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The design of the thermal protection system requires high-precision and high-reliability CFD simulation for validation. To
accurately predict the hypersonic aerodynamic heating, an overall simulation strategy based on mutual selection is proposed.
Foremost, the grid criterion based on the wall cell Reynolds number is developed. Subsequently, the dependence of the
turbulence model and the discretization scheme is considered. It is suggested that the appropriate value of wall cell Reynolds
number is 1 through careful comparison between one another and with the available experimental data. The excessive number
of cells is not recommended due to time-consuming computation. It can be seen from the results that the combination of the
AUSM+ discretization scheme and the Spalart-Allmaras turbulence model has the highest accuracy. In this work, the heat flux
error of the stagnation point is within 1%, and the overall average relative error is within 10%.

1. Introduction

The axisymmetric shape is widely used in hypersonic
missiles, such as the Kinzhal missile and the AHW [1] pro-
gram. Hypersonic vehicles achieve high speeds (Mach 5-20)
via rocket propulsion or scramjet engines [2], high lift-drag
design [3, 4], and the advantage of near-space. On the one
hand, high-speed flight makes it difficult to detect and track
the hypersonic vehicle. On the other hand, high-speed flight
will cause violent friction between the surface and the air and
generate a lot of heat. Ref. [5–7] illustrated that at Mach 6, the
skin temperature may exceed 900K, and the leading edge
temperature will easily exceed 1000K, which presents signif-
icant challenges for thermal protection. Thermal protection
system (TPS) can provide hypersonic vehicles the thermal
insulation from the aerodynamic heating [5, 8, 9]. This sub-
system of a vehicle is used to ensure the safety of the aircraft,
especially when there exists a large temperature difference
between the cabin interior and the TPS structure. Therefore,
the reliable prediction of surface heat fluxes is essential to the

TPS, and its size has to be the minimum value able to
guarantee suitable protection [10]. The following three
methods [11] are commonly used to compute heat flux to
guide the design of TPS: experiment/wind tunnel experi-
ment, computational fluid dynamics (CFD) simulation, and
engineering experience estimation method. Compared with
the engineering empirical estimation method, CFD simula-
tion is more accurate. Compared with the experimental/wind
tunnel experiment, CFD simulation cycle is shorter, the
model size does not need to be reduced, and the simulation
parameters can be flexibly modified. Therefore, to better
guide the design of TPS for hypersonic aircraft [12], how to
accurately predict aerodynamic heating with CFD method
has become a desirable concern.

In the whole process of CFD simulation, each step will
affect the final numerical simulation accuracy, including
mesh generation, turbulence model, and discretization
scheme setting. The poor simulation strategy may lead to
errors of 4 times [13] or more. As the heat transfer rate is
determined by the temperature gradient [14], the mesh
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quality becomes the main factor. For this reason, a lot of
research work has been carried out on the grid strategy, espe-
cially on the first layer grid [15, 16]. Wall cell Reynolds num-
ber is an important scale criterion. Its reasonable value range
becomes a research hotspot. Ref. [17, 18] showed that a cell
Reynolds number of about 20 in the first grid layer was rea-
sonable. It is found that the heat flux converges when the wall
cell Reynolds number is less than or equal to 3 [19]. However,
the value range mentioned above needs to be more specific to
meet the needs of high-precision simulation. In addition to
grid research, there are many issues worthy of attention, such
as turbulence models and discretization schemes. The results
of hypersonic verification and evaluation show that different
turbulence models and discretization schemes have great dif-
ferences in predicting the accuracy of aerodynamic heating
[13, 20]. The existing studies separate influencing factors
independently, but CFD simulation is a whole process. It is
limited to analyze single factors on the accuracy, which need
to be considered together [21]. Besides, the detailed and
quantitative strategy is desirable for the main factor grid.

In this study, a new grid strategy based on the wall cell
Reynolds number is proposed by comparing the accuracy
of aeroheating prediction. After getting the appropriate mesh
in the preprocessing stage, the dependence between the tur-
bulence model and the discretization scheme is found and
characterized. Considering all factors comprehensively
rather than individually, the overall CFD simulation strategy
proposed in this paper can realize high-precision aerody-
namic heating simulation, which provides a data basis for
thermal protection design.

