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Abstract

This paper presents a comparison between experimentalanerital investigations of hypersonic flows
over complex geometries. Two hypersonic cases have beesideoad: Ma 15.6 flow over a 2555°
bi-conic cylindrical object and Ma 20.2 flow over a planetprpbe geometry. Experimental results are
from the literature. Numerical results are from a new opamrse DSMC code calledsmcFoam. The two
cases simulated bgsmcFoam show good qualitative and quantitative agreement with stpeemental
data. This paper also presents very good agreement, betlgeeRoam and another DSMC code, of
aerodynamic forces incurred by the Apollo Command Module.

Copyright© 2011 by Ahmadt al. Published by the EUCASS association with permission.
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Nomenclature

Ca Apollo capsule: axial force cakcient, axial forcg0.50.Aref V2)

Co Apollo capsule: drag force cficient, drag forc€0.500A et V2)

CL Apollo capsule: lift force coficient, lift force/(0.500Aret V2)

Cm Apollo capsule: pitching-moment cigient, moment about/(0.50..A et V2 Dp)
Cn Apollo capsule: normal force céiicient, normal forc0.50.,A e V2)
d Molecular diameter

Dy Apollo capsule: maximum body diametef B 2R,

k Boltzmann constant

L Length scale

LD Lift to drag ratio

m Atomic mass

Ma Mach number

Number density

Nitrogen gas

Atomic Oxygen

Oxygen gas

Pressure

Heating rate

Gas constant

Apollo capsule: afterbody spherical nose radius
Apollo capsule: blunt forebody spherical nose radius
Apollo capsule: shoulder radius

Planetary probe: distance along surface from nose ragius ti
Temperature

Mole fraction

Bi-conic cylindrical object: distance from cone tip
Angle of incidence

Mean free path

Gas dynamic viscosity

Gas density

Diameter of circle

Temperature cd&cient of viscosity
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Subscripts

w Wall quantity

o Free-stream conditions
0 Stagnation conditions
p Arbitrary species

q Arbitrary species

ref Reference value

1. Introduction

This paper describes the application of a new direct sinauldflonte Carlo (DSMC) code, calledgsmcFoam, to the
capture of shock waves. The code has been written withinrtimdwork of the open-source computational fluid dy-
namics (CFD) toolbox OpenFOAM [1] that can be downloadedlfrérom www.openfoam.com. The main features of
dsmcFoamare its G-+ modularity, its unlimited parallel processing capabilityd its ability to easily handle arbitrary,
complex 3D geometries. Results of initial benchmark trjd]lshave shown excellent agreement with both analytical
solutions and other conventional DSMC codes.

In order to extend the range of applicationsdsimcFoam, three hypersonic test cases are considered in the
present paper:

1. Ma 15.6 flow over a 2% 55° bi-conic cylindrical object,
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2. Ma 20.2 flow over a planetary probe geometry,

3. 7.7 to 15 knys air flow over the Apollo Command Module.

These cases represent a significant challenge to numeodat@s they must capture flow physics including
weak and diuse shocks, boundary layer separation, flow recirculatapid expansion and re-compression, and shear
layers with steep gradients of velocity, temperature amsithe Furthermore, numerical codes for high speed, ratefie
gas flows should also have the ability to capture shock-bayrdyer and shock-shock interactions.

2. dsmcFoam char acteristics

High speed vehicles which function in rarefied gas surraugglmay come across non-equilibrium and non-continuum
flow conditions that can have a significant influence on aaradhic performance and vehicle surface heat flux. Numer-
ical techniques which do not successfully capture suchuehiamiss an essential part of the flow physics surrounding
the vehicle. Under such conditions, a particulate methad ¢egpotures the dilute flow environment.

The DSMC technique, originated by Bird [3] in the 1970s, wblqgarticles to move and collide using kinetic-
theory considerations that treat the non-equilibrium gatsalviour accurately. DSMC considers molecular collisions
using stochastic rather than deterministic proceduressact DSMC particle represents a large number of real gas
molecules. The decoupling of particle ballistic motion guadticle collisions improves the computation&i@ency
of DSMC greatly in comparison with other particulate methadch as molecular dynamics (MD). As a result, the
DSMC technique is the dominant numerical method for apptioa involving rarefied gas flow.

