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Abstract 
Aeroheating predictions play an important role in the heatshield design of Mars entry capsule. This paper nu-

merically investigates the effects of sphere-cone angle on the aerothermodynamic performances of heatshield con-

figurations. Three-dimensional Navier-Stokes equations with chemical non-equilibrium models are employed to sim-

ulate the flowfield around the capsule. The laminar and turbulent heating rates of different heatshield configurations 

are compared and analyzed in detail. A novel correlation for turbulent heating augmentation in terms of laminar mo-

mentum thickness Reynolds number is developed to provide a guidance for engineering design and application. The 

proposed correlation can be more accurate and applicable due to its consideration of the sphere-cone angle effects. 

Finally, the laminar and turbulent maximum heat flux and total heat load along the flight trajectory are investigated 

for all the configurations. The numerical study is expected to illustrate the aeroheating characteristics of different 

heatshield configurations and provide an insight into the rational configuration design for future Mars entry capsules. 
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Nomenclature 

,f rC    = parameter of chemical reaction r 

sD    = diffusion coefficient of species s  

,L sD    = laminar diffusion coefficient of species s 

E    = total energy 

,f rE    = parameter of chemical reaction r 

H    = total enthalpy 

sh    = enthalpy per unit mass of speciess  

k    = turbulent kinetic energy 

,f rk    = forward rate coefficient of chemical reaction r 

,b rk    = backward rate coefficient of chemical reaction r 

Ma    = Mach number 

sM           =   molecular weight of speciess  

,f rn    = parameter of chemical reaction r 

sn    =   total number of species 

p    = pressure 

kP    = production terms of the turbulent kinetic energy 

Pω    = production terms of the specific dissipation rate of turbulence 

Pr    = laminar Prandtl number 

Prt    = turbulent Prandtl number 

wq    = surface heat flux 
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R    = universal gas constant 

Re    = Reynolds number 

cRe    = cell Reynolds number 
Reθ        = laminar momentum thickness Reynolds number  

Sc    = laminar Schmidt number 

Sct    = turbulent Schmidt number 

T    = temperature 

dT    = control temperature 

ju    = jth velocity component 

sY    = mass fraction of species s 
 
 
α    = angle of attack 

cα    = sphere-cone angle 

ijδ    = Kronecker delta function 

ε    = surface emissivity 
η    = thermal conductivity of the mixture 
κ    = total thermal conductivity 

µ    = total viscosity 

Lµ    = laminar viscosity 

Tµ    = turbulent viscosity 

sρ    = species density 

ρ    = density 

θ    = momentum thickness 

ijτ    = viscous stress tensor 

φ    = turbulent heating augmentation factor 

ω    = specific dissipation rate of turbulence 

sω       = mass rate of production of species s 

Ω       = magnitude of vorticity 
 
 
Subscript 
e         = boundary-layer edge 
r         = chemical reaction 
s         = species 
∞         = freestream 
 

1. Introduction 

Driven by researches for extraterrestrial life and human exploration missions, Mars has been the most frequently 

visited planet in the solar system [1-3]. During the hypersonic entry period, the heatshield encounters a severe aero-

thermodynamic environment characterized by strong shock waves and high temperature, which challenges the ther-

mal protection system (TPS) greatly. Thus, it becomes extremely important to predict the aeroheating accurately and 

design the suitable heatshield configuration in Mars entry missions. 

In previous flights to Mars, the typical configuration of Mars capsules is usually a 70o sphere-cone forebody 

with a conic or biconic aftbody, such as the Viking [4], Pathfinder [5], Mars Exploration Rover [6] and Phoenix [7]. 

The latest capsule, Mars Science Laboratory (MSL), which entered the Mars atmosphere successfully in 2012, also 
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inherited this configuration [8]. However, given its much larger size and weight, MSL experienced much more ag-

gressive atmospheric entry than any of the previous missions [9]. Moreover, because of its large diameter and flying 

at high angles of attack, forebody boundary-layer transition would occur prior to the peak heat flux time along the 

flight trajectory [10]. The heating loads acting on the MSL are further exacerbated by the complex turbulent flows. 

During the past few years, various significant researches have been performed on MSL’s aeroheating predictions 

[8-16]. Edquist and Wright et al. [9] simulated the hypersonic flowfield around the MSL capsule at the peak heating 

time using LAURA and DPLR. The numerical results showed that both codes predicted similar turbulent heat flux on 

the heatshield. In addition, the turbulent heating rates calculated with two different turbulence models, including 

Baldwin-Lomax model and SST model, were observed to be in reasonable accordance in their studies. Wang et al. [3] 

investigated the laminar and turbulent aeroheating performances of the MSL capsule with two distinct gas models, 

namely chemical non-equilibrium model and perfect gas model with specified effective specific heat ratio. Their 

studies revealed that laminar aeroheating calculated by the two gas models was nearly the same, whereas the turbulent 

heating rates predicted by chemical non-equilibrium model were much higher than perfect gas model at most areas of 

the heatshield.  