2. Methods

As shown in Figure 1, the entire process can be divided into
four steps. Our approach requires consideration of the whole
simulation to achieve high-accuracy prediction. Foremost,
the geometry part is necessary. The focus of the first step is
that the geometry model should be as simple as possible
and as complicated as necessary. The second step is to divide
the imported geometry model into discrete cells. The mesh
quality has an important influence on the convergence and
results. After importing the meshing document, the setup
of a simulation can be specified. At the end of the procedure,
the analysis of the results can give feedback to the simulation.

2.1. Geometry and Meshing. In this work, we take the blunt
double cone as an example, regarding the wind tunnel test
report of NASA TP-2334 [22]. The geometry model is cre-
ated in UG NX 10.0, and its planar diagram is shown in
Figure 2(a). The curvature radius of the head is 0.3835 cm,
and the half cone angles are 12.84° and 7°, respectively, and
the length of the model is 12.224 cm.

Since this research focuses on the flow of the boundary
layer, the structured mesh is used to avoid the undesirable
large discrete error. Equation (1) illustrates that the heat flux
is determined by the temperature gradient, so the set of first
layer height is essential. As shown in Figure 2(b), the
ICEM-CFD software is used to mesh the whole computa-
tional domain into structured grids. Because the model is axi-

symmetric, it is divided into six blocks with half of the
computational domain. Besides, the grid is encrypted in the
boundary layer, especially near the head with severe heating.

qw = −κ
∂T
∂n

����
w

: ð1Þ

The free flow conditions refer to the wind tunnel test
conditions, as shown in Table 1. The boundary conditions
are the far-field inlet, pressure outlet, and isothermal wall,
respectively.

The wall cell Reynolds number [23] refers to the local
Reynolds number based on the velocity in the calculation cell
and the length scale of the cell, as shown in Equation (2). In
which, Re denotes the Reynolds number in Table 1. The Δh
means the normal height of the boundary layer.

Re,cell = Re∗Δh: ð2Þ

The quantitative grid strategy proposed in this work is
based on the following two criteria: (1) On account of the
prediction accuracy, the first cell height will be set to 2.8e
-7m, 5.6e-7m, …,1.8e-5m, corresponding to the wall cell
Reynolds number ranging from 0.5 to 32. (2) The normal
expansion ratio of the grid is fixed at 1.1, so the total number
of cells is only related to the density of the first layer. At any
of the wall cell Reynolds numbers, the value of total elements
ranges from 1 million to 5 million.

2.2. Turbulence Model. CFD simulation is essentially a pro-
cess of giving equations and solving discretization solutions,
while the turbulence model is used to describe the transport
equation(s). Because direct numerical simulation (DNS)
requires vast computing resources, the Reynolds average
(RANS) method is widely used to process the time average,
as shown in Equations (3) and (4), to solve four physical
quantities: three velocity components ðui, uj, ukÞ and pres-
sure P.

∂ρ
∂t

+ ∂ρui
∂xi

= 0, ð3Þ

∂ρuj

∂t
+ ∂
∂xk

ρujuk
� �

+ ∂P
∂xj

=
∂τjk
∂xk

: ð4Þ

Although the RANS method reduces the computational
cost, it also introduces a nonlinear term, which leads to the
unclosed N-S equation. Therefore, it is necessary to introduce
additional turbulent flow variable(s) and differential equa-
tion(s). In this paper, the Spalart-Allmaras model and the
Shear Stress Transport (SST) model, which are widely used
and perform well in aerothermal simulation, are selected
[24, 25].

Spalart-Allmaras model [26] is a one-equation model.
The introduction of the variable ~v is equivalent to turbulent
kinematic viscosity. The transport equation of this model is
as follows:
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where Gv is the production of turbulent viscosity, Yv is the
destruction of turbulent viscosity, and Cb2ρ is constant.

As a one-equation model, the SAmodel is naturally miss-
ing the k term (turbulent kinetic energy). But this is not a
major effect in thin shear flows, and the addition of 2k/3 to
the diagonal elements of the stress tensor is approximate in
any case. The SA model is the eddy viscosity model which
has a robust numerical formulation and has shown promis-
ing results for a wide variety of flows. Unlike most two-
equation models, the SA model does not require additional
wall function when dealing with near-wall flow problems,
so it is quite insensitive to the wall spacing. The surface prop-
erties varied by less than 2.5% for the flow when the γ+ wall
spacing was varied between 0.01 and unity [27]. While stable
for large γ+ values, the maximum for accurate solutions of
the SA model should be roughly γ+ ≤ 1.

