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Abstract
Aeroheating predictions play an important rolehie heatshield design of Mars entry capsule. Thiepau-

merically investigates the effects of sphere-comgleaon the aerothermodynamic performances of hieddscon-

figurations. Three-dimensional Navier-Stokes equegtiwith chemical non-equilibrium models are emptbyo sim-
ulate the flowfield around the capsule. The lamiawad turbulent heating rates of different heatshaginfigurations
are compared and analyzed in detail. A novel catigi for turbulent heating augmentation in terrhiaminar mo-

mentum thickness Reynolds number is developeddwige a guidance for engineering design and apicaThe

proposed correlation can be more accurate andcaidi due to its consideration of the sphere-cowgeaeffects.
Finally, the laminar and turbulent maximum heak fand total heat load along the flight trajectorg mvestigated
for all the configurations. The numerical studyeigpected to illustrate the aeroheating characiesistf different

heatshield configurations and provide an insigtd the rational configuration design for future Mantry capsules.
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Nomenclature

Cs, =  parameter of chemical reaction
D, = diffusion coefficient of species
D s = laminar diffusion coefficient of speciss
E = total energy
Es, =  parameter of chemical reaction
H = total enthalpy
hg =  enthalpy per unit mass of speces
k = turbulent kinetic energy
Ks = forward rate coefficient of chemical reaction
Ko r =  backward rate coefficient of chemical reaction
Ma =  Mach number
M = molecular weight of species
Ng =  parameter of chemical reaction
ng = total number of species
=  pressure
R =  production terms of the turbulent kinetic egyer
P, =  production terms of the specific dissipatiaterof turbulence
Pr = laminar Prandtl number
Prt = turbulent Prandtl number

O, = surface heat flux
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universal gas constant

Re =  Reynolds number

Re, = cell Reynolds number

Re, = laminar momentum thickness Reynolds number
< = laminar Schmidt number

et =  turbulent Schmidt number

T = temperature

Ty =  control temperature

u = {" velocity component
= mass fraction of species

= angle of attack
sphere-cone angle
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Kronecker delta function

=  surface emissivity

= thermal conductivity of the mixture
= total thermal conductivity

total viscosity

L =  laminar viscosity
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Ly = turbulent viscosity
o =  species density
Yol = density
6 = momentum thickness
T =  viscous stress tensor
@ =  turbulent heating augmentation factor
w =  specific dissipation rate of turbulence
w, = mass rate of production of speces
Q = magnitude of vorticity
Subscript
e =  boundary-layexdge
= chemical reaction
s =  species
0 = freestream

1. Introduction

Driven by researches for extraterrestrial life &dndhan exploration missions, Mars has been the frexgtently
visited planet in the solar system [1-3]. During thypersonic entry period, the heatshield encosrgesevere aero-
thermodynamic environment characterized by strdragls waves and high temperature, which challengestter-
mal protection system (TPS) greatly. Thus, it beesmxtremely important to predict the aeroheatowmately and
design the suitable heatshield configuration in $vartry missions.

In previous flights to Mars, the typical configuoat of Mars capsules is usually a®7€phere-cone forebody
with a conic or biconic aftbody, such as the VikjAdd Pathfinder [5], Mars Exploration Rover [6]d&Rhoenix [7].
The latest capsule, Mars Science Laboratory (M8hjch entered the Mars atmosphere successfullyi? 2also
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inherited this configuration [8]. However, gives inuch larger size and weight, MSL experienced nmore ag-
gressive atmospheric entry than any of the previnigsions [9]. Moreover, because of its large di@mand flying
at high angles of attack, forebody boundary-layangition would occur prior to the peak heat flime along the
flight trajectory [10]. The heating loads actingtte MSL are further exacerbated by the complexutant flows.

During the past few years, various significant aesbes have been performed on MSL's aeroheatirdjgti@ns
[8-16]. Edquist and Wright et al. [9] simulated timgpersonic flowfield around the MSL capsule at pleak heating
time using LAURA and DPLR. The numerical resultewhad that both codes predicted similar turbuleratt filex on
the heatshield. In addition, the turbulent heatiates calculated with two different turbulence med@cluding
Baldwin-Lomax model and SST model, were observdaetin reasonable accordance in their studies. \Waag [3]
investigated the laminar and turbulent aerohegtieijormances of the MSL capsule with two distinas gnodels,
namely chemical non-equilibrium model and perfeas gnodel with specified effective specific heaioraf heir
studies revealed that laminar aeroheating calalilayethe two gas models was nearly the same, whéheaurbulent
heating rates predicted by chemical non-equilibrinodel were much higher than perfect gas modelost areas of
the heatshield.

On the other hand, the effects of geometric pararsein aeroheating performances of the MSL heddshase
also attracted considerable attentions in receatsyéNeville et al. [17] performed a shape optitiizaon the heat-
shield to improve the performance of MSL. Maximizithe drag coefficient and minimizing the peak Haat were
the two objectives in their studies. Brown [18] rarioally compared the aerodynamic and aerothernadigper-
formances of 70sphere-cone and ellipsoidal heatshield. He fouaticbmpared with 70sphere-cone, the peak heat
flux of ellipsoidal heatshield was reduced by um@8. Ju et al. [19] conducted a sensitivity arialgs: geometric
parameters of the MSL capsule. Three parametetisidimg the sphere-cone angle, the nose radiushtendhoulder
radius were considered. Numerical results indicéited for both laminar and turbulent predictior® sphere-cone
angle was the top contributor to the uncertaintgnakimum heat flux, and thus they suggested thersptone angle
should be firstly deliberated in thermal protectgystem design. In addition, Hollis et al. [10, t@}ried out transi-
tion and aerothermodynamics analysis on the sddiBd models with different sphere-cone angles indrgpnic
wind tunnels. Results showed that the changestharspcone angle induced remarkable differenceh@iransition
onset location and heat flux distributions on thdace.

