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Tbere are eight destinations in the solar System with sufficient atmosphere for 
aem- to be a viable aerojrssist option - Venus, Earth, Mars, Jupiter, !Saturn and its 
moon Titan, Uranus, and Neptune. Engineering-level atmospheric models for four of these 
targets (Earth, Mars, Titan, and Neptune) have been developed for NASA to support 
systems analysis studies of potential future aerocapfure missions. Development of a similar 
atmospheric model for Venus has recently commenced. An important capability d all of 
these models is their ability to simulate quasi-random density perturbations for Monte Carlo 
analyses in developing guidance, navigation and control algorithm, and for thermal systems 
desiga S i t i e s  and differences among these atmospheric models are presented, with 
emphasis on the recently developed Neptune model and on planned characteristics of the 
Venus model. Example ilpplicatioos for aer0caph-e are also presented and illustrated. 
Recent updates to the Titan atmospheric model are discussed, in anticipation of applicatioos 
for traiectOry and atmospheric recomtfllct of Huygens Probe entry at Tiha 

Nomenclature 
acceleration of gravity 
atmospheric density scale height 
p l ane tmt r i c  longitude of the Sun 
mean molecular mass of atmospheric constituents 
universal gas constant 
atmospheric temperature 

I. Introduction 
NGINEERING-LEVEL atmospheric models have been developed (or are under development) for five of the E eight possible Solar system destinations where aerocapture could be used. These include Global Refaence 

Atmospheric Models (GRAMS) for (GRAM-99)'?*, Mars (Mars-GRAM 2001)34, Titan (Titan-GRAM)', 
Neptune (Neptune-GRAM)*, and Venus-GRAM (under development). Significant differences in physical 
characteristics of these planetary atmospheres, and significant differences in amount of available data on which to 
base engineering-level models of these atmospheres, means that detailed characteristics differ significantly among 
these models. 

Earth-GRAM is based on climatology assembled from extensive observations by balloon, airmi% ground-based 
remote sensing, sounding rockets, and satellite remote sensing. Details are provided in the GRAM user's guide'. 
Mars-GRAM is based on clirnatologies of General Circulation Model (GCM) output, with details given in the Mars- 
GRAM user's guide3. --GRAM has been validat& by comparisons against observations made by Mars 
Global Surveyor, and against output from another Mars GCM. In contrast, data froom which to build Titan-GRAM 
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and Neptune-GRAM are more limited, coming primarily from Voyager observations and limited ground-based 
stellar occultation measurements. Titan-GRAM is based on data summarized in Ref. 9, while Neptune-GRAM was 
built fkom summaries of data contained in Ref. 10. For Venus, a substantial amount of data has been collected from 
orbiters and entry probes. These have been summarized in the Venus International Reference Atmosphere 
(VIRA)", which forms the basis for Venus-GRAM (under development). 

Figure 1 shows the wide variety of 
temperature profiles encountered among the 
planets and Titan. For Earth, Venus, Mars, 
and Titan, height is measured from a reference 
surface (mean sea level on Earth). On 
Neptune, height is measured above the level at 
which pressure is me bar (Earth namal sea- 
level pressure). All of the planets exhibit a 
troposphere region, where temperature 
decreases with altitude, indicative of heat flow 
upward from the surface (on average). All of 
the planets exhibit a thermosphere region, 
where (on average) temperature increases with 
altitude, because of absorption of heat flux 
from the Sun as it penetrates into the 
atmosphere. All of the planets have 
stratospheres, where temperature decrease 
above the surface diminishes, and remains 
relatively constant until the base of the 
thermosphere (Earth being the exception to 
this, where the presence of ozone and resultant 
atmospheric heating produces a local 
temperature maximum in Earth's stmtosphere 
mesosphere region). 

For interest in aerocapture or aerobraking, 
atmospheric density is the most important 
parameter. Fig. 2 compares density profiles on 
the planets and Titan. Vertical dashed lines in 
Fig. 2 indicate typical density values at which 
aerocapture or aerobraking operations would 
occur. Intersections of the aexocapture dashed 
line with various density curves shows that 
aerocapture would occur at a wide range of 
altitudes at the various destinations, varying 
from about 50 km at Mars to about 300 km at 
Titan. Aerobraking at Earth, Mars, and Venus 
would take place near, and just above, the 100 
km level, while at Neptune and Titan, 
aerobraking would be done near 550 to 750 
km, respectively. 

