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Computational Fluid Dynamics Prediction
of the Beagle 2 Aerodynamic Database
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Flowfield solutions over the Beagle 2 Mars probe aeroshell, spanning the trajectory through the Martian atmo-
sphere, have been generated for the continuum flow regime for Mach numbers from 1.5 to 28 at angles of attack
from 0 to 11 deg. Static aerodynamic coefficients C4, Cy, and C,, were derived from flow solutions generated by
computational fluid dynamics (CFD) analysis. CFD derived data were applied, together with scaled existing data
and wind tunnel experiments, to develop a static aerodynamicdatabase applied in the entry and descent predictions

for the Beagle 2 development program.

Nomenclature
A = projected area, m>
Cy = axial force coefficient
C, = pitching moment coefficient
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temperature, K

freestream velocity, m/s
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Introduction

EAGLE 2 is a British-led project to land a probe on Mars as

part of the ESA’s Mars Express Mission to be launchedin June
2003. The geometry is based on the Huygens probe, with the major
difference being the addition of a backshell frustrum enclosing the
payload.

Martin-Baker Aircraft, Ltd., has been tasked with the overall
responsibility for the Beagle 2 entry vehicle design. The entry, de-
scent, and landing (EDL) system has been designed to eject the
Beagle 2 safely from the Mars Express orbiter and deliver a 30-
kg scientific payload to the surface of Mars. To achieve this ob-
jective, Martin-Baker Aircraft, Ltd., adopted the following design
approach: 1) ballistic entry, 2) a high drag shape with good static
stability characteristics,and 3) a simple generic shape to take max-
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imum advantage of existing aerodynamic data and to simplify anal-
ysis. These first three constraints led to the selection of an axisym-
metric shape, specifically a large-angle sphere cone: 4) nose radius
selected for minimum structural mass with maximum drag, leading
to a maximized radius limited by the range of bluntnessratios in ex-
isting aerodynamic databases and heating requirements; 5) corner
radii minimized for maximum drag, limited by structuralthermal
requirements;and 6) interpolation within existing data where possi-
ble, rather than extrapolation. This may lead to suboptimal design,
but higher confidence.

Constraints on cost and time, due to launch opportunity and
mission length, made it necessary to generate a static database
quickly by the reuse of existing data. A continuum-based static
aerodynamiccoefficient database was generated with density-based
Navier-Stokes codes with the appropriate thermochemical mod-
els. Computed aerodynamic data were then used to scale available
databases of geometrically similar vehicles to develop an aerody-
namic database for the Beagle 2. CFD Research Corp.’s (CFDRC’s)
CFD-FASTRAN code' and Fluid Gravity’s TINA code® were em-
ployed in computational fluid dynamics (CFD) predictions of flow-
field, aerodynamic, and heating characteristicsof the Beagle 2. This
paperreportson CFDRC’s effortsin computing the continuumaero-
dynamic coefficient database.

Beagle 2 Geometry

The Beagle 2 forebody designis geometrically similar to the Huy-
gens entry vehicle forebody design, which maximizes data reuse
from the Huygens program. Unlike Huygens, however, Beagle 2
geometry incorporates a continuous rear cover design, with a small
backward-facing step at the junction between the backcover and
front shield to ensure a consistent separation point (Fig. 1). This
reduces the risk of the separated shear layer impinging on the back-
shell, and reduces the size of the recirculationregion, which, in turn,
minimizes the risk of asymmetries in the base flow.

The forebodyof the Beagle 2 aeroshellis a 60-deghalf-anglecone
with a maximum vehicle diameter D =0.9 m. It has a spherically
blunted nose of radius 0.417 m and a shoulder radius of 0.029 m
(Fig. 2). (Huygens maximum vehicle diameter and nose radius were
2.7 and 1.25 m, respectively.) The corner radius for Beagle 2 has
been chosen to match the peak heat transfer at this point with the
peak stagnationpoint heat transfer, thus allowing a constantthermal
protectionthickness. The mass of the Beagle2 EDL system, together
with the lander, is approximately 60 kg.