On the other hand, the effects of geometric parameters on aeroheating performances of the MSL heatshield have 

also attracted considerable attentions in recent years. Neville et al. [17] performed a shape optimization on the heat-

shield to improve the performance of MSL. Maximizing the drag coefficient and minimizing the peak heat flux were 

the two objectives in their studies. Brown [18] numerically compared the aerodynamic and aerothermodynamic per-

formances of 70o sphere-cone and ellipsoidal heatshield. He found that compared with 70o sphere-cone, the peak heat 

flux of ellipsoidal heatshield was reduced by up to 50%. Ju et al. [19] conducted a sensitivity analysis on geometric 

parameters of the MSL capsule. Three parameters, including the sphere-cone angle, the nose radius and the shoulder 

radius were considered. Numerical results indicated that for both laminar and turbulent predictions, the sphere-cone 

angle was the top contributor to the uncertainty of maximum heat flux, and thus they suggested the sphere-cone angle 

should be firstly deliberated in thermal protection system design. In addition, Hollis et al. [10, 16] carried out transi-

tion and aerothermodynamics analysis on the scaled MSL models with different sphere-cone angles in hypersonic 

wind tunnels. Results showed that the changes of sphere-cone angle induced remarkable differences on the transition 

onset location and heat flux distributions on the surface. 

The above literature survey demonstrates that the sphere-cone angle of heatshield has significant effects on 

aeroheating performances of the MSL capsule. However, mechanistic and meticulous work on the effects of 

sphere-cone angle remains relatively insufficient, and several important problems still need further investigations. 

Firstly, although laminar and turbulent heating predictions of the MSL capsule have been carried out extensively, the 

relationship between the sphere-cone angle and the aerothermodynamics needs to be further revealed to point out the 

direction for future design of the Mars entry capsule, especially in the reduction of heating rates acting on the heat-

shield. Secondly, previous turbulent heating augmentation (turbulent heat flux above laminar) and transition onset 

correlations, which can be employed as engineering-level design and analysis tools, were fitted by hypersonic 

wind-tunnel data of scaled 70o sphere-cone models [14, 20]. Unfortunately, no ground-based experiments can fully 

reproduce the high-speed and high-temperature Martian flow occurring at real flight conditions [21]. Besides, the 

effects of sphere-cone angle were not included in these correlations. Thus, a novel correlation with consideration of 

sphere-cone angle effects should be explored to provide a better guidance. Thirdly, since the maximum heat flux and 

total heat load play an important role in the design of thermal protection system, detailed analysis on these two pa-

rameters for different heatshield configurations should be carried out carefully. 

In this study, hypersonic flows over the MSL heatshields with sphere-cone angles of 60°, 70° and 80° are nu-

merically investigated by solving three-dimensional Navier-Stocks equations with chemical non-equilibrium models. 
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Firstly, the flowfield and surface heat flux for different heatshields are analyzed and compared in detail. Then, a novel 

correlation for turbulent heating augmentation in terms of laminar momentum thickness Reynolds number is devel-

oped and verified. Finally, the maximum heat flux and total head load along the flight trajectory for different config-

urations are investigated. Our numerical study is expected to illustrate the aeroheating characteristics of different 

heatshield configurations, and meantime provide an insight into the rational configuration design for future Mars en-

try capsules. 

2. Numerical methods 

Numerical simulations in the present study are performed by an in-house code developed by the authors [3, 22]. 

The reliability and accuracy of the code have been verified by a series of numerical experiments [3, 22]. 

Three-dimensional Navier-Stokes equations with chemical non-equilibrium processes are resolved by finite volume 

method on multi-block structured grids. The main algorithms of the code are presented as follows. 

2.1 Governing equations 

Consider three-dimensional Navier-Stokes equations with chemical non-equilibrium processes [23, 24] 

 s js s
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where sρ is the density of speciess for 1,...,s ns= , ρ is the total density of all species,s sY ρ ρ= is the mass fraction of 

speciess , sD is diffusion coefficient of speciess , sω is the mass production rate of speciess due to the chemical reac-

tions, ju is the jth velocity component, and ns is the total number of all species.E is the total energy per unit mass of 

mixture,H is the total enthalpy per unit mass of mixture,T is the translational-rotational temperature,sh is the enthal-

py per unit mass of speciess , andη is the thermal conductivity of the mixture.  

The terms of pressurep and viscous stress tensorijτ are calculated by [23, 24] 

 
1

ns
s

s s

p RT
M

ρ
=

= ∑   (4) 

 
2

3
ji k

ij ij
j i k

uu u

x x x
τ µ µ δ

 ∂∂ ∂= + − 
 ∂ ∂ ∂ 

  (5) 

whereR is the universal gas constant,sM is the molecular weight of speciess , µ is the total viscosity of the mixing 

species, andijδ is the Kronecker delta function. 