Figure 2 shows that density decreases fairly 
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Figure 1: Comparison of temperature profiles among the 
planets and Titan. 
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Figure 2: Comparison of density profiles among the planets 
and Titan 

rapidly with altitude for the terrestrial planets (Venus, Earth, Mars), while it decreases rather slowly for Neptune and 
Titan. This effect is explained by differences in density scale height, H,  for the various planets and Titan. Density 
decreases rapidly with altitude if H is small, while it decreases slowly if H is large. H is proportional to pressure 
scale height [ R T / ( M g 1 1. For the terrestrial planets, molecular mass is large (M = 29-44), so H is small. On 
Neptune, H is large because M is small in its hydrogen-helium atmosphere (M = 2). For Titan, H is large, despite its 
high molecular mass (M = 291, because of its low gravity. 
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11. Basis for the Atmospheric Models 
In Earth-GRAM, Mss-GRAM, and Venus-GRAM, input values for date, time, latitude, longitude etc. are used 

to calculate planetary position and solar position, so that effects of latitude variation, and seasonal and time-of-day 
variations can be computed explicitly. A simplified approach is adopted in Titan-GRAM and Neptune-GRAM 
whereby these effects (as well as effects of relatively large measurement uncertainties for these planets) are 
represented within a prescribed envelope of minimum-average-maximum density versus altitude. Figure 3 shows 
this envelope for Titan, for which engineering atmospheric model data developed for Huygens entry probe9 are used. 
For Neptune, data &om Ref. 10 are employed, to genmate a comparable minirnurdmaximum envelope, as shown in 
Fig. 4. 

A single model input parameter (Fminmax) allows the user of Titan-GRAM or Neptune-GRAM to select where 
within the min-max envelope a particular simulation will fall. Fminmax = -1.0, or 1 selects minimum, average, or 
maximum conditions, respectively, with inteamediate values determined by interpolation (i.e. Fminmax between 0 
and 1 produces values between average and maximum). Effects such as variation with latitude along a given 
trajectory path can be computed by user-selected representations of variation of Fminmax with latitude. 

-sin& drag is proprtiOnal to density, this is the- 
most important atmospheric parameter for 
aerocapture. Next most important is height 
variation of density (as characterized by density 
scale height). Density scale height is impartant in 
determining aerocapture corridor width (entry 
angle range allowable while still achieving a 
capture orbit, without “skipping out” or ‘burning 
in”). As discussed above, small density scale 
height means rapid change of density with altitude, 
which results in low corridor width. Large density 
scale height implies slow density change with 
altitude and large comdor width. 

Figure 5 compares height profiles of density 
scale height among the planets and Titan. 
Aerocapture altitude (c.f. discussion of Fig 2) is 
indicated by letter A in Fig. 5. This figure shows 
low density scale height (4 to 8 km) at aerocapture 
altitude for the terrestrial planets. Larger scale 
heights (= 30 to 50 km) occur at aerocapture 
altitudes on Neptune and Titan. 

Density Scale HeigM Comparison 
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Figure 5: Comparison of atmospheric density scale 
height among the planets and Titan 
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111. Titan-GRAM GCM Option 
An option has recently been added for using Titan General Circulation Model (GCM) data as input for Titan- 

GRAM. The Titan GCM data used are from graphs in Ref 12. Upper altitudes for the Titan GCM option are 
computed using a parameterized fit to Titan exospheric temperatures, taken from graphs in Ref 13. Figure 6 gives a 
height-latitude cross section of density (expressed as percent deviation from the mean) for Voyager encounter date 
(November 12, 1980, planetocentric longitude of Sun, Lr = &So), 00:00 GMT, longitude zero, local solar time 0.7 
Titan hours. Figure 7 compares vertical density profiles at latitude zero, local solar time = 1 hour and 13 hours on 
Voyager encounter date with Yelle' minimdmaximum density envelope, from Fig. 3. This figure shows that the 
Titan GCM results correspond fairly closely with Yelle maximum conditions up to about 300 km altitude, but agree 
closely with Yelle average conditions (vertical line at 0 in Fig. 7) above about 500 km. 
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Figure 6: Density (percent deviation from mean) figure 7: C0mpa-n of two q-im- 
V t m ~  height and latitude, d W  'Ihn-GRAM GCM GRAM density profiles using GCM option with 
option. minimudmaximum envelope from Huygens 

(Yelle) model9. 