The above literature survey demonstrates that piners-cone angle of heatshield has significantcesffen
aeroheating performances of the MSL capsule. Homvewechanistic and meticulous work on the effects o
sphere-cone angle remains relatively insufficiemtg several important problems still need furtheestigations.
Firstly, although laminar and turbulent heatingdicéons of the MSL capsule have been carried atgrsively, the
relationship between the sphere-cone angle anddarahermodynamics needs to be further revealgditd out the
direction for future design of the Mars entry cdpsespecially in the reduction of heating ratetingcon the heat-
shield. Secondly, previous turbulent heating audat&m (turbulent heat flux above laminar) and sition onset
correlations, which can be employed as enginedewgl design and analysis tools, were fitted by drgpnic
wind-tunnel data of scaled 78phere-cone models [14, 20]. Unfortunately, naugtbbased experiments can fully
reproduce the high-speed and high-temperature daftow occurring at real flight conditions [21].eBides, the
effects of sphere-cone angle were not includedhése correlations. Thus, a novel correlation withsideration of
sphere-cone angle effects should be explored tagea@ better guidance. Thirdly, since the maximheat flux and
total heat load play an important role in the desifjthermal protection system, detailed analysighese two pa-
rameters for different heatshield configurationsuti be carried out carefully.

In this study, hypersonic flows over the MSL hegkls with sphere-cone angles of’6@0 and8(C° are nu-
merically investigated by solving three-dimensioNalvier-Stocks equations with chemical non-equillibr models.
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Firstly, the flowfield and surface heat flux forffdrent heatshields are analyzed and comparedtail d€hen, a novel
correlation for turbulent heating augmentationamts of laminar momentum thickness Reynolds nuriédevel-
oped and verified. Finally, the maximum heat flinddotal head load along the flight trajectory different config-
urations are investigated. Our numerical studyxiseeted to illustrate the aeroheating charactesistif different

heatshield configurations, and meantime providéaight into the rational configuration design fature Mars en-
try capsules.

2. Numerical methods

Numerical simulations in the present study areqreréd by an in-house code developed by the aufBp&?].
The reliability and accuracy of the code have beenfied by a series of numerical experiments [2].2
Three-dimensional Navier-Stokes equations with ébalmon-equilibrium processes are resolved bytdiniolume
method on multi-block structured grids. The mampaithms of the code are presented as follows.

2.1 Governing eguations

Consider three-dimensional Navier-Stokes equatiotischemical non-equilibrium processes [23, 24]
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wherep,is the density of specisfor s=1,...ns, pis the total density of all speci&s=p,/p is the mass fraction of
species, D;is diffusion coefficient of species «w;is the mass production rate of spesidse to the chemical reac-
tions,y; is the | velocity component, ands is the total number of all speci&sis the total energy per unit mass of
mixture,H is the total enthalpy per unit mass of mixtdrés the translational-rotational temperatugs the enthal-
py per unit mass of speciesandy is the thermal conductivity of the mixture.

The terms of pressugeand viscous stress tenggrare calculated by [23, 24]
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whereRis the universal gas constaMtis the molecular weight of specigsuis the total viscosity of the mixing
species, ang is the Kronecker delta function.

Because of the short relaxation time of dominaeices in the Martian atmosph&e, , the level of thermal
non-equilibrium in the flowfield is minor [1, 3]. hus, one temperature model is employed and theatidior
al-electronic energy conservation is not includethe current study.

The heat fluxg, has three contributing components, including treertfal conduction, the diffusion and the ra-
diation. The radiation heat flux is minimal and danneglected in the current trajectory [9], anereifore, the heat
flux g, is given by [23, 24]

T, B aY,
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Oy =/1—+ P Dhy
s=1

P (6)



in which, the subscriptdenotes the normal derivative at the solid surface.

2.2 Turbulence mode

Menter’s shear stress transport (SST) turbulenagelis implemented in the current study [25]. TI®TSnodel
merges the original model in the inner region ofitary layer and the standard model in the outgioneand free
shear flows [25, 26], and has been shown by Br@wi {o provide accurate simulations of a varietysopersonic
and hypersonic flowfields. In particular, the SS®@dal has been widely employed in the aeroheatiedigtions for
the Mars entry capsules, and shows good agreenignthe experimental tests and the predictionstbéoturbu-
lence models [9, 28]. The non-dimensional turbulénetic energk and the specific dissipation rate of turbulence
ware given by [26]
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The production source terms are given by [26]
R = 14 Q% P, = poQ? 8
whereQ is the magnitude of vorticity. The eddy viscosiygiven by [26]

pr = ming X B2 R ©)
2

There are two sets of constants in the SST moddlftee constants used in equations above are llena¢26]

Y=Fy,+1-F, (10)
and
F, =tanh(*)
I =min[max(, ')l ,]
500/ ( Ma )’ k Jk (Ma
r1: > [7) JT,= 5 4p ,r3: (7g (11)
d’w\ Re d’o, (CD,.,) 0.09d | R
CD,_,=m piﬁa—w x 107
0,,W0x; 0X;
whered is the distance to the nearest wall. Fheerm is given by [26]
F, = tanh(1?
, =tanh(1) (12)
N=max(T,T,)
The constants for set 1 and set 2 are defined@s [2
oy :l/0.85gw1 =1/0.56 = 0.07%,= 0.5531 (13)

o, =100, =1/0.8564,= 0.082§,= 0.440

The total viscosity, thermal conductivity and dgffon coefficient are given by [3]



H=H

- Hr
K=kK_+Cp— 14
t pPrt (14)
_ M &
D,=(1+——)D
S ( U S:t) L,s

whereyuis total viscosityy, is laminar viscosity, andy; is turbulent viscosity is total thermal conductivity;, is
laminar thermal conductivit, is total diffusion coefficient of species andD_is laminar diffusion coefficient of
species. Cpis specific heat at constant pressieis laminar Prandtl numbePrt is turbulent Prandtl numbesg is
laminar Schmidt number, ar&dt is turbulent Schmidt number.