The DSMC codedsmcFoam is available in the latest version of OpenFOAM, which is fyegbtainable and
open source under the GNU general public licerdseacFoam originated from the core characteristics of a MD code
implemented by some of the present authors in the OpenFOAMdaa. The core characteristicsdgmcFoaminclude
particle initialisation in arbitrary geometries and paitracking in unstructured, arbitrary, polyhedral meshe

Molecular collisions indsmcFoam are simulated using the variable hard sphere (VHS) modelvjith the
Larsen-Borgnakke phenomenological model [3] governimgehergy exchange between kinetic and internal modes;
for the present paper, energy is exchanged between trianslednd rotational modes only, and non-reacting gas mod-
els are used. The mean free pattior a single-species (S3}s, and multi-species (MS)ys are determined through:

Ass = (2/150)(5 - 2w)(7 — 2w)(27RT) Y2, (1)

s s wpe® 0511
S

3. Simulation methodology

Experimental investigations, to obtain surface heatibtgsrand pressure measurements, were performed by Hetlden
al. [5][6] for Ma 15.6 flow of N, over a 25/ 55° bi-conic cylindrical object. The bi-conic configurationiisistrated
in figure 1 and the free-stream experimental conditionslaogvs in table 1. Numerical input parameters are given in
tables 2 and 3.

The planetary probe, considered as a test case model by AGARD70 spherically-blunted cone mounted on
a cylindrical sting as illustrated in figure 2. The forebodwyfiguration is identical to that of the Mars Pathfinder probe
Allegreet al. [7, 8, 9] conducted experiments to obtain density flowfietilag codficients and surface heat transfer in
the SR3 low-density wind tunnel of the Centre National dedalierche Scientifique, for Ma 20.2 flow of Mver the
planetary probe. The flow conditions, along with numeriaaigmeters used in thdsmcFoam simulation, are shown
in tables 1, 2 and 3. Three numerical simulations were ruthfemplanetary probe at zero-degree angle of attack, as
a different surface temperature was required for each investigats listed in table 3dsmcFoam simulations were
also carried out over the positive and negative 10-degrgkea attack planetary probe, using the same free-stream
conditions in tables 1 and 3. The length scales presentaabla i are the radius of the 25ection of the bi-conic
cylindrical object, and the radius of the forebody configioraof the planetary probe.

1Advisory Group for Aerospace Research and Development (RBYFluid Dynamics Panel and its Working Group 18.
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Simulations to study theffects of free-stream velocity on the aerodynamic forces wanged out for the Apollo
Command Module at an altitude of 105 km and -25 degrees inceleFive free-stream velocities, ranging from 7.7
to 15 km's (table 4), were used in this investigation and the highelstcity corresponds to the upper bounds for a
Mars return mission. The Apollo capsule consists of a trtettapherical section, followed by a toroidal section, and
then a conical section as shown in figure 3, while figure 4 shtbeserodynamic forces in the pitch plane. The flow
conditions at an altitude of 105 km, along with numericalgmaeters used in the investigation are shown in tables 2, 4
and 5. The free-stream hard sphere Knudsen number is 0.0&teuhe length scale is based on the maximum body
diameter B.

Both, bi-conic cylindrical object and planetary probe,as®ere modelled as three-dimensional quarter-section
models whereas the Apollo capsule case was modelled aseadhmensional half-section model. All cases were run
with symmetry boundary conditions, dsmcFoam does not currently have an axisymmetric capability. With tise
of the meshing utilitiedlockMesh andsnappyHexMesh, available within the OpenFOAM toolbox [1], the three cases
with complex geometries were meshed with ease. For good DBMEice the mesh size is smaller thgrand the
numerical time-step is smaller than the mean-free-timeefthe simulation has reached steady state, time-averaging
is started for a period roughly equal to 5 times the duratiostéady state. The bi-conic case takes longer to resolve
due to the complex nature of the flow physics, involving a &hstwock interaction, in this instance compared with
the planetary probe. Numerical calculations were perfarior Strathclyde University’s Engineering Faculty High
Performance Computer (1088 cores, 100TB disk storage, fE3-gps peak performance).

4. Results and discussion

This section describes the comparisons betvalseicFoamand results from literature described in the previous eacti
of the three hypersonic test cases.

4.1 Bi-conic test case

Experimental [5][6] measurements of surface heating r@tegpressure on the bi-conic cylindrical object are congpare
with the data obtained fromtsmcFoamin figures 5 and 6. ThdsmcFoam pressure data shows a reasonable concurrence
with the experimental data. The agreement is less evidethédheat flux in the 25section of the bi-conic cylindrical
object but improves in the 3%ection.

Within the shock-shock interaction, which occurs @0zl m, a higher surface heating rate has been observed
from dsmcFoam in comparison to the experiment. To adequately resolveulface heating rate in the shock-shock
interaction a refined mesh is required in this region. Fufii&MC studies will reduce the noise in the surface heating
rate and pressure values by using more simulated particles.

