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Abstract

Effective and robust numerical approach to extehyersonic problems using the general purpose
CFD code FLUENT, version 6.3 is presented. Densayed coupled solver with second-order upwind
discretization and AUSM+ flux splitting method isasen. Flows with strong thermo-chemical effects
are modeled using the laminar finite-rate chemistigdel, otherwise the ideal gas approximation is
applied. Both laminar and turbulent regimes aresitgred depending on the Reynolds number. SST
k-w turbulence model is employed as a baseline modsdrall region is resolved all the way to the
laminar sublayer. Several benchmark cases are dmyesi, and favorable agreements with
experimental data are found.

1. Introduction

The accurate numerical prediction of external hypeic flows can be a valuable tool in the evaluatibdesigns of
atmospheric reentry systems, orbital transport sshipissiles and other flight vehicles operatinghgpersonic
speeds. The problem of hypersonic flows is comfgidaby the presence of shock discontinuities that c
significantly affect vehicle control systems. lieissential for the analysis to accurately captueeshock location and
to resolve the shock - boundary layer interacti®mulation of external hypersonic aerodynamics beeo even
more challenging at high hypersonic speeds whelrgeeathermodynamic non-equilibrium processes becoon-
negligible and chemical dissociation of the gas twabe taken into account. Hypersonic aerodynar&s been
studied computationally in recent years using spieeid numerical methotid This study presents an effective and
robust numerical approach to external hypersorblpms using the general purpose CFD code FLUEMFsion
6.3. Several benchmark cases including hypersdaie bver a sphere, hyperboloid flare, and a 3D hypeaic
aerospike-protected missile are considered. Nuwdergsults for pressure and thermal loads are coedpwaith
experimental data, and favorable agreements arelfou

2. Numerical method

Steady-state numerical simulations are carriedusirtg the general purpose CFD code FLUENT, ver6i@n The
density-based coupled double-precision s8l&remployed as a baseline solver. The governingtémns for the
conservation of mass, momentum and energy areetized using a control-volume-based technique. Shiséem of
governing equations for a single-component fluidast in integral Cartesian form for an arbitraoptrol volumeV

with differential surface are@A as follows:

%Vde+§[F—G]mA:jVHdv @

where the vectord/, F andG are defined as,
W = p[Lu,o,w, E]T, F=[pv,pvu+ pf,,ovv+ pi,,ovw+ pI2,va+ pv]", G= [O7y.T
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and the vectoH contains source terms such as body forces andyeseurces. Herp, v, E, andp are the density,
velocity, total energy per unit mass, and presséitbe fluid, respectivelyr is the viscous stress tensor, anig the
heat flux. Total energ is related to the total enthalpyasE = H —p/ p whereH = h + [/2 andh is sensible
enthalpy. The Navier-Stokes equations (1) beconmenigally very stiff at low Mach number due to ttisparity
between the fluid velocity and the acoustic speledoond. The numerical stiffness of the equationdeu these
conditions results in poor convergence rates. Ttificulty is overcome by employing time-derivative
preconditioning, which modifies the time-derivative term in (1) pse-multiplying it with a preconditioning matrix.
This has the effect of re-scaling the acoustic dge@envalue) of the system of equations beingesbin order to
alleviate the numerical stiffness encountered i Mach numbers and incompressible flow. Face vatagsired
for computing the convection terms are interpoldtecn the cell centers using the second-order ugwgithemé
Gradients needed for constructing values of a sedl#he cell faces and for computing secondarfusiibn terms
and velocity derivatives are calculated using three®-Gauss node-based gradient evaluationthis approach,
nodal values are constructed from the weightedameeiof the cell values surrounding the nodes, atlg the
approach originally proposed by Holmes étamid Rauch et §land then gradients are computed at cell centers b
applying a discretized form of the Green-Gaussrédmao This scheme reconstructs exact values ofeadifunction
at a node from surrounding cell-centered valuesadritrary unstructured meshes by solving a consdhi
minimization problem, preserving a second-ordettispaccuracy. The inviscid flux vectd appearing in (1) is
evaluated by Advection Upstream Splitting MetifogAUSM). FLUENT utilizes an all-speed AUSM+ schethe
based on the low Mach number preconditioning. Towpted set of governing equations (1) is discretizetime
using an implicit time-marching algorithm. In thenplicit scheme, an Euler implicit discretization fime is
combined with a Newton-type linearization of thexés to produce a linearized system in delta tarithe system
is solved using Incomplete Lower Upper factorizatidLU) in conjunction with an algebraic multigrigAMG)
method' ** adapted for coupled sets of equations. Time magchioceeds until a steady-state solution is rehche