The laminar viscosity, thermal conductivity andfasfon coefficient are calculated by collision igtals [3, 23].
The turbulent viscosity is calculated by SST tueimgle model, and a nominal value of 0.7 for turbuchmidt
number is employed [1, 3].

2.3 Discretization and boundary conditions

Finite volume method based on multi-block struadumeeshes is used to solve the governing equatisnassed
above. The inviscid fluxes are computed using Rowind scheme with second order MUSCL reconstrucéiod
minmod limiter [26]. The viscous fluxes are caldathby second order central difference scheme [R&§. implicit
Lower-Upper Symmetric Gauss-Seidel (LU-SGS) schisneenployed for time integration.

The recombination processes of atoms release tjgardf heat at the surface, and the catalytic gmigs of the
walls can have significant effects on the aerohgagiredictions for hypersonic entry capsules [Far these com-
plex gas—solid problems, Kovalev and Yakunchikostamatically investigated the gas molecule adsmmpdind its
scattering from the surface through molecular dyinarsimulation [30, 31]. These detailed analysethér reveal
the mechanism of catalytic properties and provideference for more precise aeroheating predictidosvever, due
to the lack of reliable data, the adsorption chiréstics of CQ and N molecules into PICA (TPS material for the
MSL heatshield [14]) in extreme conditions are ol#arly known [32]. Thus, supercatalytic boundaondition,
which produces the highest possible surface heatiediction and is conservative for the TPS defd@), has been
commonly utilized for Mars atmospheric entry sintidilas for the sake of safety [9, 14, 28]. Givensthanalyses,
supercatalytic boundary condition is employed & ¢birrent study to describe the wall catalytic abseristics.

For the solid surface, non-slip wall boundary ctindiwith zero gradient of pressure is implementgue ther-
mal state of the surface is radiative equilibriwrsatisfy the relation,, = €oT,

4 with a fixed surface emissivitys()
of 0.89 [8, 9, 14]. This model gives the approxienggmperature value at each point on the surfadéhas been ex-
tensively utilized for real flight simulations [8, 14]. The chemical composition on the solid stefés supercatalytic
to chemical reactions. It is implemented to recamalihe species mass fraction to the freestrearhie vthat is, 97%
for CO,, 3% for N, and zero for other species at the surface irctineent simulations. This leads to the maximum
surface chemistry contribution to heating and ttssul conservative heating predictions [3, 28, 3]s noted that
radiative-equilibrium condition ignores the heahduoction through the TPS material, and supercatalyall forces
all atoms to recombine to the freestream’s valugthBvall conditions are idealized and further reskes are still
needed to obtain more accurate aeroheating prexticto reduce the TPS requirements in the future.

The symmetry boundary conditions are employedHerdymmetry plane. The velocity normal to the syitmmne
plane is zero, and the normal gradients of allssagiantities (including species mass fractions)secthe symmetry
plane are also zero [33, 34].

In addition, the Mach number, static pressurejcstamperature and species mass fractions arefiggeerual
to those of the freestream’s value for the inletirimtaries, whereas those for the outlet boundaresobtained

through interpolation from the interior of the ddma



2.4 Chemical kinetic model

The source terms generally contain two parts, fiexies source termagand the vibrational energy source
termg, . As mentioned above, the level of thermal non-elilim in the flowfield is minor due to short relabsm
time of dominant species in the Martian atmospb&g1, 3]. Thus, one temperature model is employed and the
vibrational-electronic energy conservation is mmluded in the current study. The calculationshef $pecies source
termse, are described as follows.

A chemical kinetic model of Martian atmosphere Juding eight species (COCO, N, O,, NO, C, N, O) and
fourteen chemical reactions [35], is implementedhia current study. The mass rate of productiospafties per
unit volume is calculated by [23, 24]

@ =M 308, ~a )ik, [] 629", [] (2" (15)
r=1 Ss=! s s= s
wherenr is the number of chemical reactions, andg, are the stoichiometric coefficients for reactamd aroducts
in ther reaction respectively, ard .k, represent the forward rate coefficient and backwaté coefficient for
ther reaction respectively.

The forward rate coefficients are calculated byh&nius expressions, while the backward rate caoeffis are
obtained via equilibrium constants [23, 24]. Theéaded forward and backward rate coefficients @& themical re-
actions are calculated by [23, 24]

n, E r
Ker =Cs  Ty' " exp- 'Ij ) (16)
d
ks
P = (17)
kb‘ Keq (Td)

whereC; ,,n; ,E; , are the reaction parameters respectiviglis the control temperature of chemical reaction and
equals to translational-rotational temperature urtle assumption of one temperature model, represents the
equilibrium constant and is evaluated by curv§3t].

3. Computational details

3.1. Physical model

In this paper, heatshield configuration based enMISL capsule is considered. Fig. 1 illustratesgbemetries
of the heatshield configurations. The diameterha heatshield is 4.5m, and the radius of nose aodlder is
1.125m and 0.125m respectively [9]. Three sphereangles, i.e., 60°, 70° and 80°, are selectadvisstigate
their effects on the flowfield and the resultingatbermal characteristics.
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(a) 60° (b) 70° (MSL) ) @0°
Fig. 1 Heatshield configurations with different epércone angles.