The backshell of Beagle 2 is inclined by approximately 47 deg
relative to the vehicle’s axis of symmetry. A minimum for this angle
was based on the need to avoid shear-layer impingement and from
the availability of published aerodynamic data. A flat base cover
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Fig. 1 Beagle 2 aeroshell configuration.
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Fig. 2 Geometric dimensions of Beagle 2.

was chosen with a sharp transition from the rear cone. Various pro-
trusions and excrescencies on the vehicle base, such as the launch
clamp ring and connectors, were not modeled during the deriva-
tion of the static aerodynamic coefficients. However, the effect of
the launch clamp ring was analyzed separately and is discussed
later.

Trajectory-Derived Aerodynamic Database Matrix

A six-degree-of-freedom (6-DOF) trajectory code developed at
Martin-Baker Aircraft, Ltd. was used to perform both Monte Carlo
simulations and a sensitivity analysis. The simulation includes a
Martian atmosphere model (NASA MarsGRAM?), a wind model,
and a gravity model. Based on a dispersion analysis about the nom-
inal entry conditions, the entry flight-path angle for Beagle 2 has
been calculated to lie within the range from —21 to —15 deg at an
altitude of 120 km above the planet surface. The nominal trajectory
shown in Fig. 3, used in the derivationof the aerodynamic database,
is based on an entry flight-path angle of —18 deg.

Nine trajectory points, listed in Table 1, for Mach numbers rang-
ing from 1.5 to 28, were extracted along the nominal trajectory.
Aerodynamic coefficients were computed for a matrix of 37 flight
conditions for the nine trajectory points and angles of attack from 0
to 11 deg. Analyses were performed at angles of attack up to 5 deg
for the entireregime. Angles up to 11 deg were analyzedfor the tran-
sonic/supersonic lower end of the spectrum and for the high Mach
number, high-altitude upper end. (Blunt entry vehicles are known
to experience reduced pitch stability at those conditions, possibly
resulting in larger angles of attack.) The resulting solution matrix is
shown in Table 2.

Computational Model

CFD-FASTRAN Flow Solver

CFDRC’s CFD-FASTRAN! program was used to compute the
Beagle 2 flowfield and determine the resulting aerodynamic forces.
CFD-FASTRAN is a compressible finite volume flow solver for
thermochemical nonequilibrium flow analysis. Structured grids

Table1 Beagle 2 nominal trajectory points

Mach number  Velocity, m/s  Temperature, K  Pressure, Pa

28 5386 156.8 1.4
25 5061 170.8 8.9
20 4248 184.5 29.1
15 3256 191.1 59.3
10 2200 195.6 104.0
7 1552 198.3 144.9
5 1117 200.6 185.7
3 677 204.3 257.7
1.5 345 209.2 398.3

Table2 Solution matrix for Beagle 2 aerodynamic database

o, deg

M 0 2 5 8 11 Gas chemistry
28 —_— . . . . Reacting
25 —_— . . . Reacting
20 . . . . . Reacting
15 —_— . . . —_— Reacting
10 —_— . . . —_— Reacting

7 . . . —_— —_— Reacting

7 . . . —_— —_— Nonreacting
5 —_— . . —_— —_— Nonreacting
3 . . . . Nonreacting
1.5 . . . . . Nonreacting

+ Velocity (m/s)
— Dynamic pressure (N/m?)
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14000 1 T 140

[\
o
2
o
3

10000 4
8000 4
6000

4000 1

U (m/s) Q (N/m2)
Altitude (km)

2000 4

Fig. 3 Trajectory profile based on a nominal entry flight-path angle of
—18 deg.

were used for their superior convergence and accuracy. All com-
putations were performed as full Navier-Stokes simulations, under
the assumption of laminar flow. Transition to turbulence may occur
in the wake recompressionregion for certain trajectory conditions,
but no current turbulence model is capable of predicting this effect
accurately.

Roe’s flux difference upwind scheme was used. The Van Leer
flux limiter was used to provide higher-order spatial accuracy. The
flow was specified as a mixture of thermally perfect gases, with the
specific heats and enthalpy of each species of the mixture determined
as a function of temperature from a molecular database.

Fixed supersonic inflow boundary conditions were specified at
the upstream grid boundaries. Extrapolation was applied at outflow
boundaries. Symmetry boundary conditions were imposed at the
plane of symmetry. Constant-temperature,noncatalytic wall bound-
ary conditions were imposed at the vehicle surface. Table 3 lists the
wall temperatures applied at the various trajectory points.