Because of the short relaxation time of dominant species in the Martian atmosphere2CO , the level of thermal 

non-equilibrium in the flowfield is minor [1, 3]. Thus, one temperature model is employed and the vibration-

al-electronic energy conservation is not included in the current study. 

The heat flux wq has three contributing components, including the thermal conduction, the diffusion and the ra-

diation. The radiation heat flux is minimal and can be neglected in the current trajectory [9], and therefore, the heat 

flux wq is given by [23, 24] 
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in which, the subscriptn denotes the normal derivative at the solid surface. 

2.2 Turbulence model 

Menter’s shear stress transport (SST) turbulence model is implemented in the current study [25]. The SST model 

merges the original model in the inner region of boundary layer and the standard model in the outer region and free 

shear flows [25, 26], and has been shown by Brown [27] to provide accurate simulations of a variety of supersonic 

and hypersonic flowfields. In particular, the SST model has been widely employed in the aeroheating predictions for 

the Mars entry capsules, and shows good agreement with the experimental tests and the predictions of other turbu-

lence models [9, 28]. The non-dimensional turbulent kinetic energyk and the specific dissipation rate of turbulence 

ω are given by [26] 
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  (7) 

The production source terms are given by [26] 

 2 2,k TP Pωµ γρ= Ω = Ω   (8) 

whereΩ is the magnitude of vorticity. The eddy viscosity is given by [26] 
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There are two sets of constants in the SST model, and the constants used in equations above are blended via [26] 
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whered is the distance to the nearest wall. The2F term is given by [26] 
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The constants for set 1 and set 2 are defined as [26] 
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The total viscosity, thermal conductivity and diffusion coefficient are given by [3] 
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whereµ is total viscosity, Lµ is laminar viscosity, and Tµ is turbulent viscosity.κ is total thermal conductivity,Lκ is 

laminar thermal conductivity, sD is total diffusion coefficient of speciess , and ,L sD is laminar diffusion coefficient of 

speciess . Cp is specific heat at constant pressure,Pr is laminar Prandtl number,Prt is turbulent Prandtl number,Sc is 

laminar Schmidt number, andSct is turbulent Schmidt number. 

The laminar viscosity, thermal conductivity and diffusion coefficient are calculated by collision integrals [3, 23]. 

The turbulent viscosity is calculated by SST turbulence model, and a nominal value of 0.7 for turbulent Schmidt 

number is employed [1, 3]. 

2.3 Discretization and boundary conditions 

Finite volume method based on multi-block structured meshes is used to solve the governing equations discussed 

above. The inviscid fluxes are computed using Roe upwind scheme with second order MUSCL reconstruction and 

minmod limiter [26]. The viscous fluxes are calculated by second order central difference scheme [26]. The implicit 

Lower-Upper Symmetric Gauss-Seidel (LU-SGS) scheme is employed for time integration. 

The recombination processes of atoms release quantities of heat at the surface, and the catalytic properties of the 

walls can have significant effects on the aeroheating predictions for hypersonic entry capsules [29]. For these com-

plex gas–solid problems, Kovalev and Yakunchikov systematically investigated the gas molecule adsorption and its 

scattering from the surface through molecular dynamics simulation [30, 31]. These detailed analyses further reveal 

the mechanism of catalytic properties and provide a reference for more precise aeroheating predictions. However, due 

to the lack of reliable data, the adsorption characteristics of CO2 and N2 molecules into PICA (TPS material for the 

MSL heatshield [14]) in extreme conditions are not clearly known [32]. Thus, supercatalytic boundary condition, 

which produces the highest possible surface heating prediction and is conservative for the TPS design [32], has been 

commonly utilized for Mars atmospheric entry simulations for the sake of safety [9, 14, 28]. Given these analyses, 

supercatalytic boundary condition is employed in the current study to describe the wall catalytic characteristics. 

For the solid surface, non-slip wall boundary condition with zero gradient of pressure is implemented. The ther-

mal state of the surface is radiative equilibrium to satisfy the relation 4
w wq Tεσ= , with a fixed surface emissivity (ε ) 

of 0.89 [8, 9, 14]. This model gives the approximate temperature value at each point on the surface and has been ex-

tensively utilized for real flight simulations [8, 9, 14]. The chemical composition on the solid surface is supercatalytic 

to chemical reactions. It is implemented to recombine the species mass fraction to the freestream’s value, that is, 97% 

for CO2, 3% for N2, and zero for other species at the surface in the current simulations. This leads to the maximum 

surface chemistry contribution to heating and results in conservative heating predictions [3, 28, 32]. It is noted that 

radiative-equilibrium condition ignores the heat conduction through the TPS material, and supercatalytic wall forces 

all atoms to recombine to the freestream’s value. Both wall conditions are idealized and further researches are still 

needed to obtain more accurate aeroheating predictions to reduce the TPS requirements in the future.  

