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Summary

This report documents the results of an inviscid computational study conducted on two aeroshell configu-

rations for a proposed '07 Mars Lander. The aeroshell configurations are asymmetric due to the presence

of tabs at the maximum diameter location. The purpose of these tabs was to change the pitching moment

characteristics so that the aeroshell will trim at a non-zero angle-of-attack and produce a lift-to-drag ratio

of approximately -0.25. This is required in the guidance of the vehicle on its trajectory. One of the two

configurations is called the shelf and the other is called the tab. The unstructured grid software FELISA

with the equilibrium Mars gas option was used for these computations. The computations were done for

six points on a preliminary trajectory of the '07 Mars Lander at nominal Mach numbers of 2, 3, 5, 10, 15,

and 24. Longitudinal aerodynamic characteristics namely lift., drag, and pitching moment were computed

for 10, 15, and 20 degrees angle-of-attack. The results indicated that two configurations have very similar

aerodynamic characteristics, and provide the desired trim L/D of approximately -0.25.

Nomenclature

CA

CD

CL

CN
C._

Cp
L/D

Mo¢

P

P_c

q_

Sr_.s

T_
Us

x, y, z

P_

C_

Axial force coefficient

Drag coefficient
Lift coefficient

Normal force coefficient

Pitching moment coefficient about the point (0.0, 0.0, -0.8659)

(p - p_) /q_, Pressure coefficient

CD/CL, Lift-to-drag ratio

Reference length for pitching moment (=4.05 m.)

Freestream Mach number

Static pressure

Freestream static pressure
2

p_ U_/2, Preestream dynamic pressure

Reference area (=12.882 sq. m.)

Freestream temperature (Kelvin)

Freestream velocity (m/s)

Cartesian co-ordinates of a given point; (The origin is at the nose, with the x-axis

in the vertical direction, the y-axis in the spanwise direction, and the z-axis in the

axial direction pointing into the stream.)

Freestream density (kg/m 3)

angle-of-attack (degrees)

Introduction

It has been proposed to use a passive device like a tab on the aeroshell for the '07 Mars lander to trim at

a non-zero angle-of-attack, and use the non-zero lift-to-drag for guiding. In an effort, aimed at arriving at

a suitable aeroshell configuration for the '07 Mars lander, an extensive computational study was done (see



[1]),andtileaerodynamiccharacteristicsofseveralpotentialcandidateconfigurationswerecomputed.Asa
resultof that studytwoconfigurationswereselectedfor furtherstudy.Theseconfigurationsarecalledthe
shelf and the tab. The maximum diameter of the aeroshell was increased form 3.75m (in the earlier study)
to 4.05m. Since the present computations are inviscid, the size of the body does not affect the aerodynamic
coefficients.

Unstructured grid technology is known to provide quick and reliable CFD solutions for complex configu-

ration, particularly for hypersonic flows. Among the widely used unstructured grid software packages in use

are the FELISA ([2] and [3]) and the TetrUSS ([4]) systems. In the Aerothermodynamics Branch (AB) at
NASA Langley Research Center, FELISA grid generators and inviscid flow solvers have been used extensively

for the computation of flow over complex vehicles, see for examt)le [5] & [6]. FELISA flow solvers, being
inviseid, have the obvious limitations; because of the absence of a boundaD" layer there is no skin fl'ietion and

hence, there are no flow separation effects. For lifting bodies the inviscid flow soh'ers generally )field good

results for normal force and pitching moment as long as there is no significant flow separation on the body.
For a bhlnt body like the '07 Mars lander aeroshell, under hypersonic flow conditions the aerodynamic loads

are primarily due to the pressures on the forebody, and the effects of skin friction are negligible. Although
there is a fully separated flow over the aftbody, under hypersonic flow conditions the aftbody pressures are

small, and contribute little to the aerodynamics loads. It is therefore expected that inviscid hypersonic flow

computations would yield reliable results for the present case.