3.2. Freestream conditions

A series of flight conditions on v3heat load trajectory is run in this study [9]. 8iktd freestream parameters
are listed in Table 1. Her®ey represents the freestream Reynolds number bastg: dreatshield’s diameter. Previ-
ous study [9] has found that peak heat flux is ioleth at t=71.5s along this trajectory. Thus, matardion will be
focused on this time point due to its much sevaezothermodynamic environment.

Table 1 Freestream parameters aleBgheat load trajectory [9].
t(s) h(km)  \.(km/s)  p.(kg/nT) T.(K) Mach RepX10° o(deg)

64.4 39.7 5.69 3.51x10* 158 28.7 1.14 17.3
69.6 34.0 5.40 6.63x10" 172 26.8 1.87 17.2
71.5 32.2 5.26 8.22x10* 177 26.1 2.19 17.1
76.2 28.0 4.83 1.18x10° 185 23.0 2.74 17.0
84.4 22.4 3.96 1.96xX10° 195 18.4 3.52 17.3
100.5 17.1 2,51 2.86x10° 204 11.0 3.11 18.2

3.3. Grid generation and sensitivity analysis

Three-dimensional structured meshes with two blaes constructed for the heatshields. Only halfrgetoy
meshes are generated in this study since sidedljie & equal to zero. The grid topology and mestieslid wall,
symmetry plane and farfield are displayed in Figwh elaborate refinement performed at the sHagkr and cap-
sule shoulder. Besides, in order to obtain accuaatereliable heating predictions, the cell ReysaldmberRe; is
strictly fixed to be 10 as suggested by Ref. [3, 3Be cell Reynolds numbé&e, which governs the first grid spac-
ing at solid wall, is defined as [3, 33]

Re, = 2=t (18)
7a
where Ax, is the first normal grid distance close to thelwahdp.., u, andu, are freestream density, velocity and
viscosity respectively.



Fig. 2 Meshes for the heatshield (70° sphere-case)c

To verify the independence of grid resolution, éhdifferent grid scales (i.e., coarse, medium, famg see Ta-
ble 2) are compared and analyzed in detail. Larmamar turbulent predictions are conducted on thespbere-cone
configuration. Fig. 3 shows the surface heat flamputed by the three grids. It is obvious thatrtredium and fine
grids yield remarkably similar heat flux distribaris along the centerline for both laminar and tlemupredictions.
Numerical results indicate that the calculatiors gid-independent, and thus the medium grid isleyeq for all
cases to achieve a balance between the numerezasion and the computational costs.

Table 2 Grid resolutions.

Grid scale Grid resolution Total number of cells
( radialX circumferentiak azimuthal )
Block 1 Block 2
Coarse 9% 15%29 93x57x53 303,968
Medium 111x19%x 37 111< 73X 69 609,840
Fine 135<27x51 135<105%x 87 1,372,696
90
I —— Coarse grid 200,— —— Coarse grid
i ey Medium grid 3 ey Medium grid
== Fine grid I Q= Fine grid
— 150}
e 60 T
S S 7
2 | s |
5 | S100}
[TH [T I
k- k- I
2 sor : ,
| E 50 F QO ' :
i Windside i Leeside Windside i Leeside
0%5 9% 0 03B 05 005 wo® 0 05 05
Y/D Y/D
(a) Laminar (b) Turbulent

Fig. 3 Surface heat flux comparisons of three gcales (70° sphere-cone case, t=71.5s).
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3.4. Accumulation of error

Since the governing equations are discretized alved on finite grid size, a definite error occinmsntegration
at each step and the accumulation of error is ptmpal to the number of integration steps [36,.J#je integration
steps in the current study should not exceed thdémah allowable steps that accumulation error edsethe ac-
ceptable value. The maximal allowable number afgrdation steps is determined by [36, 37]

Max = (S™/ Syy) ? (19)
whereS™ is total error and presumed to be between 1% afd5 :Zi?’:ls and§ is the relative error of integra-
tion in one dimensional case and defined as fo[Rfy 37]

S =(AL/ L)<t (20)
whereAL is the mean cell size angis the domain size in thé"“direction, k is the order of accuracy of numerical
scheme.

The ratio of maximal allowable number of integratisteps and actual number of steps are definedllasv$,
the ratio tends to unit when the accumulation eiending to the maximal allowable value [36, 37].

RS = N /1 (21)

In the current study, two blocks of structured nesshre generated for the heatshield configuratimhcarre-
sponding aerothermodynamics are converged by n&&r00 steps. The accumulation error of each bfockhe
three grid scales are arranged in Table 3. As easebn, all the ratios for the medium grid utilizedhis study are
larger than unit, which indicates that the accutimeerror is not beyond the maximal allowable ealu

Table 3 Accumulate error for the three grid scales.

S S S Sor S™ n Nirex Rs

1.24E-06 2.96E-04 4.10E-05 3.39E-04 0.05 50,000 8EtD4  0.44

Coarsegrid | /06 540E-06 6.72E-06 1.34E-05 005 50000 OE+7  280.13
ediumariq | TSLE07  146E-04 197E-05 166E-04 005 50,000 4B¥04 181
eaumand - 31E.07 2.57E-06 3.04E-06 6.35E-06 005 50,000 1BtD7  1241.63
o 4.06E-07 5.08E-05 7.54E-06 5.88E-05 0.05 50,000 4F4D5  14.49
Fine grid

4.06E-07 8.64E-07 1.52E-06 2.79E-06 0.05 50,000 1BtP8  6428.53

4. Results and discussion

4.1. Hypersonic flowfield

Clear comprehension on the hypersonic flowfieléssential to understand the surface conditionstiaade-
sulting aerothemal characteristics. The flow strtes around the heatshields at the peak heatifhex (t=71.5s) are
illustrated in Fig. 4. The symmetry plane is cotbfey Mach number, whereas the heatshield surfacelised by
non-dimensional pressure. The stagnation pointsseiedmlines in the symmetry plane and surfacegeesented as
well.