The symmetry boundary conditions are employed for the symmetry plane. The velocity normal to the symmetry 

plane is zero, and the normal gradients of all scalar quantities (including species mass fractions) across the symmetry 

plane are also zero [33, 34]. 

In addition, the Mach number, static pressure, static temperature and species mass fractions are specified equal 

to those of the freestream’s value for the inlet boundaries, whereas those for the outlet boundaries are obtained 

through interpolation from the interior of the domain. 
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2.4 Chemical kinetic model 

The source terms generally contain two parts, the species source termssω and the vibrational energy source 

term vω . As mentioned above, the level of thermal non-equilibrium in the flowfield is minor due to short relaxation 

time of dominant species in the Martian atmosphere2CO [1, 3]. Thus, one temperature model is employed and the 

vibrational-electronic energy conservation is not included in the current study. The calculations of the species source 

terms sω are described as follows. 

A chemical kinetic model of Martian atmosphere, including eight species (CO2, CO, N2, O2, NO, C, N, O) and 

fourteen chemical reactions [35], is implemented in the current study. The mass rate of production of speciess per 

unit volume is calculated by [23, 24] 

 , ,
1 1 1

( )[ ( ) ( ) ]rs rs

ns nsnr
s s

s s rs rs f r b r
r s ss s

M k k
M M

α βρ ρω β α
= = =

= − −∑ ∏ ∏   (15) 

wherenr is the number of chemical reactions,rsα and rsβ are the stoichiometric coefficients for reactants and products 

in ther reaction respectively, and, ,,f r b rk k represent the forward rate coefficient and backward rate coefficient for 

ther reaction respectively. 

The forward rate coefficients are calculated by Arrhenius expressions, while the backward rate coefficients are 

obtained via equilibrium constants [23, 24]. The detailed forward and backward rate coefficients of the chemical re-

actions are calculated by [23, 24] 

 , ,
, , exp( )f rn f r

f r f r d
d

E
k C T

T
= −   (16) 

 ,
, ( )

f r
b r

eq d

k
k

K T
=   (17) 

where , , ,, ,f r f r f rC n E are the reaction parameters respectively.dT is the control temperature of chemical reaction and 

equals to translational-rotational temperature under the assumption of one temperature model. eqK represents the 

equilibrium constant and is evaluated by curve fit [35]. 

3. Computational details 

3.1. Physical model 

In this paper, heatshield configuration based on the MSL capsule is considered. Fig. 1 illustrates the geometries 

of the heatshield configurations. The diameter of the heatshield is 4.5m, and the radius of nose and shoulder is 

1.125m and 0.125m respectively [9]. Three sphere-cone angles, i.e., 60°, 70° and 80°, are selected to investigate 

their effects on the flowfield and the resulting aerothermal characteristics. 
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   (a) 60°               (b) 70° (MSL)           (c) 80° 

Fig. 1 Heatshield configurations with different sphere-cone angles. 

3.2. Freestream conditions 

A series of flight conditions on +3σ heat load trajectory is run in this study [9]. Detailed freestream parameters 

are listed in Table 1. Here, ReD represents the freestream Reynolds number based on the heatshield’s diameter. Previ-

ous study [9] has found that peak heat flux is obtained at t=71.5s along this trajectory. Thus, main attention will be 

focused on this time point due to its much severer aerothermodynamic environment. 

Table 1 Freestream parameters along3σ+ heat load trajectory [9].  

t(s) h(km) V∞(km/s) ρ∞(kg/m3) T∞(K) Mach ReD×10-6 
α(deg) 

64.4 39.7 5.69 3.51×10-4 158 28.7 1.14 17.3 

69.6 34.0 5.40 6.63×10-4 172 26.8 1.87 17.2 

71.5 32.2 5.26 8.22×10-4 177 26.1 2.19 17.1 

76.2 28.0 4.83 1.18×10-3 185 23.0 2.74 17.0 

84.4 22.4 3.96 1.96×10-3 195 18.4 3.52 17.3 

100.5 17.1 2.51 2.86×10-3 204 11.0 3.11 18.2 

3.3. Grid generation and sensitivity analysis 

Three-dimensional structured meshes with two blocks are constructed for the heatshields. Only half-geometry 

meshes are generated in this study since sideslip angle is equal to zero. The grid topology and meshes of solid wall, 

symmetry plane and farfield are displayed in Fig. 2, with elaborate refinement performed at the shock layer and cap-

sule shoulder. Besides, in order to obtain accurate and reliable heating predictions, the cell Reynolds number Rec is 

strictly fixed to be 10 as suggested by Ref. [3, 33]. The cell Reynolds number Rec, which governs the first grid spac-

ing at solid wall, is defined as [3, 33] 

 c
nu x

Re
ρ

µ
∞ ∞

∞

∆
=   (18) 

where △xn is the first normal grid distance close to the wall, and ρ∞, u∞ and µ∞ are freestream density, velocity and 

viscosity respectively. 
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Fig. 2 Meshes for the heatshield (70° sphere-cone case). 