Chemical Reaction Set

The computational model of the Martian atmosphere employed
in all analyses assumes a mixture of 97% CO, and 3% N,, by mass
fraction. Other trace species found in the Mars atmosphere (such as
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Table 3 CFD model conditions

Forebody wall Base wall
M 0, kg/m3 temperature, K temperature, K
2645 4.647¢—5 1500 300
23.89  2.712¢—4 2000 300
19.36  8.208¢—4 2000 300
14.60 1.615¢-3 2000 300
9.76 2.767¢—-3 2000 300
6.85 3.803¢—3 1000 300
4.90 4.818¢—3 500 300
2.95 6.564¢—3 300 300
1.485 9.908¢—3 250 250

Ar, O, and CO) were not considered. This CO,-N, composition
has been used in previous Mars entry vehicle CFD analyses.

Park et al.* have compiled kinetic models suitable for Martian at-
mosphere entry. An eight species model is used (CO,, CO, N, O,,
NO, C, N, and O) for CO,-N, Mars atmosphere entry calculations.
Ionization effects are not of any importance at the Mars entry ve-
locity regime with a maximum value of 6 km/s. Ablation products
are not modeled. Aerodynamic predictions with this model have
shown excellent agreement with Mars Pathfinder flight data’ This
model was used for all chemically reacting calculations. Backward
reaction rates were determined from equilibrium.

Above Mach 7, chemical reactions take place, and the eight-
species, nine-reaction finite rate chemistry model was employed.
For Mach numbers below Mach 7, nonreacting analyses were per-
formed for a thermally perfect gas mixture with a fixed mixture ratio
of CO,-N,, accounting for the temperature dependence of species
specific heats. Both reacting and nonreacting analyses were per-
formed at the Mach 7 conditions to ensure consistency and smooth
transition from nonreacting to reacting analyses.

Table 3 shows the freestream Mach number and density calculated
from the CFD model based on the velocity, temperature, and pres-
sure input from Table 1. The resulting Mach numbers are slightly
lower than the nominal Mach numbers listed in Table 1, which are
based on the more detailed Mars-GRAM atmosphere model.

Aerodynamic Force and Moment Calculation

Combined aerodynamic forces resulting from pressure and vis-
cous forces acting on the vehicle walls were computed internally
by the CFD-FASTRAN code. Aerodynamic coefficients presented
throughout this report are nondimensionalized with the freestream
dynamic pressure, Q = 1/2pU?>. The vehicle diameter, D =0.9 m,
was chosen as the reference length, and the projected frontal area,
A =0.6362 m?, was used as the reference area. The reference loca-
tion for the moment coefficient was the nose of the vehicle.

Computational Grid

CFDRC’s CFD-GEOM® grid generation software was used to
generate all computational grids for this project. The computational
grid was designed with optimization for an aerodynamic force anal-
ysis in mind. A near wall grid spacing with a y+ value on the
order of 1.0-5.0 was deemed acceptable for adequately resolving
any separated flow and viscous layer effects important for force pre-
dictions. Heat transfer analysis was not the objective of this project
and would have required a denser near wall grid with a minimal res-
olution corresponding to y+ of less than 1.0. Because the vehicle
was specified as a body of revolution,only a 180-deghalf-body grid
model was constructed,under the assumption of flowfield symmetry
with respect to the center plane.

A typical grid features 49 grid points between the vehicle surface
and the freestream boundary, and 37 points in the circumferential
direction (5-deg increments). Grid distribution varies along the sur-
face to resolve important features, particularly in the shoulder area
and the near wake flowfield. Grid singularities in the vehicle stag-
nation region and the base region were avoided by locally using
H-type grids.

The shape and standoff distance of the outer boundaries and the
grid spacing near the surface were adjusted for each trajectory point,

Fig. 4 Example of computational grid in plane of symmetry and on
body.
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Fig. 5 Computational grids for Mach 3 grid-independent solution
study.

to ensure the capture of the bow shock, the capture of the subsonic
wake and the recompressionregion, and satisfactionof the near wall
y+ criterion. Figure 4 shows an example of the grid distributionin
the plane of symmetry and on the vehicle surface.

