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Abstract: The accurate evaluation of aerodynamic characteristics is a prerequisite and foundation for
the design of high-performance aerodynamic shapes, navigation guidance, and strength of projectiles.
The nonlinearity of aerodynamic calculations for a projectile is high, and the modeling and simulation
are difficult, especially under the high-angle of attack flight conditions. Small variations in flight
conditions, and structural parameters, etc., may cause large deviations in aerodynamic responses.
Taking a small cylindrical projectile as an example, and to realize its attitude control, it is necessary
to conduct aerodynamic characteristics analysis on it and analyze the main influencing factors
of its aerodynamic characteristics parameters. In this paper, the finite volume method is used to
solve the three-dimensional unsteady N-S equation, combined with the SST k-ω turbulence model,
the overlapping grid technology, and the forced pitching vibration method, and the aerodynamic
characteristics analysis model of the projectile is established, which realizes the accurate simulation of
the surrounding flow field, aerodynamic coefficients, and dynamic derivative of the projectile under
different flight conditions. On this basis, the Sobol global sensitivity analysis method based on the
augmented radial basis function surrogate model of aerodynamics characteristics and Latin hypercube
sampling is used to efficiently analyze and obtain the main influence parameters of cylindrical
projectile aerodynamic characteristics. This paper provides a basic theory and fast algorithm for
subsequent engineering system design, which has important theoretical and engineering value.

Keywords: aerodynamic characteristics; high incidences; sensitivity analysis; computational fluid dynamics

1. Introduction

The quality of aerodynamic characteristics parameters has a direct impact on the ma-
neuverability, flight stability, and control accuracy of the projectile. It is therefore one of the
key technical parameters that must be given due consideration in the development and use
of projectiles. With the increasingly demanding requirements of modern projectiles for high
maneuverability and high angles of attack flight performance, the efficient and accurate
evaluation of projectile aerodynamic characteristics is becoming increasingly important,
especially under the high angle of attack flight conditions. The nonlinearity of aerodynamic
calculations for projectile is high, and modeling and simulation are difficult. Small vari-
ations in flight conditions and structural parameters, etc., may cause large deviations in
aerodynamic responses. Taking a small cylindrical projectile as an example, and to realize
its attitude control, it is necessary to conduct aerodynamic characteristics analysis on it and
analyze the main influencing factors of its aerodynamic characteristics parameters.

Many scholars have carried out a lot of research on the numerical simulation of
aerodynamic characteristics regarding rotating bodies, especially blunt cylinders, and have
discussed the problems of static aerodynamics, asymmetric separation eddy, and pitch
dynamic stability derivatives in the state of different angles of attack [1–9]. Hankey (1982)
solved the three-dimensional flow field of a supersonic pointed arched spiral at an angle of
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attack of 20◦, and obtained a vortex structure on the leeward side of the spinning body [1].
Liu (2006) used the realizable k-ε model to study the separation of the flow on the leeward
side of the pointed slender spiral under a medium and large angle of attack at supersonic
speeds [4]. Zhang (2005) used the three-dimensional N-S equation to calculate the change
process of the elongated spiral from the symmetrical flow with the small angle of attack to
the asymmetric flow with the large angle of attack, and gave the characteristics of the vortex
structure and physical quantity distribution before and after the change [5]. Wang (2021)
used the SST k-ω turbulence model to solve the three-dimensional N-S equation based
on the finite volume method, and analyzed the variation of the flow field around the
projectile and the lateral force under different angles of attack [9]. In particular, the effects of
boundary conditions and the flow angle relative to the axis of a cylindrical object on vortex
shedding and flow patterns have been studied [10–13]. Hoang [14] analyzed the pressure
distribution on the surface of a hemispherical cylindrical model at low Reynolds numbers
and different angles of attack, and pointed out the effect of the separation phenomenon on
the downstream development of asymmetric separating vortices at the top and back wind
surfaces of the model.