To verify the independence of grid resolution, three different grid scales (i.e., coarse, medium, and fine, see Ta-

ble 2) are compared and analyzed in detail. Laminar and turbulent predictions are conducted on the 70° sphere-cone 

configuration. Fig. 3 shows the surface heat flux computed by the three grids. It is obvious that the medium and fine 

grids yield remarkably similar heat flux distributions along the centerline for both laminar and turbulent predictions. 

Numerical results indicate that the calculations are grid-independent, and thus the medium grid is employed for all 

cases to achieve a balance between the numerical precision and the computational costs. 

Table 2 Grid resolutions. 

Grid scale Grid resolution 

( radial×circumferential×azimuthal ) 

Total number of cells 

Block 1 Block 2  

Coarse 93×15×29 93×57×53 303,968 

Medium 111×19×37 111×73×69 609,840 

Fine 135×27×51 135×105×87 1,372,696 

 

 
(a) Laminar 

 
(b) Turbulent 

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

Since the governing equations are discretized and solved on finite grid size, a definite error occurs in integration 

at each step and the accumulation of error is proportional to the number of integration steps [36, 37]. The integration 

steps in the current study should not exceed the maximal allowable steps that accumulation error exceeds the ac-

ceptable value. The maximal allowable number of integration steps is determined by [36, 37] 

 max 2
max ( / )errn S S=   (19) 

where Smax is total error and presumed to be between 1% and 5%.
3

1err ii
S S

=
≈∑ and Si is the relative error of integra-

tion in one dimensional case and defined as follow [36, 37] 

 1( / )k
i iS L L +≈ ∆   (20) 

where ∆L is the mean cell size and Li is the domain size in the “i” direction, k is the order of accuracy of numerical 

scheme. 

The ratio of maximal allowable number of integration steps and actual number of steps are defined as follows, 

the ratio tends to unit when the accumulation error tending to the maximal allowable value [36, 37]. 
 max /sR n n=   (21) 

In the current study, two blocks of structured meshes are generated for the heatshield configuration and corre-

sponding aerothermodynamics are converged by nearly 50,000 steps. The accumulation error of each block for the 

three grid scales are arranged in Table 3. As can be seen, all the ratios for the medium grid utilized in this study are 

larger than unit, which indicates that the accumulation error is not beyond the maximal allowable value. 

Table 3 Accumulate error for the three grid scales. 

 
S1 S2 S3 Serr Smax n nmax Rs 

Coarse grid 
1.24E-06 2.96E-04 4.10E-05 3.39E-04 0.05 50,000 2.18E+04 0.44  
1.24E-06 5.40E-06 6.72E-06 1.34E-05 0.05 50,000 1.40E+07 280.13  

Medium grid 
7.31E-07 1.46E-04 1.97E-05 1.66E-04 0.05 50,000 9.04E+04 1.81  
7.31E-07 2.57E-06 3.04E-06 6.35E-06 0.05 50,000 6.21E+07 1241.63  

Fine grid 
4.06E-07 5.08E-05 7.54E-06 5.88E-05 0.05 50,000 7.24E+05 14.49  
4.06E-07 8.64E-07 1.52E-06 2.79E-06 0.05 50,000 3.21E+08 6428.53  

 

4. Results and discussion 

4.1. Hypersonic flowfield 

Clear comprehension on the hypersonic flowfield is essential to understand the surface conditions and the re-

sulting aerothemal characteristics. The flow structures around the heatshields at the peak heat flux time (t=71.5s) are 

illustrated in Fig. 4. The symmetry plane is colored by Mach number, whereas the heatshield surface is colored by 

non-dimensional pressure. The stagnation points and streamlines in the symmetry plane and surface are presented as 

well. 
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(a) 60°                      (b) 70°                  (c) 80° 

Fig. 4 Symmetry plane cuts of Mach number and surface pressure distributions (t=71.5s). 