This paper presents the results of an inviscid computational study on the two aeroshell configurations of

the '07 Mars lander using the unstructured grid software FELISA with the equilibrium Mars gas option. As

noted earlier, these two configurations are the outcomc of an extensive study [1] done to arrive at a suitable

modification to the shape of the aeroshell. As in the earlier cases, only the forebodies of these configurations

are simulated in the computations, and the aftbodies are ignored. Further, since the aeroshell has a plane

of symmetry and only symmetric flow conditions are considered, only one half of the aeroshell is considered

in the present study. The present study was done for nominal Mach numbers of 2, 3, 5, 10, 15, and 24 with

freestream conditions on a preliminary trajectory of the '07 Mars lander. Computations were done for three

angles-of-attack namely 10, 15, and 20 degrees. Computed pitching moment and drag coefficients and the
lift-to-drag ratios are prcsented in this paper along with the CD and L/D for trim conditions.

The FELISA Software

The grid generation and the flow computations of the present study were done using the unstructured

grid software FELISA. This software package has been successfully used for extensive grid generation and

hypersonic flow computations in Earth atmosphere (see [3], [5] & [6]). More recently, FELISA was used in

the screening of several candidate aeroshell configurations for the '07 Mars lander [1].

The grid generation part of FELISA consists of a code for generating a surface triangulation, and a

code for discretization of the computational domain using tetrahedral elements. The surface triangulation

code employs the advancing front technique, and the volume discretization code eml)loys the Delaunay
approach. The FELISA software has two sets of flow solvers--one applicable for transonic flows and the

other for hypersonic flows. Further, the hypersonic flow solver has options for perfect, gas air, equilibrium

air, equilibrium Mars gas (0.97 C02 and 0.03 N2 by mass), CF4 gas, C02 gas, and a finite rate Mars gas.

The hypersonic flow solver with the equilibrium Mars gas option was used in the present study. Several

post-processing codes, including the one to compute the aerodynamic coefficients by integrating the surface
pressures, are parts of the FELISA software. More information on FELISA software may be found in

references [2] and [3].
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Figure 1: The geometry of the baseline '07 Mars lander aeroshell

Geometry

The baseline '07 Mars lander aeroshell is a 4.05m diameter blunt conical forebody with a 70-deg. half-cone

angle. The nose radius of 0.985m and the shoulder radius is 0.0978m. Figure 1 shows the geometrical details

of tile baseline configuration. The reference quantities used to non-dimensionalize the aerodynamic loads are
as follows:

Reference area, Sref:

Reference length for pitching moment, l,.el:
Pitching moment reference point:

12.882 sq. m.
4.05 m.

on the axis, 0.8659 m. behind the nose.

This baseline shape being s3mametric would trim at a = 0 degrees with an L/D value of 0.0. In order

to get the required L/D at the trim angle-of-attack, two modifications were made to the baseline shape of
the vehicle. One of these configurations is designated WF-2.5-2.286-70 and the other is designated WF-1.9-

2.286-80. In this paper, these are referred to as the shelf and the tab configurations, respectively. Figures 2

and 3 show the geometrical details of these two configurations. The modification to the baseline shape in

the shelf configuration is an extension of the conical part of the aeroshell. The total width of the tab is

2.5rn and its height is 0.261m. The tab configuration has the tab canted forward so that it makes an angle

of 10 degrees with the conical part of the aeroshell. The total width of the tab in this case is 1.9m, and its

projected height is 0.261m.
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Grids

As noted before, only one half of tile body is simulated in the present computations. The geometrical

information of these configurations was available in the form of IGES files. These IGES files were processed

using the GridTool [7] software. The computational domain was chosen to bc sufficiently large with the

surfaces of tile bounding box sufficiently away from tile body so that, except for the exit plane, all the

boundary surfaces were in the freestream flow. The computational domain was made small enough so that
the volume within this domain not influenced by the body was small. Figure 4 shows the computational

domain used for the tab configuration for Mach 24 computations. This is typical of tile computational

domains used in the present study. The minimum grid spacing was 3.0 cm for the grid used for Mach 2

computations, whereas it was 1.0 cm for the grid used for Mach 24 computations. These spacings were

chosen such that there were 8 12 points between the body and the bow shock in front of it. This provided

sufficient resolution of flow features in that region. Choosing the appropriate computational domain and

specifying the grid spacings was clone using GridTool. Finally, a set of FELISA data files required by the

grid generator were created.