4.2 Planetary probetest case

Dimensionless density flowfields from the experimental oletons of Allegreet al. [7], and dsmcFoam results are
presented in figures 7, 8 and 9 for zero angle of attack, pesitnd negative 10 degree angle of attack respectively.
The contour plots show a very good agreement between experamddsmcFoam. The maximum density occurs in
the stagnation region directly in front of the object, wittmaximum relative density of approximately 16 for the zero
angle of attack planetary probe. The bow shock structureegns of the forebody has been particularly well captured.
The largest area of discrepancy appears in the wake regimedtiately downstream of the forebody, adjacent to the
sting. This zone has highly rarefied flow so, in order to adtgiyaesolve the flow-field in this area, a coarser mesh is
required. Further DSMC studies will assess the mesh setgsiti this area.

Comparisons of surface heat transfer between experimpanf8dsmcFoam are shown in figure 10. Very good
agreement is observed at théfdient thermocouple locations, illustrated in figure 10. 8aliscrepancies appear in
the highly-rarefied region (at thermocouple locations 5@&ndHowever, Allégreet al. [9] state that there is a degree of
experimental uncertainty in this region due to thidulty in accurately measuring such low heat fluxes. This make
it difficult to ascertain the level of numerical-experimental agrent in this area.

The experimental [8] drag céicient, for zero degree angle of attack, is 1.657. In comparidsmcFoam has
predicted 1.89. Although this is a reasonable agreemettitgiugrid, time-step and particle number sensitivity geas
are required to optimise the DSMC results. Furthermore réiselts presented in this paper are based on particle
collisions involving energy exchange between the traimsiat and rotational modes only. However, the maximum
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overall temperatures encountered in the planetary protdebaoonic cases were 1011 K and 2389 K, respectively.
Under such conditions the excitation of the vibrationalrggenode requires to be included in order to capture the
correct flow physics. This is currently being incorporatett dsmcFoam.

4.3 Apollo Command Module

dsmcFoamresults presented in figures 11 and 12, of the 5 free-streluities, show that the aerodynamic éid&ents
change with increasing velocity. They change in a similahfan to those being subject to increasing rarefaction,
presented by Mosat al. [10]. In other words, the cdBcients of lift force and lift-to-drag (ID) ratio decrease with
increasing free-stream velocity and the ffméents of drag, normal and axial force increase with indrepegelocity.
Also, presented in figures 11 and 12 are the Apollo capsuledgaamic cofficients of Mos<t al., for several free-
stream velocities, using the DS3V program of Bird [11]. Beén thedsmcFoamand Mosset al. results, the lift-to-drag
ratio and co#icients of lift and normal force are in very good agreement dfag and axial force cfiecients are also

in good agreement, with a maximuntigirence o~4% between the results.

5. Mesh decomposition investigation

Effective computational domain decomposers, for paralledgssing, play a vital tool for theffeciency of any solver

in particular for computationally demanding techniqueshsas DSMC. Previous decomposition methods used for
dsmcFoam were either theSmple or Scotch techniques, available in OpenFOAM [1]. They are based oittisgl the
computational domain into sections by direction or by awtiendecomposition respectively. Tiseotch technique
splits the domain so that each processor has the same nurbelisoto work with whilst minimising processor
boundaries and requires no geometeric input.

In order to increase the computationfil@ency ofdsmcFoam, we have developed and tested an extension to the
Scotch decomposer. This new decomposer splits the domain so tbatpacessor has the same number of particles
to work with, meaning that processors are concentratedgioms of high number of particles, for example, in shock
waves.

To assess the neficotch technique, which is open-source and available from the BP&M website (version
1.7.x), all three decomposers were tested on the zero ahgttaok planetary probe case mentioned in section 4. The
efficiency of all three decomposers, shown on figure 13, showshthaewScotch technique has greatly increased the
computational saving. Using the n&eotch method with 64 processors the computational time is redbg@8% and
35% in comparison with the standagdotch andSmple techniques, respectively.

6. Conclusions

We have presented benchmark trials of a new, open-source@&ide calledlsmcFoam. The code has been written
within the framework of the open-source numerical analyithox OpenFOAM. The principal featuresagmcFoam
are its G-+ modaularity, its unlimited parallel processing capabibityd its ability to easily handle arbitrary, complex
3D geometries.