As shown in Fig. 4, a bow shock wave is generated near the heatshield due to the strong compressible effect of 

the hypersonic flow. The stagnation point moves gradually from the nose to the windside shoulder with the increase 

of sphere-cone angle. At the windside of heatshield, the shock standoff distances for the 70° and 80° sphere-cone 

cases are similar, and slightly larger than that for the 60° sphere-cone case. Due to the angle of attack of 17.1°, the 

freestream is almost perpendicular to the windside of 70° and 80° sphere cone. Therefore, compared to 60° 

sphere-cone case, the shock waves in the windside for 70° and 80° sphere cones are more like normal shock wave 

with larger shock standoff distances. At the leeside of heatshield, it is observed that the shock standoff distance gets 

larger with the increase of sphere-cone angle. These features are confirmed by the distributions of non-dimensional 

surface pressure. As displayed in Fig. 5, the pressures on the windside surface are almost consistent. Small discrep-

ancy of the location of peak surface pressure occurs due to the shift of stagnation point. At the leeside of heatshield, 

the surface pressure increases with the increase of sphere-cone angle due to the combination of stronger bow shock 

wave and weaker flow expansion downstream the nose of heatshield. In addition, it is also observed in Fig. 5 that 

pressure distributions predicted by laminar and turbulent are nearly identical on the whole surface. 

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

The laminar and turbulent heat flux acting on 60°, 70° and 80° sphere-cone heatshields are presented in Fig. 6. 

The left half of the figures represents laminar results, whereas the right half represents the turbulent results. As can be 

seen, the distribution features of laminar heat flux for different configurations are similar. High heat flux is observed 

at the nose and windside shoulder where the curvature is large. The heat flux is relatively low at the leeside due to the 

flow expansion downstream the nose. As for turbulent cases, the value of heat flux near the stagnation point is similar 

to the corresponding laminar results, indicating that the transition has not occurred yet. The flow travels along the 

surface, and eventually, the laminar boundary layer transits to turbulent one at the leeside of heatshield for all cases. 

The transition leads to remarkable increase on the heating rates, especially at the leeside shoulder. Besides, much 

higher turbulent heat flux is observed at the windside of the 60° sphere-cone compared to the laminar prediction. The 

transition is possible at this area due to the long distance from the stagnation point to the windside shoulder of the 

sphere-cone. For the remaining areas without flow transition, such as the stagnation point and the nose of heatshield, 

turbulent heating predictions obtain similar results with the corresponding laminar calculations. Rumsey et al. [38] 

points out that, SST turbulence model may exhibit certain transition behaviors for fully turbulent external flow com-

putations. Because of no precise transition physics built into the model, the laminar flow region predicted by the tur-

bulence model upstream of transition may be pseudo-laminar [38], that is, the predicted laminar region may be nu-

merical. Nevertheless, SST turbulence model can still provide a reference for the flow transition predictions. 

 
(a) 60° 

 
(b) 70° 

 
(c) 80° 

Fig. 6 Laminar and turbulent heat flux (black solid dot represents the stagnation point, t=71.5s). 

In order to analyze surface aeroheating quantitatively, the laminar and turbulent heat flux on the centerlines are 

presented and compared in Fig. 7. For laminar predictions shown in Fig. 7 (a), similar heat flux distributions can be 

observed for the three sphere-cone cases, and smaller sphere-cone angle results in the higher heat flux at the nose. 

Specifically, the heat flux of the 60° sphere-cone case is higher than the 70° and 80° sphere-cone cases by a factor of 

about 35% and 70%, respectively. Opposite trend occurs at the windside shoulder, that is, higher heat flux is achieved 

with the larger sphere-cone angle. This behavior could be ascribed to the curvature change near the shoulder. Besides, 

at the leeside of heatshield, heat flux is relatively low and insensitive to the sphere-cone angle for most regions. Fig. 7 

(b) presents the comparisons of turbulent heat flux on the centerlines. Great discrepancies can be noticed for the three 

sphere-cone cases. The turbulent heat flux is extremely high at the leeside shoulder for the 60° and 70° sphere-cone 

cases, and reaches up to 135W/cm2 and 162W/cm2 respectively. However, heat flux at the leeside shoulder is merely 

about 81W/cm2 for the 80° sphere-cone case. The turbulent heating levels of the 70° and 80° sphere-cones are quite 

similar in most regions of the windside, i.e., about half of those for the 60° sphere-cone case. 
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(a) laminar 

 
(b) turbulent 

Fig. 7 Comparison of surface heat flux on the centerline (t=71.5s). 

4.3 Turbulent heating augmentation and transition onset correlations 

For configuration analysis and design, it is meaningful to have engineering-level approximation for the transition 

onset and the resulting turbulent heating augmentation above laminar levels [9, 12]. The turbulent heating augmenta-

tion factorφ is defined as [3] 

= turbulent

laminar

q

q
φ                                         (22) 

where qturbulent and qlaminar are the turbulent heat flux and laminar heat flux, respectively. 

In the establishment of transition and heating correlations, the laminar boundary-layer momentum thickness 

Reynolds number Reθ is widely employed [9, 12, 14]. Reθ is defined as [14] 

= e e

e

u
Reθ

ρ θ
µ

                                        (23) 

where
eρ ,

eu ,
eµ are the density, velocity and viscosity at the boundary-layer edge, respectively. Momentum thickness θ 

is defined as [14] 

                                    e

0
= (1 )

e e e

u u
d

u u

ρθ η
ρ

−∫                                     (24) 

It is noteworthy that the boundary-layer edge is defined as the position where the total enthalpy is 99.5% of the 

freestream value [9, 14]. 