SST k − ω two-equation model [26] was proposed and
developed by Menter. It combines the standard k − ε model
and the standard k − ωmodel, which will use the k − ωmodel
for the near-wall region and the k − ε model for the free sur-

face. The SST model introduces two variables: the turbulence
kinetic energy k and the rate of dissipation of the eddies ω.
The transport equation of this model is as follows:

∂ ρkð Þ
∂t

+ ∂ ρuikð Þ
∂xi

= ∂
∂xj

Γk
∂k
∂xj
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∂xj

 !
+Gω − Yω + Sω,

ð6Þ

where Gk and Gω are the production items of item k and
item ω, respectively, Г is the effective diffusivity, and Y is the
dissipation of turbulence.

The SST model utilizes the same blending function
(1 − F1) between the k − ω and k − ε models as the baseline
(BSL) model; however, the former model also employs a
modified form of the eddy viscosity definition which
accounts for the transport of the Reynolds stress. The eddy
viscosity is redefined in the following way:

vt =
a1k

max a1ω ;ΩF2ð Þ ð7Þ

where F2 is a blending function that guarantees that the
model is satisfied whereas the original formulation vt = k/ω
is used for the rest of the flow. Based on the philosophy
underlying the Johnson-King model, the SST model leads
to a significant improvement for all flows involving adverse
pressure gradients and should be the model of choice for
aerodynamic applications. The SST model has greatly
benefited from the strength of the underlying turbulence
models. Compared with the other two-equation models, the

Start

Geometry
(Biconic) (Cell reynolds numbers )

(Pick turbulence model &
discretization scheme ) (Accuracy on heating )

UGNX ICEM-CFD Ansys fluent CFD post
Output

Mesh Simulation Analysis

Figure 1: The process of CFD simulation.

R = 0.3835cm 𝜃α = 12.84°

l = 6.955cm

L = 12.224cm

𝜃b = 7°

(a) (b)

Figure 2: The diagram of (a) planar geometry and (b) the three-dimensional grid.

Table 1: Freestream conditions.

Velocity
(m/s)

Mach
number

Pressure
(Pa)

Temperature
(K)

Reynolds
number

1382 9.86 59.92 48.88 2.3E5
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SST model is more suitable for many industrial applications
and most general-purpose commercial CFD codes.

2.3. Discretization Scheme. Discretization is the process of
transferring continuous functions, models, variables, and
equations into discretized counterparts. As shown in Ref.
[20, 21, 28], the Roe-FDS scheme and ASUM+ scheme have
been widely used and achieved good results. Therefore, the
following work focuses on the impact of these two discretiza-
tion schemes:

2.4. Roe-FDS [29]. Because the Godunov format requires a lot
of computation, Roe linearizes the Jacobian matrix and pro-
poses a new flux difference scheme on this basis. This scheme
is a flux differential splitting scheme (FDS) that approximates
the Riemann solution:

F1/2 =
1
2 FL + FRð Þ − 1

2R
bΛ��� ���LΔq, ð8Þ

where ð^Þ represents the Roe-averaged values and Λ repre-
sents the diagonal matrix of characteristic velocity. L and R
are left and right eigenvectors, respectively.

2.5. AUSM+ [30]. The AUSM scheme is an improvement of
the Vanleer scheme in terms of scheme structure, and it is a
composite scheme of FVS (flux vector splitting scheme) and
FDS in terms of the dissipation term. The AUSM + scheme
proposed by Liou, which divides the inviscid flux into the
convection term ~F

c
1/2 and the pressure term ~P1/2:

F1/2 = ~F
c
1/2 + ~P1/2 = M+

L jβ=1/8 +M−
Rjβ=1/8

� �
a1/2Φ1/2

+ P+
L jα=3/16PL + P−

Rjα=3/16PR

� �
,

ð9Þ

where the interface sound velocity a1/2 = min ð~aL, ~aRÞ and
~a = a∗2/max ða∗, jujÞ.

3. Results and Discussion

In this section, the simulation results are imported into CFD-
post for intuitive expression and analysis. By comparing the
results of different simulation parameter settings, the influ-
ence of each stage and mutual dependencies are analyzed.
The inlet is set as the far-field boundary, and the parameters
of free flow are shown in Table 1. The outlet is set as the pres-

sure out boundary. The wall is the surface of the biconic
model, and a no-slip isotherm wall condition is adopted. In
order to save computing resources, half of the computational
domain is used and symmetric boundary conditions are
adopted.