In order to determine the main parameters affecting the aerodynamic characteristics
of the cylinder, the sensitivity analysis of the aerodynamic characteristics at different
angles of attack states is needed. A lot of sensitivity analysis methods have been proposed.
Among them, the global sensitivity analysis (GSA) method can extend the input parameter
range to the whole domain, without the limitation of the linear model, so it can study the
nonlinear aerodynamic characteristics analysis problem [15–21]. The Sobol method is a
GSA method based on variance decomposition, and can conveniently quantify the input
parameters, the coupling between parameters, and the effects of the group input factors on
the model outputs [19–21]. However, the computational time for single-sample analysis
of the aerodynamic performance is quite long, which will result in the computational
cost of the Sobol method being quite high. Therefore, it is necessary to improve the
solution efficiency of Sobol sensitivity analysis. Some surrogate model methodologies
have been investigated and applied to improve the efficiency of Sobol GSA for some
engineering problems [21], which also provides useful reference for improving the efficiency
of sensitivity analysis of aerodynamic characteristics.

In this paper, a typical cylindrical projectile is employed as a case study to illustrate
the application of an aerodynamic characteristics analysis model with different angles of
attack. First, a comprehensive analysis of the aerodynamic characteristics and the combined
dynamic derivative considering the influence of flight conditions and structural parameters
are presented. Then, an improved Sobol GSA method based on the augmented radial basis
function (ARBF) model and the Latin hypercube (LH) sampling is proposed to analyze the
main influence parameters of cylindrical projectile aerodynamic characteristics. This study
provides the theoretical basis for the analysis and design of related engineering systems,
which have important theoretical and engineering values.

2. Aerodynamic Characteristics Analysis Model of a Cylindrical Projectile

In this section, a cylindrical projectile specimen model is taken as an example, and
a corresponding aerodynamic characteristics analysis model and its numerical solution
method are established, which lay the foundation for the simulation of the flow field around
the projectile at different speeds and angles of attack, calculation of dynamic derivatives,
and subsequent sensitivity analysis. It should be noted, however, that the method described
in this article can be readily applied to other projectile models.

2.1. Physical Model

As illustrated in Figure 1, the research object is a cylindrical projectile undergoing low-
speed flight (about 0.2 to 0.5Ma). The center of gravity (CG) represents the projectile’s center
of mass, while the moment of inertia in x, y, and z directions are 0.11 kg.m2, 0.38 kg.m2,
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0.38 kg.m2, respectively. And the projectile weighs 2.4 kg. The other parameters are shown
in Figure 1.
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Figure 1. Basic model of the cylindrical projectile.

2.2. CFD Model

In this section, a CFD simulation model for the flow field around a cylinder projectile
is established to study its aerodynamic characteristics under different flight states, and the
basic control equations for the three-dimensional unsteady compressible flow field around
a projectile are given.

In this study, the Reynolds-averaged Navier-Stokes (RANS) method is used to the
time-averaged treatment of the continuous and momentum equations of flow domain as
the following form,
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where the parameters subscripted “i” and “j” represent the values of the three axial di-
rections of the inertial coordinate system, respectively; ui, uj, ul represents the Reynolds
average velocity component with the average sign omitted; µ is the kinetic viscosity; and δij

represents the Kronecker tensor component. −ρu′
iu′

j describes the Reynolds stress, which
can be calculated using the eddy viscosity assumption proposed by Boussinesq [22], with
the following expression:

−ρu′
iu′

j = µt(
∂ui
∂xj

+
∂uj

∂xi
)− 2

3
(ρk + µt

∂uk
∂xk

)δij (2)

k is the turbulent kinetic energy. In order to solve the unknown quantity µt in the above
equation, a variety of computational models have been developed. The ω transport
equation in the k-ω two-equation model can be solved by integrating through the viscous
bottom layer without additional terms, which effectively reduces the requirement of the
algorithm for the near-wall mesh density, improves the computational accuracy for the
region of the boundary layer separation and the internal counter pressure gradient, and is
more suitable for calculating the characteristic structure of the flow field under the condition
of a high angle of attack. The shear stress transport (SST) k-ω model [23] additionally
considers the transfer of turbulent shear stresses in the definition of turbulent viscosity,
which can accurately predict the separation flow on the smooth wall. In this paper, we
adopted the SST k-ω model to simulate the turbulent flow.