Previous experimental study provides a correlation betweenφ and Reθ, which is given by 
                                     = 158 1Re /θφ +                                      (25) 

The experiment was conducted on a scaled 70° sphere-cone model. The turbulent heat flux was obtained from 

the wind-tunnel tests, whereas the laminar heat flux and momentum thickness Reynolds number were achieved by the 

LAURA-based laminar results. Clearly, this linear correlation is very simple to utilize. However, it is hard to fit well 

the turbulent heating augmentation in the whole Reθ range. Furthermore, the effects of sphere-cone angle are not in-

volved in this correlation. 

In this section, a novel correlation for turbulent heating augmentation in terms of laminar momentum thickness 

Reynolds number, with consideration of sphere-cone angle effect, is developed. The details of the correlation are de-

scribed as follows. 

The correlations of φ in terms of Reθ are shown in Fig. 8. The small red symbols represent the current predicted 
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results of all surface grids on the heatshield. In the process of fitting these points, it is observed thatφ is approxi-

mately linear with the square of Reθ. Besides,φ decreases with the increase of sphere-cone angle when Reθ is fixed. 

Through these relations and a trial-and-error process, we conclude that the turbulent heating augmentation could be 

correlated by 

                                     2Re
= ( ) 1

1000c

θβφ
α

+                                      (26) 

where αc is the sphere-cone angle in radians, i.e., 6π/18, 7π/18 and 8π/18 for 60°, 70° and 80° sphere-cone, respec-

tively. β denotes a constant determined by the freestream conditions. 

The developed correlations for different sphere-cone cases are illustrated in Fig. 8. The previous correlation 

based on the scaled 70° sphere-cone model is also provided as a reference. As can be seen, for different sphere-cone 

cases, the developed correlations with identical β=35.6 can fit well with the current numerical predictions. Our results 

also demonstrate the obvious differences between correlations based on wind-tunnel tests and real flight conditions. 

Besides, it is seen that the maximum value of Reθ decreases slightly with the increase of sphere-cone angle. In gen-

eral, the 80° sphere-cone encounters the least severe turbulent aeroheating environment for a fixed laminar momen-

tum thickness Reynolds number. Transition onset (whereφ >1 [14]) for all cases occurs when Reθ ≈120, lower than 

the corresponding experiment value of about 200 [14]. The numerical results indicate that the transition onset is 

prematurely predicted. This phenomenon was also observed in previous study [3], and the authors attributed it to the 

inefficiency of SST turbulence model in predicting the exact location of transition [3]. 

In order to validate the correlation given by Eq. (23), further investigations are performed at the peak dynamic 

pressure time (t=84.4s). Firstly, the constant β is determined by fitting the predictedφ and Reθ results for 60° 

sphere-cone (Fig. 9 (a)) using Eq. (23). Results indicate β=21.3 is appropriate at this freestream condition. Then, by 

introducing β=21.3 into Eq. (23), the correlations for 70° and 80° sphere-cone are also obtained, which are respec-

tively given by 

                                221.3 Re
= ( ) 1

7 /18) 1000
θφ

π
+

（

                                     (27) 

                                221.3 Re
= ( ) 1

(8 / 18) 1000
θφ

π
+                                      (28) 

Finally, the correlations given by Eq. (24) and (25) are compared with the corresponding predicted results (red sym-

bols) for 70° and 80° sphere-cone cases in Fig. 9 (b) and (c). Similar verification processes are then performed at 

t=76.2s, and the corresponding results are displayed in Fig. 10. It is observed that excellent agreements are achieved 

for different configurations at both time points, indicating satisfactory performances of the correlations in fitting the 

relationship betweenφ and Reθ. In addition, we can see from Fig. 8-Fig. 10 that with the laminar boundary layer 

transits to turbulence, the maximum value of Reθ increases obviously from t=71.5s to t=84.4s. 

The above work shows that the proposed correlation is more accurate and applicable to the aeroheating predic-

tions of heatshields with different sphere-cone angles. Thus, the correlation may provide a means for aerothermody-

namics estimation and preliminary design analysis for the future Mars entry capsules. 
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(a) 60° 

 
(b) 70° 

 
(c) 80° 

Fig. 8 Correlations of turbulent heating augmentation in terms of momentum thickness Reynolds number (t=71.5s). 

 
(a) 60° 

 
(b) 70° 

 
(c) 80° 

Fig. 9 Correlations of turbulent heating augmentation in terms of momentum thickness Reynolds number (t=84.4s). 