The total number of grid points for each case is approximately
305,000 (for a total of 275,000 grid cells) divided into nine zones.
Grid size was increased for the Mach 1.5 analyses in the body-
normal direction to accommodate the larger shock standoff distance
and the larger enclosed angle of the trailing shock surface. The grid
was extended in the axial direction because the subsonic wake ex-
tends significantly farther downstream compared to supersonic and
hypersonic wakes. At Mach 1.5, the computational grid consisted
of 507,000 grid points and 464,000 cells in five zones.

Grid-Independent Solution Study

An axisymmetric grid refinement study was undertaken to deter-
mine the requirements for a grid-independentsolution. The equally
distributedcircumferential grid experiences much smaller gradients
and is sufficiently resolved.Cases were run at Mach 3 withoutchem-
icalreactions,and at Mach 20 with finite rate chemistry effects. Two
axisymmetric grid models were analyzed, a baseline grid and grid
doubled in both directions (along the body surface and normal to
it). Figure 5 shows a comparison of the baseline and refined grid for
the Mach 3 case.

To ascertainthe grid dependencein the circumferentialdirection,
a three-dimensionalbaseline grid model was analyzed at « =0 deg
and compared to the baseline grid axisymmetric solution. The re-
sults of the grid refinement study are summarized in Table 4. Good
agreement was achieved for both reacting and nonreacting analyses
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Table 4 Grid dependence study 1.58
Grid density Ca 1.56
Mach 3, nonreacting 1.54
Axisymmetric, baseline grid 1.5094 (_).(
Axisymmetric, refined grid 1.5095 £ 152
Three-dimensional, baseline grid, « = 0 deg 1.5085 o
o
Mach 20, reacting % 1.50
Axisymmetric, baseline grid 1.4598 o
Axisymmetric, refined grid 1.4600 O 1484
Three-dimensional, baseline grid, « =0 deg 1.4596 g 148
"
= 144
<
1.42
1.40
1.38

Fig. 6 Modified Newtonian flow: surface model and pressure distri-
bution (= 8 deg).

with differences on the order of a fraction of a percent and well
below the overall computational uncertainty.

Newtonian Theory Aerodynamics
A small computer program was written specifically for the Beagle
2 geometry, to compute the aerodynamic coefficients predicted by
the modified Newtonian flow theory. The local surface pressure
coefficient is computed with the modified Newtonian sine-squared
law:
C, = Cppy SiN° 0 1)
The angle 6 is the angle between the freestream velocity vector
and the local surface tangent. C), 5 is the maximum pressure coef-
ficient, evaluated at a stagnation point behind a normal shock using
the Rayleigh pitot tube formula for frozen gas chemistry (constant
). In the limit M — 0o the maximum pressure coefficient becomes

Copmn = [(y + D*/4y1"7 P[4/ (y + D] 2)

The surface definition accounted for the Beagle 2 forebody and
shoulder. The backshell was not modeled, for which the pressure co-
efficient is zero in the so-called shadow region of the forebody. The
surface was discretized into small surface panels, and the modified
Newtonian value was determined locally to predict the force incre-
ments for each panel. The overall force and moment coefficients
were then obtained as the summation over all panels.

Figure 6 shows the surface discretizationused, along with an ex-
ample of the resulting pressurecoefficientdistributionfor o« = 8 deg.
These coefficients were includedin Fig. 6 plots of the CFD predic-
tions for aerodynamic coefficients.

Results

Computed Aerodynamic Coefficients

Computed axial force, normal force, and pitch moment coeffi-
cients are plotted as functions of the Mach number in Figs. 7-9,
respectively, whereas Figs. 10-12 present the data as functions of
angle of attack. Aerodynamic coefficients predicted by the mod-
ified Newtonian law are included in the plots of Figs. 7-12 as a
reference. A value of y = 1.15 was used in computing the value for
C, max- This y value is a typical average of hypersonic postshock
effective y levels predicted for reacting flow Martian entry.’