3.1. Influence of Meshing Grid. We will discuss the influence
of meshing, i.e., grid strategy, on CFD accuracy during
hypersonic aerodynamic thermal numerical simulation in
this section. According to Ref. [16, 18, 31], the number of
grids and the height of the first layer play a significant role
in the accuracy of simulation results and even determine
whether they can converge. For this reason, the structured
grid is divided in this paper. Figure 3(a) shows the computa-
tional domain of a blunt biconic, and Figure 3(b) shows the
boundary layer and stagnation point details. Considering
the angle of attack as 0°, 35 sets of grids are divided. The grid
parameters are specified in Table 2, and the total number is in
terms of N .

In this case, the closer to the nose cone head, the more
severe the heat. Therefore, the x = 1mm plane is selected to
display the flow field pressure contour and temperature con-
tour, as shown in Figure 4. The two different kinds of grid
No. 2-4 and No. 3-1 (see in Table 2) are chosen to explain
the impact of grid strategy clearly. As shown in Figure 5,
the data on the solid black line in Figure 4 are selected for
comparative analysis to clearly explain the influence of grid
strategy. It can be seen that even with different wall cell Reyn-
olds numbers and different densities of the grid, the pressure

y

x

(a)

Boundary layer

Stagnation point

(b)

Figure 3: Computational domain and grid.

Table 2: Grid parameters with different meshing.

No.
Total number

(N)
1st layer height (10-

7m)
Re,cell

(dimensionless)

1-1…
1-7

1 million 0.28…18 0.5…32

2-1…
2-7

2 million 0.28…18 0.5…32

3-1…
3-7

3 million 0.28…18 0.5…32

4-1…
4-7

4 million 0.28…18 0.5…32

5-1…
5-7

5 million 0.28…18 0.5…32
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Pressure
3.735e+003
3.505e+003
3.276e+003
3.046e+003
3.816e+003
3.587e+003
3.357e+003
2.127e+003
1.898e+003
1.668e+003
1.438e+003
1.209e+003
9.792e+002
7.495e+002
5.199e+002
2.902e+002
6.058e+001

[Pa]

(a) N = 1million, Rcell = 4

3.759e+003
3.528e+003
3.297e+003
3.066e+003
3.834e+003
3.603e+003
3.372e+003
2.141e+003
1.910e+003
1.679e+003
1.448e+003
1.216e+003
9.852e+002
7.540e+002
5.229e+002
2.917e+002
6.058e+001

[Pa]

Pressure

(b) N = 3million, Rcell = 1

7.232e+002
Temperature

[K]

6.896e+002
6.469e+002
6.042e+002
5.615e+002
5.188e+002
4.761e+002
4.334e+002
3.908e+002
3.481e+002
3.054e+002
2.627e+002
2.200e+002
1.773e+002
1.346e+002
9.192e+001
4.923e+001

(c) N = 1million, Rcell = 4

7.332e+002
6.904e+002
6.477e+002
6.049e+002
5.622e+002
5.195e+002
4.767e+002
4.340e+002
3.912e+002
3.485e+002
3.057e+002
2.630e+002
2.202e+002
1.775e+002
1.347e+002
9.198e+001
4.923e+001

Temperature

[K]

(d) N = 3million, Rcell = 1

Figure 4: The pressure contour and temperature contour at the plane (x = 1mm).
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contours are similar. The difference between the temperature
results in the two grids is so small that it is negligible. The
conclusion we can draw from this is that the temperature
and pressure are not particularly dependent on the grid, so
there is no need for severe simulation conditions.

Figure 6 is the wall heat flux simulation results with two
different grids. It can be seen that the overall distribution is
quite different, especially at the stagnation point. In which,
the maximum relative error can be 10%. We can conclude
that the wall heat flux result is highly dependent on the grid,
so it is desirable to show an appropriate grid strategy.

As shown in Figure 7, after comparing the results
obtained by CFD simulation with the wind tunnel test value
ðq0 = 337:2kW/m2Þ, the following conclusions can be drawn:
(1) The accuracy of the heat transfer rate at the stagnation
point increases with the increase in the number of grids at
first, but after the number of elements reaches 3 million,
the improvement of accuracy is almost negligible. (2) Mean-
while, the accuracy relies on the height of the first layer grid.
The accuracy is the highest when the wall cell Reynolds num-
ber is about 1. When the wall cell Reynolds number is greater
than 16, the prediction is quite poor. (3) Compared with the
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Figure 5: The pressure distribution and temperature distribution on the solid black line in Figure 4.
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previous studies, the simulation accuracy can be significantly
improved (as shown in Table 3) by using an appropriate grid
strategy, and the relative error is less than 1%. (4) As shown
in Table 3, the method presented in this paper performs bet-
ter than the theory of Fay and Riddell [32] that commonly
used in engineering. (5) Two sets of grids are used in the sub-

sequent analysis, of which 3 million elements are used with
Reynolds numbers of wall elements set at 1 and 2 (grid No.
3-1 and grid No. 3-2).