 
(a) 60° 

 
(b) 70° 

 
(c) 80° 

Fig. 10 Correlations of turbulent heating augmentation in terms of momentum thickness Reynolds number (t=76.2s). 

4.4 Maximum heat flux and total heat load 

 Maximum heat flux and total heat load are two important components for Thermal Protection System (TPS) 

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

shield. This parameter is widely used to determine the TPS material in the design period [1]. Unlike the conventional 

definition, total heat load herein means the total value of heat flux on the entire surface of heatshield. Similar defini-

tion can be found in Ref. [33]. Considering the combination of heating rates and wetting area, this definition is very 

suitable for evaluation of heatshield configurations in the current study. 
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The variations of laminar and turbulent maximum heat flux and total heat load for different heatshield configura-

tions along 3σ+ heat load trajectory are presented in Fig. 11. As can be seen, both the maximum heat flux and total 

heat load increase to the largest value at the peak heat flux time (t=71.5s), and then decrease gradually to a much 

lower level. Although the trends for different heatshields are similar, obvious discrepancies can be observed in terms 

of their values. The laminar maximum heat flux for 60° and 80° sphere-cone cases are nearly the same, both higher 

than the 70° sphere-cone case, with a maximum discrepancy of 20% at t=71.5s. Quite different scenarios can be 

found for the turbulent results. The maximum heat flux for the 80° sphere-cone case is remarkably lower than that for 

the other two cases along the trajectory, especially at the peak heat flux time with about 80 2W/cm , i.e.,100% heat 

flux reduction observed at this time point. 

Comparisons of total heat load for different heatshield configurations are also presented in Fig. 11. The 80° 

sphere-cone case predicts the lowest total heat load for both laminar and turbulent conditions, and the 60° 

sphere-cone case achieves the highest one. The discrepancy among these three configurations firstly increases and 

then decreases along the trajectory. The largest discrepancy occurs at the peak heat flux time. At this time point, the 

laminar and turbulent total heat load for the 60° sphere-cone case are approximately 32% and 111% higher than those 

for the 80° sphere-cone case, respectively. 

 
(a) laminar 

 
(b) turbulent 

Fig. 11 Maximum heat flux and total heat load along3σ+ heat load trajectory. 

5. Conclusion 

This paper conducts a numerical investigation into hypersonic flows over the MSL heatshield with sphere-cone 

angles of 60°, 70° and 80°. The flowfield and surface heat flux of different heatshields are examined and compared in 

detail. A novel correlation for turbulent heating augmentation in terms of laminar momentum thickness Reynolds 

number is then developed and verified. Finally, the maximum heat flux and total head load along the flight trajectory 

for different configurations are investigated. Main findings are summarized as follows: 

(1). The flow structures of different heatshields are similar except for the shock standoff distance and stagnation 

point location. The 80° sphere-cone case predicts the largest shock standoff distance, both at the windside and leeside 

of the heatshield. The stagnation point moves gradually from the nose to the windside shoulder with the increase of 

sphere-cone angle. 

(2). For laminar predictions, larger sphere-cone angle results in lower heat flux at the nose but higher heat flux at 

the windside shoulder. The heat flux is relatively low and insensitive to the sphere-cone angle at the leeside of heat-
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shield. For turbulent predictions, the heating environments for the 60° and 70° sphere-cone cases are significantly 

severer than the 80° sphere-cone case, especially at the leeside shoulder. 

(3). A novel correlation between turbulent heating augmentation and laminar momentum thickness Reynolds 

number, with consideration of sphere-cone angle effect, is developed. Numerical investigations indicate that the pro-

posed correlation is more accurate and applicable to the aeroheating predictions of heatshields with different 

sphere-cone angles. 

(4). Along the trajectory, both maximum heat flux and total heat load firstly increase to the largest values at the 

peak heat flux time, and then decrease gradually to a much lower level. The turbulent maximum heat flux of the 80° 

sphere-cone case is remarkably lower than the other two cases, especially at the peak heat flux time. Besides, the 80° 

sphere-cone case obtains the lowest total heat load for both laminar and turbulent predictions along the trajectory, and 

the 60° sphere-cone case predicts the highest values. 

Numerical results in this paper demonstrate the significant effects of sphere-cone angle on aerothermodynamics 

of heatshield configurations for Mars entry capsules, especially at the leeside in turbulent flows. Moreover, compared 

to the conventional heatshield configuration, the 80° sphere-cone exhibits obvious advantages in the turbulent heating 

predictions. This is worth noticing in the heatshield design and optimization for future Mars entry capsules. 
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� Flow over heatshields with 60°, 70° and 80° sphere-cone angles is investigated. 
� Laminar and turbulent heat flux are simulated and compared in detail. 
� A novel correlation for turbulent heating augmentation in terms of Reθ is developed. 
� Maximum heat flux and total heat load along the flight trajectory are investigated. 

 
 