(a) 60° (b) 70° (c) 80°
Fig. 4 Symmetry plane cuts of Mach number and sarfaessure distributions (t=71.5s).

As shown in Fig. 4, a bow shock wave is generatst the heatshield due to the strong compressifdet f
the hypersonic flow. The stagnation point movesigadly from the nose to the windside shoulder wlith increase
of sphere-cone angle. At the windside of heatshigdd shock standoff distances for the 70° and g0fere-cone
cases are similar, and slightly larger than thatlie 60° sphere-cone case. Due to the angle adkatif 17.1°, the
freestream is almost perpendicular to the windfle’0° and 80° sphere cone. Therefore, compare@0fo
sphere-cone case, the shock waves in the windsidéOP and 80° sphere cones are more like nornwdkstvave
with larger shock standoff distances. At the leesifl heatshield, it is observed that the shockdstfirdistance gets
larger with the increase of sphere-cone angle. § fiestures are confirmed by the distributions af-donensional
surface pressure. As displayed in Fig. 5, the presson the windside surface are almost consistmnall discrep-
ancy of the location of peak surface pressure scdue to the shift of stagnation point. At the iéeof heatshield,
the surface pressure increases with the increasphafre-cone angle due to the combination of setnobgw shock
wave and weaker flow expansion downstream the nbs$eatshield. In addition, it is also observedrig. 5 that
pressure distributions predicted by laminar antulent are nearly identical on the whole surface.

1000

800

n§600»—
E |
400
- 60° laminar
4 A 60°SST
i 70° laminar
200 o 70° SST
I 80° laminar
| <@ 80° SST
0_|HH|..H|H..|.H‘
-0.5 -0.25 0 0.25 0.5
Y/D

Fig. 5 Comparison of surface pressure on the derdgt=71.5s).
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4.2 Laminar and turbulent heat flux

The laminar and turbulent heat flux acting on 6@ and 80° sphere-cone heatshields are presanted.i6.
The left half of the figures represents laminauhss whereas the right half represents the turiulesults. As can be
seen, the distribution features of laminar heat far different configurations are similar. Highdidlux is observed
at the nose and windside shoulder where the cuerédlarge. The heat flux is relatively low at tbeside due to the
flow expansion downstream the nose. As for turtiuteses, the value of heat flux near the stagngibamt is similar
to the corresponding laminar results, indicatingt thhe transition has not occurred yet. The floawéts along the
surface, and eventually, the laminar boundary lanarsits to turbulent one at the leeside of héaltifor all cases.
The transition leads to remarkable increase orh#f®ing rates, especially at the leeside shouRlesides, much
higher turbulent heat flux is observed at the wide®f the 60° sphere-cone compared to the langirediction. The
transition is possible at this area due to the Idistance from the stagnation point to the windsieulder of the
sphere-cone. For the remaining areas without flawsition, such as the stagnation point and the nb$ieatshield,
turbulent heating predictions obtain similar resulith the corresponding laminar calculations. Reynst al. [38]
points out that, SST turbulence model may exhiéitain transition behaviors for fully turbulent estal flow com-
putations. Because of no precise transition phywsidls into the model, the laminar flow region pieted by the tur-
bulence model upstream of transition maypbeudo-laminar [38], that is, the predicted laminar region maynie
merical. Nevertheless, SST turbulence model cilrpativide a reference for the flow transition piitbns.

Laminar (W/cm?) SST (Wicm?) Laminar (W/cm?) - SST (W/icm?) Laminar (W/cm?) SST (W/icm?)

(a) 60° (b) 70° (c) 80°
Fig. 6 Laminar and turbulent heat flux (black salimt represents the stagnation point, t=71.5s).

In order to analyze surface aeroheating quantéhtithe laminar and turbulent heat flux on thetedimes are
presented and compared in Fig. 7. For laminar ptiedis shown in Fig. 7 (a), similar heat flux distitions can be
observed for the three sphere-cone cases, andesraphliere-cone angle results in the higher heatdliuhe nose.
Specifically, the heat flux of the 66phere-cone case is higher than the 70° and 8@ftesigione cases by a factor of
about 35% and 70%, respectively. Opposite trendrscat the windside shoulder, that is, higher faatis achieved
with the larger sphere-cone angle. This behavialdtcbe ascribed to the curvature change near ihaldér. Besides,
at the leeside of heatshield, heat flux is reldgil@v and insensitive to the sphere-cone anglerfost regions. Fig. 7
(b) presents the comparisons of turbulent heatdluthe centerlines. Great discrepancies can heedlofior the three
sphere-cone cases. The turbulent heat flux is mefsehigh at the leeside shoulder for the 60° adt sphere-cone
cases, and reaches up to 135W/and 162W/crhrespectively. However, heat flux at the leesideustter is merely
about 81W/crhfor the 80° sphere-cone case. The turbulent hgéirels of the 70° and 80° sphere-cones are quite
similar in most regions of the windside, i.e., abloaif of those for the 60° sphere-cone case.
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Fig. 7 Comparison of surface heat flux on the adinge(t=71.5s).

4.3 Turbulent heating augmentation and transition onset correlations

For configuration analysis and design, it is megfuinto have engineering-level approximation foe thansition
onset and the resulting turbulent heating augmientatbove laminar levels [9, 12]. The turbulenttirgpaugmenta-

tion factorgis defined as [3]
wz qlurbulent (22)

qlaminar
wheregumuent @Nddiaminar @re the turbulent heat flux and laminar heat fhespectively.