Moment Coefficient C

Normal Force Coefficient G
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Fig. 7 Axial force coefficients as a function of Mach number.
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Fig. 9 Moment coefficients as a function of Mach number.
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Fig. 10 Acxial force coefficients as a function of angle of attack.
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Fig. 11 Normal force coefficients as a function of angle of attack.
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Note from Figs. 7-12 that the Newtonian flow assumptionis quite
good for Mach numbers above 10. Flow at M =28 is transitional,
with a Knudsen number of approximately Kn = 0.005, on the edge
of continuum flow, which is typically defined at Kn=0.001. The
rise evidentin aerodynamic coefficients for this regime is consistent
with the transition to rarefied flow.

Axial force values predicted from Newtonian flow agree reason-
ably well with the CFD results (Fig. 7). Newtonian flow normal
force and moment coefficients agree very well with CFD results for
o < 5 deg and only slightly underpredict for > 5 deg. Transition
from the Newtonian level to the half-Newtonianlevel occurs for the
normal force and moment coefficients below Mach 10, whereas the
axial force coefficient rises sharply.

The transition from a Newtonian to half-Newtonian force magni-
tude is closely related to the shift of the sonic line in the shock layer
as a function of the gas chemistry. Figure 13 shows the location of
the bow shock and the sonic line in the plane of symmetry at various
Mach numbers for o« =5 deg. Figure 14 shows the corresponding
surface pressure distribution along the plane of symmetry.

At Mach 3, the pressure distribution is well rounded, which is
typical for a subsonic shock layer. The sonic line is located on the
edge of the conical forebody near the cone-shoulder junction for
the lower Mach numbers. A subsonicregion encloses the complete
forebody, resulting in a smooth rounded pressure distribution.

For the higher Mach numbers, the sonic line outside the boundary
layer moves forward toward the junction of the cone and spherical
nose. The pressure distribution over the conical forebody is nearly
flat in the region of the supersonic inviscid portion of the shock
layer (Fig. 14).

a) b) ©

Fig. 13 Position of bow shock and sonic line at o =5 deg, for M =a) 3,
b) 10, and c) 28.
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Pressure Distribution P/P

0.2

o L ]
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Chord Length S/R

0.0 05

1.2
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Fig. 14 Surface pressure distribution in plane of symmetry for
a =5 deg.
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Unsteady Nature of Flow at Mach 1.5

AtMach 1.5, the transonic flow cases presented the greatest diffi-
culty when attempts were made to obtain a converged flowfield and
to determine the aerodynamic characteristics. It was concluded that
a steady-state solution could not be achieved due to the unsteady
nature of the base flow. Evaluation of numerous two- and three-
dimensional computational models with varying levels of time ac-
curacy and grid resolution confirmed that the time-varying forces
are due to the interaction of the base flow shock and the shear layer
shedding over the vehicle frustrum. Forces computed on the front
shield of the vehicle are absolutely steady, whereas those on the
frustrum and the base are time variant due to a pulsating motion of
the shockin the base region and the shear layer over the vehicle frus-
trum. In three-dimensionalflow, the initially axisymmetric toroidal
vortices shed over the frustrumare inherently unstableand are easily
perturbed to dissipate and become three-dimensional, nonaxisym-
metric vortical structures.

Time-dependent, three-dimensional computations of axial force
initially enter a pulsating pattern consistent with two-dimensional
results, with the normal force and moment coefficients being zero.
After a number of time steps, the axially symmetric shear-layer
vortices are perturbed and turn to almost random, three-dimensional
vortical structures. Normal force and moment coefficients quickly
developnonzero,seemingly random oscillations,and the axial force
coefficient also deviates from the initially periodic pulsation to a
somewhat random fluctuation.

The flowfield is most sensitive at small angles of attack. In fact,
there is great difficulty in the determination of a distinct difference
in coefficients between 0- and 2-deg angles of attack. An effective
angle of attack induced by the unsteady base flow is at least on the
order of 2 deg. The mean oscillationlevels are easier to distinguish
for the larger angles. Time accurate simulations were performed for
the Mach 1.5 condition, and the mean and lower/upper bounds of
the fluctuating aerodynamic coefficients were extracted.

Wake Evolution

Shown in Fig. 15 are contours of absolute velocity for four Mach
numbers (3, 10, 20, and 28), all at « = 5 deg. The Fig. 15 plots show
the shape and extentof the wake as it changes over the Mach number
range, as well as the movement of the separation point on the back
cover.