Using the data files and the FELISA surface triangulator, the surface triangulation was generated. The

surface triangulation near the tab and the triangulation of the symmetry plane for the grid used for the

tab configuration for Mach 24 computations are shown in Fig. 5. This grid has 54,160 points and 105,930

triangles on the entire body surface, and 8,195 points and 15,868 triangles on the symmetry plane. After

the surface triangulation was done, the volume grid of tetrahedral elements was generated. The tetrahedral

(volume) grid for this case (not shown) has over 1.66M points. A different grid was built for each Math

number case. The processing of the IGES files and grid generation was done on an SGI Octane computer

with 2GB memory. Generation of surface triangulation took about 20-30 minutes and the volume grid

generation required 3-4 hours on the SGI machine.

Flow Solution

The unstructured volume grids of tetrahedral elements grids were partitioned so that the flow computations
could be done on a parallel computer using (typically) 32 processors. The FELISA hypersonic flow solver

with the Mars gas option was used for all the flow computations. Each flow solution was started with
the low-order option, and after a few hundred iterations, the higher-order option was turned on, and the

solution was run to convergence. After every 100 iteration, the surface pressures were integrated, and the

aerodynamic loads, namely the normal and the axial forces, and the pitching moment acting on the body

were computed. The flow solution was assumed to be converged when these integrated loads remained

essentially constant. This required 6,000 8,000 iterations, and 150-180 hours of CPU time. Aerodynamic

loads obtained by integrating the surface pressures were non-dimensionalized in the conventional manner,

and the aerodynamic coefficients namely, C?_-, CA, CL, CD, Cm, and L/D were obtained.

All the computations reported here were done for nominal freestream Mach numbers of 2, 3, 5, 10, 15,
and 24, at 10, 15, and 20 degrees angle-of-attack. As shown in Fig. 4, the tab or the shelf is located on the

lee side flow when the aeroshell is at a positive angle-of-attack. The freestream gas was assumed to be Mars

atmospheric gas in chemical equilibrium. The freestream velocity, density, temperature, and Mach nuinbers

correspond to points on a preliminary '07 Mars lander trajectory, and are shown in Table 1.
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Velocity Density Temprature Mach

(m/s) (kg/m 3) (Kelvin) Number

494 5.756E-03 199.0 2.16

656 3.788E-03 195.5 3.00

1072 1.916E-03 183.0 4.86

2117 1.293E-03 177.0 9.74

3167 1.089E-03 175.0 14.6

4920 4.150E-04 159.0 23.7

Table 1: Freestream conditions used in tile present, computations

Results and Discussion

The aerodynamic data fronl the present computations are listed in Tables 2 and 3. It should be recalled at

this point that the present computations are inviscid; hence the skin friction and flow separation effects are
absent. In the present case, the axial force coefficients are large due to the very high pressures on tile bhmt

forebody. Absence of the skin friction in inviscid computations leads to somewhat lower axial forces. But the
contribution of the skin friction to axial force in the present case is expected to be a small fraction of the total

axial force. Further, since the boundary layer is absent, the effects of boundary layer separation (over the

forebody) on the aerodynamic loads are also absent. This could become a factor for the tab configuration,
where the tab surface makes an angle of 10 degrees with tilt body surface and there is a possibility of flow

separation on the forebody. In the present computations, only the forebody is simulated and the aflbody

is ignored. Hence tilt contributions of the pressures on the aftbody to the aerodynamic loads are absent in
the present results. Inviscid flow solver cannot simulate the highly viscous dominated separated flow over

the affbody. At low Mach number conditions (Mach 2, for example), the pressures in the separated flow

regions over the aftbody would be large, and contribute significantly to the axial force (see, for example,

Gnoffo, et al. [8]). A base pressue correction to the present results would thus be necessary at lower Mach
numbers. With increase in the freestream Math number, the aftbody pressures become small, and their

contribution to the aerodynamic characteristics becomes less significant.