3. Test cases

3.1 Axisymmetric Mach 29 flow over a sphere

Steady-state numerical simulation of Mach 29 floastpa sphere with the diameter 60.96 mm is coreiderhe
main focus here is predicting flow conditions ire thtagnation region, thus only the front half oa #phere is
modeled. Flow is assumed to be axisymmetric anéhiamFreestream static pressure and temperateré2a?1 Pa
and 196.7 K, respectively. Air is modeled as atiagaissociated mixture of six species (N2, O2NDNO, NO)

in thermal and chemical non-equilibrium. Each speodf the mixture is assumed to be an ideal gals thit
molecular viscositys modeled as a function of temperature by threeficogrit Sutherland's viscosity law, thermal
conductivityk defined using the kinetic theory formulattdand specific heat, is approximated using a piecewise-
linear function Specific heat of the mixture is computed as a rfrassion average of heat capacities of its species
and mixture thermal conductivity and molecular uisity are computed based on kinetic thébrjhe laminar finite-
rate modél is applied to compute chemical source terms inetergy equation using Arrhenius expressions. The
model is exact for laminar flames, but it ignores &ffects of turbulent fluctuations. It is accégafor combustion
with relatively slow chemistry and small turbulefiictuations, such as supersonic flames. Reactistes is
defined by six dissociation equations,

O2+tM = 20+M No+M = 2N+M NO+M = N+O+M 3
NO+O = O2+N N2+O = NO+N N+O « NO*+e

where M is the third body. Pressure far-field ctiodiis used to simulate free-stream flow at thefifad boundary,
with free-stream Mach number and static conditioeiang specified. This non-reflecting boundary ctindiis based
on the introduction of Riemann invariants (i.e.awlcteristic variables) for a one-dimensional floarmal to the
boundary. Iso-thermal 1500 K boundary conditiompplied at the sphere wall. Structured 2D mesh4@06quad
cells is generated using the GAMBIT pre-proceSsafhe mesh is refined near the wall to resolve l#minar

boundary layer. The solution is initialized witteéstream values, chemical reactions turned on ¢géming of
simulation, and the solution is converged to tleady-state without first converging the no-chenyistise. Fig. 1
shows contours of Mach number, static pressurdeangerature around the sphere. The shock ahead sphere is
accurately captured. Distributions of normalizeatisttemperature, density, and mass fraction of @ and b

along the stagnation streamline are plotted in RigAlso shown in Fig. 2 are solutions computed dblyer

researchef§™". Values predicted by FLUENT 6.3 are in favoralgesement with previously published results.
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Figure 1: Contours of (a) Mach number, (b) stat&spure, and (c) static temperature in Mach 29 tieer a sphere
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Figure 2: Distributions of (a) normalized statiofgerature, (b) normalized density, and (c) masgitna of G O
and N\ along the stagnation streamline. Also shown anetiswis of other researchéfs’.

