the Viking � ight data, there is renewed con� dence that
the simulations for the Path� nder vehicle are correct.

Summary
The normal-to-axial force coef� cient ratio of the Viking spher-

ically blunted, 70-deg half-angle cone entry vehicle has been ex-
tracted from � ight data in the transition from the hypersonic con-
tinuum into the free-molecule � ow transition regime. Results from
simulations of the Viking vehicle with a three-dimensionalDSMC
code show an excellent match with the � ight data. DSMC simula-
tions of the Path� nder entry into Mars have been computed to the
fringes of the hypersoniccontinuum � ight regime. The drag coef� -
cients for this mission are compared to the Viking simulation with
good qualitative agreement, thereby providing reinforcement that
the DSMC codes are reliably providing appropriate aerodynamic
characteristics in the rare� ed-transitional � ow � ight regimes.
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