3.2. Influence of Turbulence Model and Discretization
Scheme. In this section, the analysis of the influence of the

Wall heat flux
3.563e+005
3.262e+005
3.050e+005
2.845e+005
2.654e+005
2.444e+005
2.227e+005
1.994e+005
1.778e+005
1.550e+005
1.266e+005
1.118e+005
9.468e+004
7.761e+004
5.053e+004
3.277e+004
2.921e+003

[W m^–2]

(a) Wall heart flux contour with grind No. 1-4

Wall heat flux
3.281e+005
3.078e+005
2.874e+005
2.670e+005
2.467e+005
2.263e+005
2.059e+005
1.856e+005
1.652e+005
1.448e+005
1.245e+005
1.041e+005
8.372e+004
6.336e+004
4.299e+004
2.262e+004
2.257e+003

[W m^-2]

(b) Wall heart flux contour with grind No. 3-1
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(c) Wall heart flux distribution with different grinds

Figure 6: The wall heat flux contour at the wall surface with different grids.
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turbulence model and discretization scheme on the simula-
tion accuracy will be carried out through careful comparison
of experimental results and theory. There are several criteria
for verifying the quality of different turbulence models: (1)
Turbulence model sensitivities (grid wall spacing and turbu-
lence level); (2) convergence of time and step iteration; (3)
quantitative precision of the numerical simulation when
compared with experimental data. According to the analysis
in the previous section, although the SA model is insensitive
to mesh refinement and wall spacing, in general, the heat flux
simulation error is larger when Re,cell is larger. Therefore, the
grid strategy proposed in this paper can significantly improve
the simulation accuracy. Besides, in our cases, uniform itera-
tion step size and iteration time are adopted to ensure that
the residual of each run is within 1e-3.

In this paper, the accuracy of numerical simulation and
robustness of turbulence model are analyzed through careful
comparison between one another and with the available
experimental data. When the wall cell Reynolds number is
large (Re = 2:318e5), the transition is easy to occur in the
boundary layer, and turbulence is more common in the flow.
Compared with laminar flow, turbulent flow is more chaotic
and irregular. In this work, two sets of grids (grid No. 3-1 and
grid No. 3-2) are used for comparative analysis on the simu-
lation accuracy for different turbulence models. The heat flux
on the wall surface that we obtained is normalized (divided
by qFR = 317:1kW/m2) for quantitative comparison. Because
the heat flux at the stagnation point is too large, this work
only shows the results of the second half, as shown in
Figure 8.

In addition to simulation accuracy, the calculation time is
also an important factor that must be measured in practical
engineering. The overall mean errors of the selected points
on the wall surface with different models are also compared,
as shown in Table 4. From the above discussion, the follow-
ing conclusions can be drawn: (1) In our case, the solution

of the boundary mainly focuses on the viscous sublayer.
Although it is based on the accurate and robust near-wall for-
mulation of the Wilcox k − ωmodel, the additional near-wall
functions are still somewhat unwieldy, so the performance of
the SA model is still better than that of the SST model. (2)
Near the outer edge of the boundary layer and in shear layers,
the SST model blends into a transformed version of the k − ε
formulation, thus providing the same good predictions for
temperature and pressure in the flow fields as the SA model
(see in Figures 4–6). (3) The main additional complexity in
the SSTmodel formulation compared to standard models lies
in the necessity to compute the distance from the wall, which
results in a longer calculation time than the SA model.

For the transient N-S equation based on density solver,
the discretization scheme is an important factor that affects
the accuracy and stability of the solution. Compared with
the central scheme, the upwind scheme has its dissipation
characteristic, which is closer to the real flow field. Therefore,
in this work, the influence on the accuracy of CFD simulation
with the AUSM+ scheme and Roe-FDS scheme is discussed.