3.2 Axisymmetric Mach 9.85 flow over a hyperboloid flare

Axisymmetric hyperboloid flare in Mach 9.85 flow s&udied in this test. The flare geometry is defifiom the
windward center line of Hermes 1.0 space pfartéat 30 deg angle of attack with 20 deg deflectedybitap.
Block-structured 2D mesh of 34,100 quad cells waated in the GAMBIT pre-processdrModeled geometry and
computational domain with the mesh is shown in BigThe mesh is refined at the wall for adequaseltgion of
the laminar boundary layer. Freestream static pressnd temperature are 300 Pa and 514 K, respictidow is
considered to be laminar. Air is modeled as a megaissociated mixture of five species (N2, O2,N),NO) in
thermal and chemical non-equilibrium. Each speofahe mixture is assumed to be an ideal gas \wighmiolecular
viscosityu and thermal conductivitly defined using the kinetic theory formulattdrand specific hed, is modeled
using a polynomial fit Specific heat, thermal conductivity and moleculacosity of the mixture are computed as
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discussed in Sec. 3.1. The laminar finite-rate rfoso discussed in Sec. 3.1) is applied. Reactimtem is
defined by first five dissociation equations in.(8)nization processes are assumed to be negligitdier current
operating conditions. Flare and flap wall are takete iso-thermal with prescribed temperature @ &. Free-
stream flow at the far-filed boundary is enforcertie pressure far-field condition. The outflow bdary is treated
as a pressure outlet which uses specified statgspre and extrapolates all other flow variablesifthe interior of
the domain if the flow is locally subsonic. In stgmnic regions, all flow variables including stapicessure are
extrapolated from the interior. Fig. 4 shows consoof Mach number, static pressure and temperamend the
flare. Numerical distributions of pressure coeéiwiC,, and Stanton numbe3t are compared with experimental
values® in Fig. 5. Numerical simulation accurately presithe separation region (Fig. 6) and separatiortksho
associated with the flow around the compressionaroip inStat around 0.09 m (Fig. 5b) reflects reduction in
heat transfer from the fluid into the wall in theparation region. There is favorable agreement det@, and St
values predicted by FLUENT 6.3 and those of thedatt®.
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Figure 4: Contours of (a) Mach number, (b) stat&spure, and (c) static temperature in Mach 9@B fiver a
hyperboloid flare
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Figure 5: (a) pressure coefficient, and (b) Stamiomber distribution along the flare and flap wall
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Figure 5: Velocity vector field at the compressgamner between the flare and flap showing recatboh zone
3.3 Three-dimensional Mach 6 hyper sonic missileswith aerospike

Missile model considered in this study correspomdhie aerospiked missile geometries used in thererpntal
test$’ (Fig. 6). The model consists of a 101.6 mm londnclylcal body with 101.6 mm diameter, and a 76.2 mm
diameter hemispherical dome offset form the bodihwsi 6.35 mm cylindrical extension of the same di&mm A
304.8 mm long aerospike tipped with 29.36 mm di@meterodisc is mounted on the missile dome. Fesastr
conditions match those applied in Ref. 20: statéspure and temperature are 1951 Pa and 58.25p&atévely, and

Mach number is 6.06. The freestream Reynolds nurabdhnese conditions i25x%10" per meter. The angle of
attack (AOA) in the numerical study is 0 and 10.deg

101.6
| 304.8 |

—>‘ 6.35
JJ 9.325 ‘ /’7

Z@D 101.6
f T 76.2 DM&

Figure 6: Aerospike-missile geometry. All dimens@are in millimeters.

Air is modeled as a single-species ideal gas. FerMach number and operating conditions under dersiion,
real-gas thermodynamic non-equilibrium processesat expected to have a strong effect on aerodgniagating,
and aerothermochemical model is not taken intowtcion the simulation. Kinetic theory formulatiéris applied to
define air viscosityy, thermal conductivitk and specific heat,. The SSTk — wturbulence modét is employed to
simulate turbulence effects. Pressure far-fieldnolauy is used to prescribe free-stream Mach nurabdr static
conditions at infinity. The outflow boundary is ated as a pressure outlet. A 3D unstructured hexahe
computational mesh is generated using the GAMB®E-pocessdr. It contains a structured boundary layer type
mesh around the aerospike and missile body fineigindo resolve the viscosity-affected near-wallioegll the
way to the laminar sublayer to ensyfén the wall-adjacent cell is on the order of onkeTlow is assumed to be
symmetric about — ycoordinate plane, and only one-half of the mosi@éluded in the computational domain. The
mesh is built for one-quarter of the model, andhtbepied to construct the mesh for half the motleé wake region

is not considered in the numerical model sincesthely concentrates on predicting forces and thelwaals exerted
on the missile dome. Fig. 7 shows close-up andviellvs of the computational mesh around one-quafie¢he
model.

Figure 7: Computational mesh of the aerospike-teig@ometry

The numerical solution is initialized from the freeeam flowfield, and then the full multigrid (FM@itialization’