U(m/s)
700
600
500
400-
300-
200-
100

0

U(m/s)
2000

U(m/s)

M=20

Fig. 15 Evolutionofthe wake (a =5 deg); contours of absolute velocity
(m/s).

Attached flow remains evident for a portion of the conical back
cover at the high Mach numbers. At these high Mach numbers,
the wake is narrow. As we move down in Mach number, the flow
separates farther upstream until it separates even upstream of the
maximum diameter point on the shoulder for the lower Mach num-
ber. The wake widens and results in supersonicreverse flow toward
the base.

Localized Geometry Features

During the derivation of the static aerodynamic database, a num-
ber of geometry changes occurred to the vehicle. Most notable are
the presence of the launch clamp ring in the base and the 5-mm rear-
facing step just downstream of the maximum diameter of the probe.
The rear-facing step was necessary to allow for exacting manufac-
turing tolerances and to help promote separation over the entire aft
cover. The launch clamp ring is required to allow for mounting to
the Mars Express mother ship.

One additional case that was analyzed evaluated the effect of
an asymmetric backward step at « =0 deg. The base portion of
the grid was moved vertically by a small amount (2 mm) to generate
a 7-mm-high step at the top and a 3-mm step at the bottom of the
configuration. This level of asymmetry is an extreme within the
prescribed vehicle manufacturing tolerances.

Table 5 summarizes the differences in the aerodynamic coeffi-
cients due to the presence of the rear-facing step and the launch
clamp ring for the M =7 conditionat o« =0, 2, and 5 deg. There is
a slight increase of the axial force coefficient due to the addition of
the step and the launch clamp ring. The effect on the normal force
and moment coefficientsis inconclusive.The asymmetry in the base
results in only minute normal force and moments on the order of
10 drag counts or fewer. This is within the accuracy limit of the
force computation.

A comparison of the velocity field and the temperature field
around the two configurations is shown in Figs. 16 and 17. The
strong reverse wake flow toward the base is altered by the launch
clamp ring. The base flow shock standoff distance is increased, and
the flow is not attached to the outer portion of the base. The temper-
ature field shows a reductionin the peak temperatures near the base
as the hot gases are diverted from the outer edge of the base.

Table5 Variation in aerodynamic coefficients
due to geometry variations at Mach 7

a, deg Cy Cy Cn
Original

0 1.4820 0 0

2 1.4770 0.0138 0.0108

5 1.4622 0.0380 0.0271
Modified, symmetric

0 1.4860 0 0

2 1.4832 0.0154 0.0110

5 1.4712 0.0375 0.0259
Modified, asymmetric

0 1.4820 —0.0007 0.0001
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Fig. 16 Contours of absolute velocity (m/s) at M =7: top, with back
step and launch clamp ring and bottom, without back step and launch
clamp ring.
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Fig. 17 Temperature contours (K) at Mach 7: top, with back step and
launch clamp ring and bottom, without back step and launch clamp
ring.

Blended Aerodynamic Database

The aerodynamic data presented in this paper were used in the
constructionof a blended database for the Beagle 2. Derivation and
details of the blended Beagle 2 database are presentedin Ref. 8 and
are not repeated here. Data sets employed in the blending process
comprise the Beagle 2 CFD data presented here, data obtained for
the A2 phase of the Huygens development and scaled to suit the
Beagle 2, wind-tunnel data for the Huygens probe, wind tunnel and
CFD data for the Stardust sample return capsule,” data obtained
for the Mars Pathfinder,” and data scaled from NASA experimental
results obtained for a 60-deg cone.!? The blended database covers a
total angle of attack range of 0-30 deg and a Mach range of 0.4-28.

Conclusions

CFD analyses were performed for more than 50 cases to generate
an aerodynamic database applicable over the Beagle 2 entry tra-
jectory regime. Newtonian approximationshold very well for Mach
numbersabove 10. Below Mach 10, transitionto the half-Newtonian
level occurs for the normal force and moment coefficients, whereas
the axial force components rise sharply. The base flow at the Mach

1.5 condition was found to be unsteady due to oscillations induced
by the interactionof the separationshear layer and the strong reverse
base flow. Evaluation of local effects such as the addition of a back
step at the shoulder/back shield junction and the inclusion of the
launch clamp ring show small effects on overall aerodynamics.
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