The shelf configuration

The piching moment coefficient Crn, the drag coefficients CD, and the lift-to-drag ratio L/D for the shelf

configuration are summarized in Table 2, and are shown plotted versus angle-of-attack in Figures 6-8. The

sonic lines on the symmetry plane for Mach number from 2 to 24 are shown in Fig. 9. This figure indicates

that the flow on the lee side of the t)ody is subsonic for Mach numbers up to 5. For Mach 10 and 15, the

sonic lines are grazing the leeside surface. For Mach 24 this flow is completely supersonic.

The pitching moment coefficients plotted versus angle-of-attack in Fig. 6 show that for Math numbers

2_ 3, and 5 tile curves exhibit a certain slope. For higher Mach numbers the slope is distinctly higher. This
trend is related to the flow over the lee side going from subsonic to supersonic as the Mach number is incresed

beyond 5. The variation of Cm with Mach number for the three angles-of-attack is shown in Fig. 10
The drag coefficient shown in Fig. 7. It can be seen that Co decreases with increase in a. This is

primarily due to the fact that CD is essentially a component of the axial force coefficient which is also seen

7



Mach No. _ CN CA C,_ CL Co L/D

(deg.)
2.16 10 1.1224E-03 1.4335 1.3638E-02 -2.4782E-01 1.4119 -1.7552E-01

2.16 15 1.5095E-02 1.3963 2.3807E-03 -3.4681E-01 1.3526 -2.5640E-01

2.16 20 2.9289E-02 1.3429 -8.9081E-03 -4.3178E-01 1.2719 -3.3947E-01

3.00 10 -3.7356E-04 1.5271 1.6215E-02 -2.6555E-01 1.5038 -1.7658E-01

3.00 15 1.3861E-02 1.4825 4.9183E-03 -3.7031E-01 1.4356 -2.5795E-01

3.00 20 2.9214E-02 1.4157 -7.1237E-03 -4.5675E-01 1.3403 -3.4077E-01

4.86 l0 -3.3359E-03 1.6177 2.0821E-02 -2.8420E-01 1.5925 -1.7845E-01

4.86 15 1.2610E-02 1.5543 8.9572E-03 -3.9010E-01 1.5046 -2.5927E-01

4.86 20 3.4455E-02 1.4572 -8.5949E-03 -4.6601E-01 1.3811 -3.3742E-01

9.74 10 -5.1924E-03 1.6791 2.6070E-02 -2.9669E-01 1.6527 -1.7952E-01

9.74 15 1.8672E-02 1.5853 6.241iE-03 -3.9227E-01 1.5361 -2.5537E-01

9.74 20 4.3275E-02 1.4773 -1.4206E-02 -4.6460E-01 1.4030 -3.3115E-01

14.6 10 -6.2425E-04 1.7059 2.3045E-02 -2.9684E-01 1.6799 -1.7670E-01

14.6 15 2.3127E-02 1.6037 3.5360E-03 -3.9273E-01 1.5550 -2.5255E-01

14.6 20 4.8280E-02 1.4910 -1.7460E-02 -4.6458E-01 1.4176 -3.2773E-01

23.7 10 3.7460E-03 1.7090 1.9132E-02 -2.9308E-01 1.6837 -1.7407E-01

23.7 15 2.6850E-02 1.6072 3.7447E-04 -3.9004E-01 1.5594 -2.5012E-01

23.7 20 5.1316E-02 1.4907 -1.9577E-02 -4.6163E-01 1.4184 -3.2547E-01

Table 2: Aerodynamic coefficients for shelf configuration

to decrease with increase in a; The normal force coefficient being small, contributes little to the CD. At a

given angle-of-attack, CD increase with Mach number. The variation of Cj) with Mach number for the three
angles-of-attack is shown in Fig. 11

Tile lift-to-drag ratio (Fig. 8) increases negatively with increase in angle-of-attack and changes very little

with Mach number. This can also be seen in the plot of LID with Mach number (see Fig. 12).