∂ρk
∂t + ∂ρkui

∂xi
= ∂

∂xj
[(µ + µt

σk
) ∂k

∂xj
] + Gk − Yk

∂ρω
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= ∂

∂xj
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σω
) ∂ω

∂xj
] + Gω − Yω

(3)

σk = 2, σω = 2. Gk represents the turbulent kinetic energy due to the average velocity
gradient, Yk represents the dissipation of turbulent kinetic energy k, Gω represents the
generation of the specific dissipation rate ω, and Yω represents the dissipation of the
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specific dissipation rate ω. The turbulent viscosity coefficient µt is derived from the
following equation.

µt =
ρk
ω

1

max[ 1
α∗ , ΨF2

α1ω ]
(4)

Ψ is the strain rate magnitude and α1 = 0.31, and y denotes the distance from the wall, and
constant α∗∞ = 1, α∗0 = 0.024, Rk = 6.

Ψ =
√

2ΨijΨij, Ψij = 1/2
(

∂uj
∂xi

+ ∂ui
∂xj

)
, F2 = tanh(Φ2

2), Φ2 = max
[
2

√
k

0.09ωy , 500µ

ρy2ω

]
,

α∗ = α∗∞

(
α∗0+Ret/Rk
1+Ret/Rk

) (5)

2.3. Dynamic Derivative Identification

The forced vibration method [24] has high accuracy and computational efficiency, and
is a widely used method for calculating the dynamic derivative of a projectile. In this paper,
the forced pitch vibration method is employed to calculate the dynamic derivative of the
projectile. When the projectile is subjected to a forced vibration with a small amplitude,
the dynamic derivative can be rewritten according to the assumption of the linearized
aerodynamic theory of small perturbations as

Cm(t) = Cm0 + Cα
m∆α + C

.
α
m∆

.
α + Cq

m∆q + C
.
q
m∆

.
q + ∆̂(∆α, q) (6)

where Cm0 represents the static pitching moment of the cylindrical projectile at an angle of
attack of α0, Cα

m is the zeroth-order static derivative of the pitching moment with respect
to the angle of attack, C

.
α
m is the first-order derivative of the pitching moment with respect

to the angle of attack, q is the pitch angular velocity of the projectile vibration, Cq
m is the

rotational derivative of the pitching moment with respect to the angular velocity of the

pitching motion or the derivative of the damping, C
.
q
m is the first-order derivative of the

pitch moment with respect to the angular velocity of the pitching motion, and ∆̂(∆α, q)
represents the higher-order derivative term of ∆α and q.

∆α = αm sin(ωqt), ∆
.
α = ωαm cos(ωqt) = q, ∆

..
α = −ω2αm sin(ωqt) = ∆

.
q (7)

In the numerical calculation, a vibration period is divided into N equal parts, and the
aerodynamic force of the projectile at each time step can be calculated to obtain the discrete
aerodynamic data of N groups of the projectile in the whole vibration cycle, and then the
combined dynamic derivative can be obtained based on Equation (8), as follows

C
.
α
m + Cq

m =
2

ωqαmT0

∫ T0/2
−T0/2 Cm(t) cos(ωqt)dt

=
2

ωqαmT0

N−1
∑

i=1
(

Cm(t(i)) cos(ωqt(i)) + Cm(t(i + 1)) cos(ωqt(i + 1))
2

)∆t
(8)

Based on the assumption of the linearized aerodynamic theory of small perturbations,
the amplitude of the forced vibration should not be too large. In this paper, the amplitude
of the forced vibration is set at 1◦. A new parameter, dimensionless reduction frequency kd,
is introduced, which is expressed as follows:

kd =
ωqLr

2V∞
(9)

where Lr represents the characteristic length of the cylindrical projectile. Given that the
cylindrical projectile is to be flown at a large angle of attack, the total length of the projectile
body is taken as Lr, and V∞ is the velocity of the free flow (refer to the standard value for
the working condition setting).
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According to the test results of the design index, it is considered that the process of
actively adjusting the 90◦ pitch attitude angle of the test specimen in 70 ms is its typical
flight state. The typical average angular velocity can be selected as ωt = 22.44 rad/s. When
the test specimen vibrates to α(t) = α0, the following equation is achieved

t =
nπ

ωq
(n = 0, 1, 2, . . . ) (10)