Similarly, the simulation data on the surface of the blunt
double cone are normalized. Because the heat flux at the

1 million
2 million
3 million

380

370

360

350

q/
(k

W
/m

2 )

340

330

0.5 1 2 4 8 16 32

Cell reynolds number

Experiment
5 million
4 million

Figure 7: Heat flux of stagnation point with cell Reynolds number.

Table 3: Stagnation point heat flux ðkW/m2Þ.
Tunnel test (q0) F-R theory Ref. [33] Ref. [34] Present

337.2 317.1 429.4 349.5 336.7

0.065

0.060

Experiment
SA, mesh 1

SA, mesh 2

SST, mesh 1
SST, mesh 2

0.055

0.050

0.045

0.040

0.035

0.030

0.025

0.020

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

X/L

q/
q F

R

Figure 8: Dimensionless heat flux distribution on the surface of
blunt biconic.

Table 4: Stagnation point heat flux ðkW/m2Þ.
Turbulence model Grid Average error (%) CPU time (h)

SA No. 3-1 9.7% 9.2

SST No. 3-1 14.9% 14.3

SA No. 3-2 12.4% 9.0

SST No. 3-2 15.3% 13.8
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stagnation point is too large, this work only shows the results
of the second half. The results with the two grids (grid No. 3-
1 and grid No. 3-2) are shown in Figure 9. It can be seen that
the results of the AUSM+ scheme and Roe-FDS scheme are
almost consistent, which can predict the aerodynamic heat-
ing. The prediction accuracy of heat flux in our work is
within 1%, as shown in Table 5.

3.3. The Dependence between Turbulence Model and
Discretization Scheme. The above is the independent influ-
ence analysis of the turbulence model and the discretization
scheme, which is also the main research theme of most cur-
rent work. In this work, the dependence between the two fac-
tors is discussed. Similarly, the first pretreatment is
normalization. The results of the wall heat flux are shown
in Figure 10. The following conclusions can be drawn: (1)
The maximum relative error is within 15%. (2) As for the
SST turbulence model, the AUSM+ scheme and Roe-FDS
scheme are desirable. (3) As for the SA turbulence model,
the AUSM+ scheme has performed far better than the Roe-
FDS scheme.

4. Conclusions

It has been widely concerned to achieve accurate prediction of
the heating load under the condition that the hypersonic flow
is strongly compressed and frictional. In this work, an overall
simulation strategy based on a quantitative grid criterion and
the interdependence of different stages is proposed. Through
careful comparisons between one another and with the avail-
able experimental data, the conclusions are as follows:

(1) Although the SA model and SST model are quite
insensitive to the wall spacing when compared with
other turbulence models. The results show that the
heat flux is strongly dependent on the grid quality.
Based on the analysis of the heat flux numerical
results at stagnation point with different meshing
grids, the wall cell Reynolds number is suggested to
be 1

(2) The dependence between the turbulence model and
the discretization scheme cannot be ignored. It seems
hard to analyze these two factors independently.
Indeed, there is neither an absolutely good turbulence
model nor an absolutely good discretization scheme.
For the SST model, Roe-FDS is more suitable than
AUSM+; conversely, AUSM+ is a better choice for
the SA model. Different collocation will result in a
great accuracy difference. In this paper, the average
relative error of surface heat flux is reduced from
14.3% to 9.3% by comprehensive consideration

(3) The leading edge region has the highest temperature
and heat flux and is most likely to be damaged.
Therefore, accurately predicting the aerodynamic
heating loads of the hypersonic vehicle is of great sig-
nificance. In this work, the relative error of stagnation
point heat flux is less than 1% with the overall CFD
simulation strategy. Accurately predicting heat flux
can be used to provide some reference for the design
of thermal protection systems to meet the require-
ments of the severe flight conditions and lightweight

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Table 5: The stagnation point heat flux error.

Stagnation
point

Vanleer
[28]

MLP
[28]

AUSM+
present

Roe-FDS
present

Relative error 3.1% 3.2% 0.7% 1.2%

0.065

SA, AUSM+

SST, AUSM+
SST, Roe
Experiment

AVA erroe 9.3%
AVA erroe 13.5%
AVA erroe 14.3%
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Figure 10: Heat flux of blunt biconic for different schemes.
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Figure 9: Dimensionless heat flux distribution on the surface of
blunt biconic.

9International Journal of Aerospace Engineering



Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This research was funded by the National Natural Science
Foundation of China (No. 61572307).