The tab configuration

The pithing moment coefficient, the drag coefficient, and the lift-to-drag ratio for the tab configuration are

summarized in Table 3 and are shown plotted versus angle-of-attack in Figures 13-15. The sonic lines on

the symmetry plane for Mach numl)er from 2 to 24 for the tab configuration is shown in Fig. 16. As in the
case of the shelf configuration, the flow oil the lee side is subsonic for Math numbers up to 5. For Mach 10

and 15, the sonic lines are grazing the leeside surface. For Mach 24 the flow is completely supersonic.

The pitching moment coefficients plotted versus angle-of-attack in Fig. 13 show that for Mach numbers
2, 3, and 5 the curves exhibit a certain slope; for higher Mach numbcrs the slope is distinctly higher. This

trend is closely related to the flow over the lee side going from subsonic to supersonic as the Mach number

is incresesd beyond 5. The trends are similar to those of the shelf configuration. The variation of C,_ with

Mach number for the three angles-of-attack is shown in Fig. 17
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Figure 12: Lift-to-drag ratio for tlle shelf configuration

The drag coefficient is shown plotted in Fig. 14. Here again, with minor difference, the drag coefficient

shows trends similar to those of the shelf configuration. At a given angle-of-attack, Co increase with Mach

number. The variation of Ct) with Math number for the three angles-of-attack is shown in Fig. 19
The lift-to-drag ratio (Fig. 15) increases negatively with increase in angle-of-attack and changes very

little with Maeh number. This can also be seen in tile plot of L/D with Mach number (see Fig. 18).

The trim values

The values of angle-of-attack, L/D, and CD at tile trim condition (where Cm=0.0) for each Mach number

were extracted for the two configuration, and are shown Figs. 20 to 22. It should be recalled here that the

Co values do not include the contribution due to the aftbod_, pressure. This contribution is significant at

low Mach nmnbers. Gnoffo, et. al. [8] have shown that for Mars Pathfinder probe, at Mach 2 and _ =2
degrees the contribution of the affbdody pressures to the drag is of the order of 20%. This contribution

decreases with increase in Mach number, and becomes negligible at Math 24. The base pressure also affects

tile C,,, although to a lesser extent.

At low Maeh numbers, the shelf and the tab have nearly the same trim angle, see Fig. 20. At Mach

numbers higher than 5, the shelf configuration shows a reduction in the trim angle-of-attack. At Mach 24,
the trim angle-of-attack for the shelf is 15.i degrees whereas fox" the tab configuration, it is 17.9 degrees.

The lift-to-drag values for the two configurations also show similar trend. At low Mach numbers the two

configurations have tile same L/D values. At Math mlml)er higher than 5, the L/D of the shelf confguration
becomes progressively less negative. At Mach 24, the shelf has an L/D of-0.252, whereas the tab has an

L/D of-0.289. The trim Co values are shown in Fig. 22.

The trim L/D values vary from -0.25 to -0.30 for both configurations over the Mach number range. Thus,

12



Math No. c_ CN CA Cm CL CD L/D

(deg.)