is utilized to obtain the initial solution. FMG ftlization is based on the full-approximation sige (FAS) multigrid
technolog§ 2 FMG procedure constructs several grid levelsamtzine groups of cells on the finer grid to form
coarse grid cells. FAS multigrid cycle is applien @ach level until a given order of residual reducts obtained,
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then the solution is interpolated to the next figed level, and the FAS cycle is repeated agamfthe current level
all the way down to the coarsest level. This precisscontinued until the finest grid level is reedh FMG
initialization is relatively inexpensive since masdtcomputational work is done on coarse levelsiclvallows to
obtain a good initial solution that already recaveome flow physics. The solution is then iteratetll the steady-
state is reached. Fig. 8 shows contours of Machbeurbased on the local speed of sound at AOA =gOwdth the
aerospike (Fig. 8a) and without it (Fig. 8b). Thexe well-resolved detached shock in front of iissile dome in
the spike-off configuration. A separation regiomsed by the collar of the missile body is obseliveHig. 8b. The
aerospike moves the bow shock away from the midsitee, which is fully enclosed in the spike-indusethsonic
separation region (Fig. 8a). These observationsarsistent with those reported experimentaligontours of static
temperature for spike-on and spike-off configumasiare displayed in Fig. 8c-d. It shows lower terapees around
the missile dome protected by the spike which tesallower heat load on the dome. Fig. 9a comparessure on
the missile dome normalized by the freestreamcsgatéssure for the two configurations with and withthe
aerospike, plotted versus the arc length measloed éhe dome surface starting from its foremoshgpdhe flow is
effectively axisymmetric at AOA = 0 deg, and onlgiagle line distribution is shown. Aerospike reésithe surface
pressure by about a factor of 3 at the base ofdthme, and by as much as a factor of 15 at the spike
Experimental values are also shown in Fig. 9a. §ler favorable agreement between numerical seanli test
datg®. Ref. 20 does not provide heat transfer data,iestéad presents surface temperature-rise datahvphoves
to be problematic to convert to appropriate thertnalindary conditions for the numerical simulatidrhus,
adiabatic boundary conditions for aerospike andsiteisurfaces are chosen in the simulation, anyg paimerical
values of surface temperatures are reported. Figcd®npares missile dome surface temperature naecaly
freestream static temperature for spike-on vs.espik configurations, plotted along the same lisetlze pressure
distribution. Aerospike decreases the dome sutiEmgerature by about 10%. Fig. 10 shows contoulscal Mach
number and static temperature around the missile avid without the spike at AOA = 10 deg. The bitredfthe
areospike is limited only to the leeward side @& thissile dome, which is enveloped in the spikeassmn region
behind the separation shock. Fig. 11 and 12 quaihiif aerospike effect by plotting normalized scefaressure and
temperature along the leeward and windward sidethefdome. The windward side of the dome is no dong
protected by the spike. The separation shock bétewspike impinges on the dome as shown in Figwtich
forces an abrupt increase of surface pressuresdtrthingement point. The location of the impingetngoint can
clearly be seen in Fig. 11b at arousd= 0.47 inches, where the pressure distributiorss daagharp peak. The
experimental study reported that pressure at the impingement poineeded the maximum allowable limit of
pressure sensors used in the tests, and did neidprdata at this location. Numerical values offate pressure
reported in Fig. 11 are in favorable agreement teigh dat#.

)(d

Figure 8: Contours of (a-b) local Mach number, &nd) static temperature around the missile at AO@ deg. (a,
¢) configuration with aerospike/aerodisc, and {lanéssile without the spike protection.
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Figure 10: Contours of (a-b) local Mach number, &d) static temperature around the missile at AO20 deg.
(a, ¢) configuration with aerospike/aerodisc, andd) missile without the spike protection.
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Figure 11: Pressure distribution at AOA = 10 demngl(a) leeward, and (b) windward side of the rn@ssome with
and without aerospike protection

8.4 = 8.4
=
T~ L~ IS VAR < Vsl %4
— -
.80 < =80 =
F7.8 = F7s
7.6 7.6
7.4 p N 1 7.4 - ——
) Spike off - computation| S Spike off - computation|
7. " P —
— — Spike on - computation 7.2 — — Spike on - computation

7.0 . 7.0 .
0.0 0.5 10 15 2,0 2.5 0.0 05 10 . 15 2.0 2.5
s,in s,in

(a) (b)
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4. Conclusion

The problem of external hypersonic flows is studiethputationally using the density-based coupléges¢DBCS)

implemented in the general purpose CFD code FLUBNTSion 6.3. Results of numerical tests show DMaCS

proves to be a robust and efficient method thatackeguately resolve the physics and capture ahéastfeatures of
the flowfield including shock — shock and shockeuibdary layer interactions. Thermochemical dissmsieeffects

are accounted for by the laminar finite-rate foraiain for reaction modeling. Observations of nuersimulations
are in line with those reported in prior experinamtorks.
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