References

[1] J. F. Chen, X. Q. Fan, B. Xiong, Z. W. Meng, and Y. Wang,
“Parameterization and optimization for the axisymmetric
forebody of hypersonic vehicle,” Acta Astronautica, vol. 167,
pp. 239–244, 2020.

[2] K. Subbarao and J. D. Goss, “Combined magnetohydrody-
namic and geometric optimization of a hypersonic inlet,”
International Journal of Aerospace Engineering, vol. 2009,
Article ID 793647, 12 pages, 2009.

[3] L. Yang, W. C. Chen, X. M. Liu, and H. Zhou, “Steady glide
dynamic modeling and trajectory optimization for high lift-
to-drag ratio reentry vehicle,” International Journal of Aero-
space Engineering, vol. 2016, Article ID 3527460, 14 pages,
2016.

[4] C. X. Luo, H. M. Lei, D. Y. Zhang, and X. J. Zou, “Adaptive
neural control of hypersonic vehicles with actuator con-
straints,” International Journal of Aerospace Engineering,
vol. 2018, Article ID 1284753, 15 pages, 2018.

[5] X. W. Zhu, J. Q. Zhao, L. Zhu, and X. K. Yu, “Impact of cabin
environment on thermal protection system of crew hypersonic
vehicle,” Acta Astronautica, vol. 122, pp. 287–293, 2016.

[6] Q. NIU, Z. YUAN, B. CHEN, and S. DONG, “Infrared radia-
tion characteristics of a hypersonic vehicle under time-
varying angles of attack,” Chinese Journal of Aeronautics,
vol. 32, no. 4, pp. 861–874, 2019.

[7] Q. L. Niu, S. Yang, Z. H. He, and S. K. Dong, “Numerical study
of infrared radiation characteristics of a boost-gliding aircraft
with reaction control systems,” Infrared Physics & Technology,
vol. 92, pp. 417–428, 2018.

[8] Y. Zhu, W. Peng, R. Xu, and P. Jiang, “Review on active
thermal protection and its heat transfer for airbreathing hyper-
sonic vehicles,” Chinese Journal of Aeronautics, vol. 31, no. 10,
pp. 1929–1953, 2018.

[9] J. Huang and W.-X. Yao, “Active flow control by a novel com-
binational active thermal protection for hypersonic vehicles,”
Acta Astronautica, vol. 170, pp. 320–330, 2020.

[10] A. Riccio, F. Raimondo, A. Sellitto, V. Carandente,
R. Scigliano, and D. Tescione, “Optimum design of ablative
thermal protection systems for atmospheric entry vehicles,”
Applied Thermal Engineering, vol. 119, pp. 541–552, 2017.

[11] V. Emelyanov, A. Karpenko, and K. Volkov, “Simulation of
hypersonic flows with equilibrium chemical reactions on
graphics processor units,” Acta Astronautica, vol. 163,
pp. 259–271, 2019.

[12] A. Aprovitola, L. Iuspa, and A. Viviani, “Thermal protection
system design of a reusable launch vehicle using integral soft
objects,” International Journal of Aerospace Engineering,
vol. 2019, Article ID 6069528, 2019.

[13] C. J. Roy and F. G. Blottner, “Review and assessment of
turbulence models for hypersonic flows,” Progress in Aerospace
Sciences, vol. 42, no. 7-8, pp. 469–530, 2006.

[14] C. Liu and W. Cao, “Study of predicting aerodynamic heating
for hypersonic boundary layer flow over a flat plate,” Interna-
tional Journal of Heat and Mass Transfer, vol. 111, pp. 1079–
1086, 2017.

[15] H. R. Zhang and Y. Yu, “A guidance to grid size design for
CFD numerical simulation of hypersonic flows,” Procedia
Engineering, vol. 67, pp. 178–187, 2013.

[16] J. L. Yang and M. Liu, “A wall grid scale criterion for hyper-
sonic aerodynamic heating calculation,” Acta Astronautica,
vol. 136, pp. 137–143, 2017.

[17] H. Xiao, Z.-Z. Xu, D.-y. Li, and S.-K. Lyu, “Grid independence
in the study of boundary layer and its application in hypergolic
propellants,” International Journal of Precision Engineering
and Manufacturing, vol. 17, no. 7, pp. 887–895, 2016.

[18] F. Qu, J. J. Chen, D. Sun, J. Q. Bai, and G. Zuo, “A grid strategy
for predicting the space plane's hypersonic aerodynamic heat-
ing loads,” Aerospace Science and Technology, vol. 86, pp. 659–
670, 2019.