Results for initial benchmark trials [2] showed good agreatwith analytical solutions and other conventional
DSMC codes. Three hypersonic cases considered in the pieeseer have also shown good agreement with exper-
imental data and the DS3V code, however further work is meguio consider permutations offidirent numerical
parameters (e.g. altering the cell size, time step and mlds@er particle). A nev&cotch technique was presented
which has the ability to reduce computational time by aro@8eB5% which will be of benefit to computationally
demanding DSMC calculations.

Future work ondsmcFoam includes the implementation of the vibrational energy madd the inclusion of
thermo chemistry models. Furthermore, a transient adatil-cell module will be implemented in ésmcFoam
to ensure sub-cells are concentrated in regions with higbllision activity, for example, in shock waves and other
regions with steep macroscopic gradients. This will reisutetter resolved DSMC solutions.
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8. Tables
Table 1: Free-stream flow conditions for the two test cases.
Condition Ma,, To Po Poo Species AVHs Length | Knudsen
K] [bar] | [g/mq] [m] scale [m]| number
Bi-conic case 15.6 | 2089.6| 20.9 | 0.1757 N> ~2.19%x10+* 0.043 0.005
Planetary probe case 20.2 | 1100 | 3.5 | 0.0173 N> ~1.7x103 0.025 0.067
Table 2: Set-up parameters for ttincFoam investigations.
Case Time step (s) No. No. One particle| Processors Time taken to
mesh cells| particles represents used reach steady state
Bi-conic ~5.89x108 ~3x10° ~91.8x10° | ~3.3x104 64 ~28 hours
case molecules
Planetary | ~1.3x107 ~7.7x10P | =79.9x10P | =~1.3x10% 64 ~2.8 hours
probe case molecules
Apollo 1.7-3.6<10° | ~4.3x10° | ~4.7x10° ~4.1x10% 32 ~5 hours
capsule molecules
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Table 3: Surface temperatures of thé&elient cases.
Investigation Tw [K]
Bi-conic case 297.2
Planetary probe case [7]: density flowfield 290
Planetary probe case [8]: drag ¢beent 350
Planetary probe case [9]: heat transfef 300

Table 4: Free-stream velocities incurred by the Apollo cépat an altitude of 105 km.

Ve, Mys | Tw, K | Crnodsmcroam | CmoMossetal. [10]
7680 871 0.1134 0.113
8290 922 0.1136 0.113
9600 1029 0.1137 0.113
10759 1121 0.1139 0.113
15000 1439 0.1140 0.113

Table 5: Atmospheric composition and free-stream corditicurred by the Apollo capsule at an altitude of 105 km.

Poo Neo Molecular weight| T, K Xo, XN, Xo
2.364x107 | 5.094%10'® 27.943 208 | 0.15808| 0.78319| 0.05873
9. Figures
$3.381

l——— Radius = 5.1545 +——

y A
25 3.625

4.000

Figure 1: 28/ 55° bi-conic cylindrical object configuration. Dimensions &rénches.
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<—Nose Radius = 12.5 012.5

Radius = 2.08

“~Radius = 1.25 X

Figure 2: Planetary probe configuration. Dimensions areilimnetres.

' 3.4306 y

Location| x y S Dp, = 3.9116
1 0.374311.8368]1.8872 Rp = 1.9558
2 0.5543 [1.9558(2.1158 Rp =4.6939
3 0.6608 |1.924212.2284 Rg =0.1956
4 3.3254 (0.1938 [5.4056 Rg =0.2311
5 3.3406 |10.0000]5.6355
cg 1.145510.1600 - Dimensions in m

Figure 3: Apollo Command Module configuration [10]. cg stafar the center of gravity. Note, we believe location
5 should have an x value of 3.4306 instead of 3.3406.
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Figure 4: Pitch plane aerodynamic forces on the Apollo Comaridodule [10].
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Figure 5: Bi-conic case: comparison of experimental datbdamcFoam calculations of surface pressure.



FP ACOUSTICS, SONIC BOOM, OVERPRESSURE WAVES

10

350
300
® Experimental
250 — dsmcFoam
200
9 , 150
kW/ m®
100 ¢
L 4
*
50 1
N
0 T T T
0 0.05 0.1 0.15
Z m

0.2

Figure 6: Bi-conic case: comparison of experimental dathdsmcFoam calculations of surface heat transfer.
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Figure 10: Planetary probe at zero angle of attack: compa$ experimental data ardsmcFoam calculations of
surface heat transfer.
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Figure 11: Apollo capsule: comparison dgmcFoam and DS3V calculations of aerodynamic @agents and lift to
drag ratio.
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