2.16 l0 1.1522E-02 1.4222 1.0371E-02 -2.3562E-01 1.4026 -1.6799E-01

2.16 15 2.3699E-02 1.3898 8.0339E-04 -3.3682E-01 1.3486 -2.4976E-01

2.16 20 3.6066E-02 1.3420 -8.6772E-03 -4.2510E-01 1.2734 -3.3383E-01

3.00 10 1.0829E-02 1.5145 1.3049E-02 -2.5233E-01 1.4934 -1.6896E-01

3.00 15 2.3149E-02 1.4758 3.7868E-03 -3.5960E-01 1.4315 -2.5121E-01

3.00 20 3.6644E-02 1.4143 -6.1467E-03 -4.4928E-01 1.3415 -3.3490E-01

4.86 10 7.9112E-03 1.6068 1.9206E-02 -2.7123E-01 1.5838 -1.7125E-01

4.86 15 2.2278E-02 1.5482 9.9382E-03 -3.7918E-01 1.5012 -2.5259E-01

4.86 20 4.2845E-02 1.4535 -6.1t82E-03 -4.5687E-01 1.3805 -3.3094E-01

9.74 10 3.1026E-03 1.6835 3.3969E-02 -2.8928E-01 1.6585 -1.7443E-01

9.74 15 2.7832E-02 1.5833 1.2081E-02 -3.8290E-01 1.5366 -2.4920E-01

9.74 20 5.1379E-02 1.4721 -8.7823E-03 -4.5521E-01 1.4009 -3.2494E-01

14.6 10 1.0174E-02 1.7076 2.7858E-02 -2.8650E-01 1.6834 -1.7019E-01

14.6 15 3.1947E-02 1.6129 1.0036E-02 -3.8659E-01 1.5662 -2.4683E-01

14.6 20 5.5452E-02 1.5010 -1.0386E-02 -4.6126E-01 1.4294 -3.2269E-01

23.7 10 1.4970E-02 1.7220 2.6965E-02 -2.8438E-01 1.6990 -1.6738E-01

23.7 15 3.5312E-02 1.6260 1.0652E-02 -3.8686E-01 1.5800 -2.4481E-01

23.7 20 5.7637E-02 1.5120 -8.2727E-03 -4.6314E-01 1.4410 -3.2141E-01

Table 3: Aerodynamic coefficients for tab configuration

13



0.04_

0,03

0.02

0.01

-0.01

L

""_'_, _ .... t:3- .....

...... ,.-__ ..... "- "-.._ I

-0'028 I0 12 14 16 18 20 22

CL deg.

M=2

M=3

M=5

M=IO

M=I5

M=24

Figure 13: Pitching moment coefficient for tile tab configuration
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Figure 14: Drag coefficient for the tab configuration
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the desired LID of -0.25 is reasonably obtained. Some fine tuning of the tab widths is possible to adjust the

trim angle-of-attack and trim L/D, if required. Note that the tab configuration has the larger trim angle-of-

attack and a more negative trim L/D than the shelf configuration at the higher Math numbers even though

it has the smaller tab area. This result is due to the formation of a shock with greater tab surface pressure

at Mach numbers of 10 and greater for the canted tab. Pressure contours along the leeward centerline at

15 degree angle-of-attack are shown in Figures 23 and 24 for the shelf configuration and Figures 25 and 26

for the tab configuration. The formation of a shock in front of the canted tab for the tab configuration is

evident beginning at Math 10. Note from Figures 9 and 16 that the flow over the leeward side is supersonic

as the sonic line shifts to the forward hemispherical region at Math 10, whereas the sonic line attaches at
the aft corner with subsonic flow for the lower Mach nu_mbers. Since the tab is not canted (in line with the

conic section) for the shelf configuration, there are only expansion fans visble in the contour plots at the tab

trailing edge for this configuration.

Conclusions

This paper documents the results of a computational study done on two aeroshell configurations of a proposed

'07 Mars lander. These two configurations are designated the shelf and the tab, and are simple modifications

to the baseline geometry. FELISA unstructured grid software was used for the grid generation and flow

computations, and the inviscid longitudinal aerodynamic characteristics were computed for nominal Mach
numbers of 2, 3, 5, 10, 15, and 24 at angles of attack of 10, 15, and 20 degrees. The freestream condi-

tions corresponded to those on a preliminary trajectory of the '07 Mars lander. The freestream gas was

assumed to be Mars atmospheric gas in equilibrium. Both configurations exhibited stable pitching moment

characteristics, and yielded the desired lift-to-drag ratio of approximately -0.25 at the trim angle-of-attack.
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