In the establishment of transition and heating elations, the laminar boundary-layer momentum théds
Reynolds numbeRRe, is widely employed [9, 12, 14Re,is defined as [14]
P8 (23)
He
whereg,,u,, 4, are the density, velocity and viscosity at the latzug-layer edge, respectively. Momentum thickress

is defined as [14]

Re,=

g:J‘:ﬂ(l_ i)dn (24)
Pele Ue
It is noteworthy that the boundary-layer edge ifingel as the position where the total enthalpy 9s5% of the
freestream value [9, 14].
Previous experimental study provides a correldbeiwveerp andRe,, which is given by
¢=Re,/ 158+ 1 (25)

The experiment was conducted on a scaled 70° sggloae model. The turbulent heat flux was obtaimednf
the wind-tunnel tests, whereas the laminar heatdhd momentum thickness Reynolds number were esthiby the
LAURA-based laminar results. Clearly, this linearrelation is very simple to utilize. However, st hard to fit well
the turbulent heating augmentation in the wHeég range. Furthermore, the effects of sphere-conéaarg not in-
volved in this correlation.

In this section, a novel correlation for turbuléeiating augmentation in terms of laminar momentoickhess
Reynolds number, with consideration of sphere-cmgle effect, is developed. The details of thealation are de-
scribed as follows.

The correlations ofgin terms ofRe, are shown in Fig. 8. The small red symbols reprietee current predicted
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results of all surface grids on the heatshieldthia process of fitting these points, it is obsertiealgis approxi-
mately linear with the square &&,. Besidesgpdecreases with the increase of sphere-cone angla R is fixed.
Through these relations and a trial-and-error pgscere conclude that the turbulent heating augrtientaould be

correlated by

B (Rey2 (26)
a, 100

wherea, is the sphere-cone angle in radians, i.e/1®, 7/18 and &/18 for 60°, 70° and 80° sphere-cone, respec-
tively. # denotes a constant determined by the freestreaditos.

The developed correlations for different sphereecoases are illustrated in Fig. 8. The previousetation
based on the scaled 70° sphere-cone model is eds@pd as a reference. As can be seen, for diffesehere-cone
cases, the developed correlations with idenfiedd5.6 can fit well with the current numerical predias. Our results
also demonstrate the obvious differences betweemrlations based on wind-tunnel tests and reahtflpnditions.
Besides, it is seen that the maximum valu&ef decreases slightly with the increase of sphere@nmgle. In gen-
eral, the 80° sphere-cone encounters the leasteséwdbulent aeroheating environment for a fixemifear momen-
tum thickness Reynolds number. Transition onsee(egn>1 [14]) for all cases occurs whéte, ~120, lower than
the corresponding experiment value of about 20Q. [The numerical results indicate that the traositonset is
prematurely predicted. This phenomenon was alseragbd in previous study [3], and the authors aited it to the
inefficiency of SST turbulence model in predictithg exact location of transition [3].

In order to validate the correlation given by E2@), further investigations are performed at thakpgynamic
pressure time (t=84.4s). Firstly, the constgnis determined by fitting the predictgaind Re, results for 60°
sphere-cone (Fig. 9 (adsing Eq. (23). Results indicgfie21.3 is appropriate at this freestream conditimen, by
introducingp=21.3 into Eq. (23), the correlations for 70° arfif 8phere-cone are also obtained, which are respec-

=

tively given by

(771/18) 1003
213 Re (28)

(877/18) 100

Finally, the correlations given by Eg. (24) and)(2% compared with the corresponding predictedlte¢red sym-
bols) for 70° and 80° sphere-cone cases in Fig. Qi) (c). Similar verification processes are therfggmed at
t=76.2s, and the corresponding results are display&ig. 10. It is observed that excellent agresimiare achieved
for different configurations at both time pointsdicating satisfactory performances of the coriafet in fitting the
relationship betweepand Re,. In addition, we can see from Fig. 8-Fig. 10 théth the laminar boundary layer
transits to turbulence, the maximum valudref increases obviously from t=71.5s to t=84.4s.

The above work shows that the proposed correlasionore accurate and applicable to the aeroheatiedic-
tions of heatshields with different sphere-conelengrhus, the correlation may provide a meansaévothermody-
namics estimation and preliminary design analysigte future Mars entry capsules.
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Fig. 8 Correlations of turbulent heating augmentatn terms of momentum thickness Reynolds nunis&rl(5s).
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4.4 Maximum heat flux and total heat load

Maximum heat flux and total heat load are two im@et components for Thermal Protection System {TPS

design [1]. Maximum heat flux is defined as the maxn value of heat flux found anywhere on the stefaf heat-

shield. This parameter is widely used to deternttiweTPS material in the design period [1]. Unlike tonventional
definition, total heat load herein means the totdlie of heat flux on the entire surface of heafshiSimilar defini-
tion can be found in Ref. [33]. Considering the bimation of heating rates and wetting area, thimden is very

suitable for evaluation of heatshield configurati@mthe current study.
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The variations of laminar and turbulent maximumttieex and total heat load for different heatshietthfigura-
tions alongr3o0 heat load trajectory are presented in Fig. 11. &s lze seen, both the maximum heat flux and total
heat load increase to the largest value at the peakflux time (t=71.5s), and then decrease gitgdtma much
lower level. Although the trends for different he&@elds are similar, obvious discrepancies canldsemwed in terms
of their values. The laminar maximum heat flux 6@° and 80%phere-cone cases are nearly the same, both higher
than the 70°%phere-cone case, with a maximum discrepancy of 80%71.5s. Quite different scenarios can be
found for the turbulent results. The maximum héat for the 80° sphere-cone case is remarkably |dhen that for
the other two cases along the trajectory, espgcilthe peak heat flux time with about\80cm?, i.e.,100% heat
flux reduction observed at this time point.