IV. Venus-GRAM Development 
Based on the Venus International Reference 

Atmosphere (VIRA)", Venus-GRAM is being 
developed and applied for ongoing Venus 
aerocapture performance analyses. Figure 8 gives 
a plot of density (percent deviation from the mean) 
versus height and latitude from Venus-GRAM. 
Conditions in Fig. 8 are for Lr = 90" and local solar 
time 12 Venus hours. 

Below about 100 km altitude on Venus, 
temperature, density, and density scale height 
conditions are very uniform with both latitude and 
time of day. VIRA data below 100 km altitude 
vary only slightly with latitude and have no 
dependence on local solar time. Between 100 and 
150 km, VIRA data depend on local solar time (but 
not latitude). From 150 km to its top at 250 km, 
VIRA depends on solar zenith angle, which is 
affected by both latitude and local solar time. 
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Figure 8: Example height-latitude density cross section 
from Venus-GRAM. 

V. Perturbation Models 
An important feature of all these engineering-level atmospheric models is their ability to simulate "high 

frequency" perturbations in density (and winds) due to such phenomena as turbulence and various kinds of 

4 
American Institute of Aeronautics and Astronautics 



atmospheric waves. As illustrated in Fig. 9, altitude, latitude, and monthly variations of perturbation standard 
deviations in Earth-GRAM are based on a large climatology of observations. For Titan and Neptune, perturbation 
standard deviations are computed from an analytical expression for gravity wave saturation conditions, explained 
more fully in Ref. 7. As shown in Fig. 9, the resulting vertical profile of standard deviations for Titan and Neptune 
are not very dissimilar from Earth observations, when expressed as percent of mean density. For Mars, a similar 
gravity wave saturation relation is used to estimate density perturbation standard deviations, except that effects of 
significant topographic variation on Mars are also taken into account. Up to about 75 km altitude, the Mars model 
density standard deviations are also fairly consistent with Earth observations. By about 100 to 130 km altitude, 
Mars model density standard deviations increase to about 20 to 35% of mean value, consistent with observed orbit- 
to-orbit density variations observed by Mars Global Surveyor and Mars Odyssey. 

Figure 9: Height variation of density 
perturbation model standard deviations for 
Earth, Mars, Titan, and Neptune. 
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Figure 10: Sample Monte-Carlo density 
perturbations from Neptune-GRAM, expressed as 
Dercent deviation from NeDtune mean value. 

The design reference mission for which aerocapture was analyzed at Neptune involved capture into a highly 
eccentric orbit, to allow the simulated orbiter to periodically visit Triton for scientific observations. Ability to 
successfully aerocapture into such an eccentric orbit depends very significantly on details of Monte-Carlo 
simulations, such as illustrated in Fig 10. For such an eccentric orbit, there is relatively little margin for error 
between a captured orbit and one which exceeds escape velocity upon atmospheric exit, a result which could lead to 
mission failure. 

VI. Conclusions 
Engineering-level atmospheric models presented here are suitable for a wide range of mission design, systems 

analysis, and operations tasks. For orbiter missions, applications include analysis for aerocapture or aerobralung 
operations, analysis of station-keeping issues for science orbits, analysis of orbital lifetimes for end-of-mission 
planetary protection orbits, and atmospheric entry issues for accidental break-up and bum-up scenarios. For lander 
missions to Venus, Mars and Titan, and for Earth-return, applications for these atmospheric models include analysis 
for entry, descent and landing (EDL), and guidance, navigation and control analysis for precision landing, and 
hazard avoidance. Perturbation simulation capabilities in these models make them especially useful in doing Monte- 
Carlo analyses for design and testing of guidance, navigation, and control algorithms and for heat loads analysis of 
thermal protection systems. 
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