The angular velocity of the forced vibration of the prototype model is as follows:

.
α
∣∣
α=α0

= (−1)nωqαm(n = 0, 1, 2, . . .) (11)

where ∣∣ .
α
∣∣
α=α0

∣∣∣ = ωt (12)

ωq = ωt/αm (13)

If the amplitude of the forced vibration is 1◦, then αm = π/180. Consequently,
ωq = 1285.71 rad/s is derived, and the corresponding reduction frequency kd = 3.

2.4. Numerical Solution Algorithms

The overset mesh [25] technique is employed for mesh generation, and the finite
volume method (FVM) is used for the solution of the three-dimensional unsteady N-S
equation. The flow field and its aerodynamic characteristics distribution of the model can
be calculated according to the steps illustrated in Figure 2. Prior to the calculation, the
user-defined function (UDF) is employed to input the forced vibration parameters, while
the overset mesh is utilized to simulate the forced vibration of the projectile throughout the
calculation process. The relevant aerodynamic parameters (including the lift coefficient,
drag coefficient, pitching moment coefficient, and other parameters) can be obtained by
solving the control equations. Subsequently, the dynamic derivative of the projectile is
further solved by combining the obtained pitching moment coefficient using the method in
Section 2.3.
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3. Sensitivity Analysis of Aerodynamic Characteristics

In this section, the Sobol sensitivity method based on an ARBF surrogate model [21,26,27]
is adopted to analyze the influence of design parameters on the aerodynamic characteristics.
The radial basis function (RBF) [26,27] uses a forward neural network model with local
approximation capability to express the relationship between design variables (the radius,
length, and centroid position of the cylindrical projectile, the inlet flow field velocity, and
the initial angle of attack) d = [d1, d2, . . . , dND ]

T and output responses (the lift coefficient,
drag coefficient, dynamic derivative, etc.) r(d), that is

r(d) = r̃(d) + ε =
Ns

∑
i=1

βiϕi(
∥∥∥d − d(i)

S

∥∥∥) + ε (14)

where r̃(d) is the approximate value of the response r(d); ϕi(
∥∥∥d − d(i)

S

∥∥∥) is the basis func-
tion of the design variable d; βi(i = 1, · · · , NS) is the undetermined coefficient; ε is the error
term; ND and NS are the numbers of design variables and basis functions, respectively;
and ∥·∥ is the Euclidean norm. Commonly used basis functions include thin-plate spline
functions, Gaussian functions, multi-quadric functions, etc., which determine the properties
of RBF model. Taking the Gaussian function as an example

ϕi(
∥∥∥d − d(i)

S

∥∥∥) = exp

−

(
d − d(i)

S

)T(
d − d(i)

S

)
2δ2

i

 (15)

δi is the normalization parameter of the Gaussian function of the ith hidden layers.
Considering that RBF model has high fitting accuracy in nonlinear problems but poor

performance in linear problems, this paper adopts an ARBF model [26,27], which adds
linear polynomials to the original model, that is

r̃(d) =
Ns

∑
i=1

βiϕi(
∥∥∥d − d(i)

S

∥∥∥) + NP

∑
j=1

bj f j(d) (16)

where f j(d) is the polynomial function of the design variable d, bj is the undetermined poly-
nomial coefficient, (j = 1, · · · , NP), and NP is the number of polynomial functions f j(d).

By substituting the sample points d(i)
S and their responses r(i)S (i = 1, 2, · · · , NS) into

Equation (17), one can obtain
rS = ΦSβ+ FSb + ε (17)

where

ΦS =



ϕ1(
∥∥∥d(1)

S − d(1)
S

∥∥∥) ϕ2(
∥∥∥d(1)

S − d(2)
S

∥∥∥) · · · ϕNS(
∥∥∥d(1)

S − d(NS)
S

∥∥∥)
ϕ1(

∥∥∥d(2)
S − d(1)

S

∥∥∥) ϕ2(
∥∥∥d(2)

S − d(2)
S

∥∥∥) · · · ϕNS(
∥∥∥d(2)

S − d(NS)
S

∥∥∥)
...