Comparisons of total heat load for different hei@ishconfigurations are also presented in Fig. ThHe 80°
sphere-cone case predicts the lowest total heat foa both laminar and turbulent conditions, an@ #0°
sphere-cone case achieves the highest one. Thephscy among these three configurations firstbreases and
then decreases along the trajectory. The largestapancy occurs at the peak heat flux time. At tinhe point, the
laminar and turbulent total heat load for the 6(diesp-cone case are approximately 32% and 111% riigle those
for the 80° sphere-cone case, respectively.
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Fig. 11 Maximum heat flux and total heat load aleBg heat load trajectory.

5. Conclusion

This paper conducts a numerical investigation ltpersonic flows over the MSL heatshield with sgheone
angles of 60°, 70° and 80°. The flowfield and surfaeat flux of different heatshields are examined emipared in
detail. A novel correlation for turbulent heatingganentation in terms of laminar momentum thicknBeynolds
number is then developed and verified. Finally, iieximum heat flux and total head load along thghfltrajectory
for different configurations are investigated. Méimdings are summarized as follows:

(1). The flow structures of different heatshields similar except for the shock standoff distancé stagnation
point location. The 80° sphere-cone case predietsatfgest shock standoff distance, both at the sidledand leeside
of the heatshield. The stagnation point moves giliylérom the nose to the windside shoulder with thcrease of
sphere-cone angle.

(2). For laminar predictions, larger sphere-congl@results in lower heat flux at the nose but bigheat flux at
the windside shoulder. The heat flux is relativielw and insensitive to the sphere-cone angle atebside of heat-
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shield. For turbulent predictions, the heating eswnents for the 60° and 70° sphere-cone cases @rdicantly
severer than the 80° sphere-cone case, especiétig bteside shoulder.

(3). A novel correlation between turbulent heatmggmentation and laminar momentum thickness Regnold
number, with consideration of sphere-cone anglecefis developed. Numerical investigations indidhiat the pro-
posed correlation is more accurate and applicablehé aeroheating predictions of heatshields wiffergnt
sphere-cone angles.

(4). Along the trajectory, both maximum heat flixdaotal heat load firstly increase to the largedties at the
peak heat flux time, and then decrease gradualfyraich lower level. The turbulent maximum heax fhf the 80°
sphere-cone case is remarkably lower than the otfeecases, especially at the peak heat flux tBesides, the 80°
sphere-cone case obtains the lowest total heatftmdzbth laminar and turbulent predictions alohg trajectory, and
the 60° sphere-cone case predicts the highest values

Numerical results in this paper demonstrate theifsignt effects of sphere-cone angle on aerothdgmamics
of heatshield configurations for Mars entry capsutspecially at the leeside in turbulent flows.rétwer, compared
to the conventional heatshield configuration, thé §phere-cone exhibits obvious advantages in tihelent heating
predictions. This is worth noticing in the heatsthigesign and optimization for future Mars entrpsales.

Conflict of interest statement

The authors declare that they have no conflicht#rests.

Acknowledgements

This work was supported by grants from the Natidtaural Science Foundation of China (No. 11721208
first author, Kang Zhong would also like to expréss sincere thanks to Hongkang Liu and Yatian Zftam Bei-
hang University.

References:

[1] M.J. Wright, C.Y. Tang, K.T. Edquist, A Revieaf Aerothermal Modeling for Mars Entry Missions, A%
2010-443, 2010.

[2] J. Hao, J. Wang, Z. Gao, C. Jiang, C. Lee, Camispn of transport properties models for numersimiulations of
Mars entry vehicles, Acta Astronaut., 130 (2017334

[3] X. Wang, C. Yan, W. Zheng, K. Zhong, Y. Geng@nhinar and turbulent heating predictions for mantsyevehi-
cles, Acta Astronaut., 128 (2016) 217-228.

[4] Bonn B. Kirk, Peter F. Intrieri, Alvin Seiff, &rodynamic Behavior of the Viking Entry Vehicle:dsind Test and
Flight Results, J. Spacecraft, 15 (1978) 208-212.

[5] G. Peter A., B. Robert D., W. K. James, M. Rabk, E. Walter C., P. Richard W., Prediction avilidation of
Mars Pathfinder Hypersonic Aerodynamic Data Bas8pacecr. Rocket., 36 (1999) 367-373.

[6] B. Raiszadeh, P. Desai, R. Michelltree, MarsplBration Rover Heat Shield Recontact Analysis, AlA
2011-2584, 2011.

[7] K.T. Edquist, P.N. Desai, M. Schoenenbergerotignamics for Mars Phoenix Entry Capsule, J. Spa¢tocket.,
48 (2011) 713-726.

[8] D. Bose, T. White, M. Mahzari, K. Edquist, Restruction of Aerothermal Environment and Heat Bhiee-
sponse of Mars Science Laboratory, J. Spacecr.dRoé& (2014) 1174-1184.

[9] K.T. Edquist, A.A. Dyakonov, M.J. Wright, et.alAerothermodynamic Environments Definition foetMars
Science Laboratory Entry Capsule, AIAA 2007-120802.

[10] B.R. Hollis, D.S. Liechty, M.J. Wright, M.S.diden, T.P. Wadhams, M. Maclean, A. Dyakonov, Titaors On-
set and Turbulent Heating Measurements for the IBarsnce Laboratory Entry Vehicle, AIAA 2005-142D05.

[11] H. Johnson, G. Candler, M. Wright, Boundaryyéa Stability Analysis of Mars Science Laboratorgrashell,
AlAA 2006-920, 2006.

[12] B. Hollis, Blunt-Body Entry Vehicle Aerotherrdgnamics: Transition and Turbulence on the CEV Bl
Configurations, J. Spacecr. Rocket., 49 (2012) 48%-



.18 -

[13] M. Wright, J. Olejniczak, J. Brown, H. Hornung. Edquist, Computational Modeling of T5 Lamirerd Tur-
bulent Heating Data on Blunt Cones, Part 2: Marglisptions, AIAA 2005-177, 2005.