[19] I. S. Men'shov and Y. Nakamura, “Numerical simulations and
experimental comparisons for high-speed nonequilibrium air
flows,” Fluid Dynamics Research, vol. 27, no. 5, pp. 305–334,
2000.

[20] F. Qu, D. Sun, and G. Zuo, “A study of upwind schemes on the
laminar hypersonic heating predictions for the reusable space
vehicle,” Acta Astronautica, vol. 147, pp. 412–420, 2018.

[21] J.-L. Luo, H.-L. Kang, J. Li, and W.-Y. Dai, “Comparisons and
applications of numerical simulation methods for predicting
aerodynamic heating around complex configurations,” Acta
Mechanica Sinica, vol. 27, no. 3, pp. 339–345, 2011.

[22] C. G. Miller, Experimental and Predicted Heating Distributions
for Biconics at Incidence in Air at Mach 10, NASA Technical
Paper TP-2334, 1984.

[23] G. Klopfer and H. Yee, “Viscous hypersonic shock-on-shock
interaction on blunt cowl lips,” in 26th Aerospace Sciences
Meeting, Reno, NV, 1988.

[24] Y. T. Zhao, C. Yan, X. Y. Wang, H. K. Liu, and W. Zhang,
“Uncertainty and sensitivity analysis of SST turbulence model
on hypersonic flow heat transfer,” International Journal of
Heat and Mass Transfer, vol. 136, pp. 808–820, 2019.

[25] J. Schaefer, S. Hosder, T. West, C. Rumsey, J. R. Carlson, and
W. Kleb, “Uncertainty quantification of turbulence model clo-
sure coefficients for transonic wall-bounded flows,” AIAA
Journal, vol. 55, no. 1, pp. 195–213, 2017.

[26] ANSYS, Inc., Ansys Fluent Theory Guide, ANSYS, Inc.,
Canonsburg, PA, USA, 2017.

[27] C. J. Roy and F. G. Blottner, “Assessment of one-and two-
equation turbulence models for hypersonic transitional flows,”
Journal of Spacecraft and Rockets, vol. 38, no. 5, pp. 699–710,
2001.

[28] S.-t. Zhang, F. Chen, and H. Liu, “Assessment of limiting
processes of numerical schemes on hypersonic aeroheating
predictions,” Journal of Thermophysics and Heat Transfer,
vol. 30, no. 4, pp. 754–769, 2016.

[29] K. Kitamura, E. Shima, Y. Nakamura, and P. L. Roe, “Evalua-
tion of Euler fluxes for hypersonic heating computations,”
AIAA Journal, vol. 48, no. 4, pp. 763–776, 2010.

[30] M. S. Liou, “A sequel to AUSM: AUSM(+),” Journal of Compu-
tational Physics, vol. 129, no. 2, pp. 364–382, 1996.

10 International Journal of Aerospace Engineering



[31] C. Yan, J. Yu, and J. Li, “Scheme effect and grid dependency in
CFD computations of heat transfer,” Acta Aerodynamica
Sinica, vol. 24, no. 1, pp. 125–130, 2006.

[32] J. A. Fay and F. R. Riddell, “Theory of stagnation point heat
transfer in dissociated air,” Journal of the Aeronautical Sciences,
vol. 25, no. 2, pp. 73–85, 1958.

[33] J. Huang, W.-X. Yao, and N. Qin, “Heat reduction mechanism
of hypersonic spiked blunt body with installation angle at large
angle of attack,” Acta Astronautica, vol. 164, pp. 268–276,
2019.

[34] D. Zhou, Z. L. Lu, T. Q. Guo, E. Shen, J. Wu, and G. Chen,
“Fluid-thermal modeling of hypersonic vehicles via a gas-
kinetic BGK scheme- based integrated algorithm,” Aerospace
Science and Technology, vol. 99, article 105748, 2020.

11International Journal of Aerospace Engineering


	CFD Simulation Strategy for Hypersonic Aerodynamic Heating around a Blunt Biconic
	1. Introduction
	2. Methods
	2.1. Geometry and Meshing
	2.2. Turbulence Model
	2.3. Discretization Scheme
	2.4. Roe-FDS [29]
	2.5. AUSM+ [30]

	3. Results and Discussion
	3.1. Influence of Meshing Grid
	3.2. Influence of Turbulence Model and Discretization Scheme
	3.3. The Dependence between Turbulence Model and Discretization Scheme

	4. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