...
. . .

...
ϕ1(

∥∥∥d(NS)
S − d(1)

S

∥∥∥) ϕ2(
∥∥∥d(NS)

S − d(2)
S

∥∥∥) · · · ϕNS(
∥∥∥d(NS)

S − d(NS)
S

∥∥∥)


, rS =


r(1)S

r(2)S
...

r(NS)
S

,β =


β1

β2
...

βNS



FS =


f1(d

(1)
S ) f2(d

(1)
S ) · · · fNP(d

(1)
S )

f1(d
(2)
S ) f2(d

(2)
S ) · · · fNP(d

(2)
S )

...
...

. . .
...

f1(d
(Ns)
S ) f2(d

(Ns)
S ) · · · fNP(d

(Ns)
S )

, b =


b1

b2
...

bNP



(18)
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By introducing the orthogonality condition [26,27]

Ns

∑
i=1

βi f j(d
(i)
S ) = 0 (j = 1, 2, · · · , NP) (19)

The following matrix form can be obtained[
ΦS FS

FT
S O

][
β

b

]
=

[
rS

0

]
(20)

By solving the above equation, one can obtain the unknown coefficients of Equation (17).
It must be pointed out that the sampling strategy of the surrogate model determines
the spatial distribution of sampling points, and a reasonable number of sampling points
and their spatial distribution will have a crucial impact on the accuracy of the surrogate
model. In this study, the LH method [21,27] is used for obtaining the sampling point

d(i)
S =

[
d(i)1 , d(i)2 , · · · , d(i)ND

]T
(i = 1, 2, · · · , NS), and the corresponding output response

r(d(i)
S ) of each d(i)

S is simulated by the method in Section 2. Furthermore, based on the
cross-validation method, the average relative error (MRE) and the complex correlation
coefficient (R Square, R2) are used to evaluate the accuracy of surrogate model [21,27].

Based on the surrogate model of aerodynamic characteristics, the Sobol global sen-
sitivity method [21,27] is further applied to obtain the sensitivity of design parameters
to aerodynamic characteristics. The basic principle of the Sobol method can be found in
reference [21,27], which will not be elaborated here. The first-order sensitivity Ŝi and total
sensitivity ŜT

i of the input di are solved by the following method [21,27].

Ŝi =
D̂i

D̂
, ŜT

i = 1 − D̂∼i

D̂
(21)

where

D̂ =
1

NS
rT

A(rA − rB), D̂i =
1

NS
rT

ArCi − f̂ 2
0 , D̂∼i =

1
NS

rT
ArC∼i − f̂ 2

0 , f̂ 2
0 =

1
NS

rT
ArB (22)

rA, rB, rCi , and rC∼i are the surrogate model’s output response to the NS × ND dimensional
sampling arrays A, B, Ci, and C∼i obtained by the LH sampling method.

A =



d1,1 d1,2 · · · d1,ND

d2,1 d2,2 · · · d2,ND

...
...

. . .
...

dNS ,1 dNS ,2 · · · dNS ,ND


B =



d′1,1 d′1,2 · · · d′1,ND

d′2,1 d′2,2 · · · d′2,ND
...

...
. . .

...
d′NS ,1 d′NS ,2 · · · d′NS ,ND



Ci =



d′1,1 d′1,2 · · · d′1,i−1

d′2,1 d′2,2 · · · d′2,i−1

...
...

...
d′NS ,1 d′NS ,2 · · · d′NS ,i−1

d1,i d′1,i+1 · · · d′1,k

d2,i d′2,i+1 · · · d′2,k

...
...

...
dNS ,i d′NS ,i+1 · · · d′NS ,ND


C∼i =



d1,1 d1,2 · · · d1,i−1

d2,1 d2,2 · · · d2,i−1

...
...

...
dNS ,1 dNS ,2 · · · dNS ,i−1

d′1,i d1,i+1 · · · d1,ND

d′2,i d2,i+1 · · · d2,ND

...
...