[14] K.T. Edquist, B.R. Hollis, C.O. Johnston, Dog®, T.R. White, M. Mahzari, Mars Science Labonratdeat-
shield Aerothermodynamics: Design and ReconstracfloSpacecr. Rocket., 51 (2014) 1106-1124.

[15] M.J. Wright, J. Olejniczak, J.L. Brown, H.Gokhung, K.T. Edquist, Modeling of Shock Tunnel Aeeating
Data on the Mars Science Laboratory Aeroshellh&rino. Heat Trans., 20 (2006) 641-651.

[16] C.L. Chang, M.M. Choudhari, B.R. Hollis, Tratisn Analysis for the Mars Science Laboratory Eritehicle,
AIAA 2009-4076 (2009).

[17] A.G. Neville, G.V. Candler, Computational-FdeDynamics-Based Axisymmetric Aeroshell Shape Ojz@tion
in Hypersonic Entry Conditions, J. Space. Rocl.(2015) 76-88.

[18] J.L. Brown, The effect of forebody geometrytorbulent heating and thermal protection systezimgifor future
Mars mission concepts, in: Proceeding of the 4térirational Planetary Probe Workshop, PasadenaJ@#g 2006.
[19] S. Ju, C. Yan, X. Wang, Y. Qin, Z. Ye, Sensiyi analysis of geometric parameters upon thetaermodynamic
performances of Mars entry vehicle, Int. J. HeasMa&@ransfer, 120 (2018) 597-607.

[20] B.R. Hollis, A.S. Collier, Turbulent Aeroheayj Testing of Mars Science Laboratory Entry VehideSpace.
Rocket., 45 (2008) 417-427.

[21] X. Yang, W. Tang, Y. Gui, Y. Du, G. Xiao, L.il, Hypersonic static aerodynamics for Mars sciclat@ratory
entry capsule, Acta Astronaut., 103 (2014) 168-175.

[22] X. Wang, C. Yan, S. Ju, Y. Zheng, J. Yu, Unagty analysis of laminar and turbulent aeroheapredictions
for Mars entry, Int. J. Heat Mass Transfer, 1121(20633-543.

[23] P.A. Gnoffo, R.N. Gupta, J.L. Shinn, Consematequations and physical models for hypersonidlaws in
thermal and chemical nonequilibrium, NASA TP-2889,(1989).

[24] G.S.R. Sarma, Physico—chemical modelling ipdrgonic flow simulation, Prog. Aeros. Sci., 36q@P281-349.
[25] F.R. Menter, Two-equation eddy-viscosity tudnce models for engineering applications, AIAA3R, (1994)
1598-1605.

[26] K. Sherrie L., B. Robert T., R. Christopher, CFL3D User's Manual (Version 5.0), NASA Langlegchnical
Report Server, 1998.

[27] J. Brown, Turbulence Model Validation for Hypenic Flows, AIAA 2002-3308, 2002.

[28] K. Edquist, A. Dyakonov, M. Wright, C. Tang,efothermodynamic Design of the Mars Science Laboyat
Heatshield, AIAA 2009-4075, 2009.

[29] V. Kovalev, V. Sazonenko, A. Yakunchikov, Dynig Monte Carlo simulation of surface recombinatitfos-
cow University Mechanics Bulletin, 62 (2007) 53-58.

[30] V. Kovalev, A. Yakunchikov, F. Li, Simulatioaf hydrogen adsorption in carbon nanotube arraysa Astro-
naut., 68 (2011) 681-685.

[31] V. Kovalev, A. Yakunchikov, F. Li, Tangentislomentum and thermal accommodation coefficienthjaoirogen
molecules on graphite surface, Acta Astronaut(284.1) 744-746.

[32] B.R. Hollis, D.K. Prabhu, M. Maclean, A. Dufre, Blunt-Body Aerothermodynamic Database from
High-Enthalpy Carbon-Dioxide Testing in an Expansiannel, J. Thermo. Heat Trans., 31 (2017) 712-731

[33] J. Guo, G. Lin, X. Bu, S. Fu, Y. Chao, Effaftstatic shape deformation on aerodynamics andtlzmody-
namics of hypersonic inflatable aerodynamic dee¢ber Acta Astronaut., 136 (2017) 421-433.

[34] W. Liu, L. Zhang, Y. Wang, et al., FoundatioofsComputational Aerodynamics Parallel ProgrammMational
Defense Industry Press, Beijng, 2013 (in Chinese).

[35] R.A. Mitcheltree, P.A. Gnoffo, Wake flow abcaitMESUR Mars entry vehicle, AIAA 94-1958 (1994).

[36] N.N. Smirnov, V.B. Betelin, V.F. Nikitin, etla Accumulation of errors in numerical simulatiooschemically
reacting gas dynamics, Acta Astronaut., 117 (2@B%)}-355.

[37] N.N. Smirnov, V.B. Betelin, R.M. Shagaliev,a@t, Hydrogen fuel rocket engines simulation udi@GOS code,
Inter. J. Hydrogen Energy, 39 (2014) 10748-10756.

[38] C.L. Rumsey, Apparent transition behavior aflely-used turbulence models, Inter. J. Heat & dFlBlow, 28
(2007) 1460-1471.



Highlights

Flow over heatshields with 60°, 70° and 80° sploemnge angles is investigated.
Laminar and turbulent heat flux are simulated amhgared in detail.

A novel correlation for turbulent heating augmeiotain terms oRe, is developed.
Maximum heat flux and total heat load along thghflitrajectory are investigated.