...
d′NS ,i dNS ,i+1 · · · dNS ,ND



(23)

4. Numerical Simulation and Analysis
4.1. Aerodynamic Characteristics Analysis

As previously stated, the overset method is employed for meshing. In order to
ensure that the distance between the first layer is less than 1 (y+ < 1), the value is set
to 1.0 × 10−5 m. The structure of the model to carry out deterministic calculations is set
up as follows: the diameter is 0.14 mm; the length of the projectile is 0.48 m; and the
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center of mass is positioned at a distance of 0.12 m from the head of the model. The basic
settings are as follows: the structural mesh is used to divide the small area around the
model. A component mesh is generated, and then the structural mesh is also used to
divide the entire flow field calculation domain and generate a background mesh. Finally,
the two sets of meshes are merged together by overlapping mesh technology, as shown
in Figure 3. The overall calculation is based on the FVM, the convection terms of the
governing equations are discretized according to the second order upwind scheme, and
the time discretization adopts the first-order implicit format to ensure the convergence
and stability of the calculation. Due to the large background mesh range, the influence
of the projectile on the far-field boundary is negligible, so the far-field boundary of the
computational domain is set to the pressure far-field boundary condition. This boundary
can only be used for compressible gases, and the density of compressible gases must be
obtained from the ideal gas equation of state. The same far-field flow velocity and flow
direction are set at these boundaries in order to simulate the initial flight speed and angle
of attack of the projectile. The surface of the projectile body is set to a non-slip solid
wall boundary condition. The projectile is assumed to move synchronously at the same
rotational speed following the rotating area. The interface between the non-rotating and
rotating regions is set to the overset interface boundary condition. The initial parameters of
the flow around the flow field used in the numerical simulation are presented in Table 1.
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Table 1. Parameters of the flow field around the model under initial certain conditions.

Parameter Mach (Ma) Pressure (Pa) Temperature (K) Reduction
Frequency kd

Amplitude
αm/deg

Roll Angle
ϕ/deg

Value 0.3 100 288 3 1 90

The selection of the number of meshes and the physical time step of the model has
a significant impact on the simulation results, particularly in the context of unsteady
calculation. Therefore, it is essential to select a reasonable time step and the number of
meshes in the simulation. In order to simulate the forced vibration of the cylindrical
projectile model in the dynamic derivative simulation, the component mesh can be made to
vibrate with the wall of the model by overlapping mesh technology. A vibration period is
divided into 200 steps, with each time step being 4.9 × 10−5 s. Table 2 shows the calculation
results of the drag coefficient Cd and the lift coefficient Cl by using different grid numbers at
inlet flow field velocity of 0.3 Ma and initial attack angle of 30◦. It can be observed that, as
the mesh is progressively encrypted, the aerodynamic characteristics parameters converge.
Considering that the discrepancy in the calculation results for the number of grids in the
three groups is minimal, the subsequent calculations are based on 110,000 grids.
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Table 2. Verification of grid independence of aerodynamic parameters at an angle of attack of 30◦.

Grid Number Number of Grids Number of Nodes Lift Coefficient Cl Drag Coefficient Cd

1 87,394 26,164 1.0999 1.3036

2 93,118 27,175 1.0491 1.2873

3 117,365 31,539 1.0288 1.2734

On this basis, the numerical simulation method established in Section 2 is employed
to compute the flow field and aerodynamic parameters of the cylinder projectile model in
the range of 0◦to 90◦angles of attack. Figures 4 and 5 illustrate the velocity distributions
of the circumferential flow field in the forced vibration state of the projectile. The initial
angles of attack of the model are ±1◦ at 0◦, 10◦, 30◦, 60◦, and 90◦, respectively. As all
numerical simulations are conducted in the instantaneous solver mode, all the parameters
in the flow field depicted in the figures are time-averaged over the computational time
period. In particular, the velocity field is displayed on the symmetry plane of the projectile
in Figure 4. The velocity distribution of the circumferential flow is displayed on the front,
middle, and tail sections of the model in Figure 5. Since the dynamic derivative calculation
is set according to the forced vibration of ±1◦, it can be observed in the figures that the
fluid separation phenomenon begins to appear in the front and middle part of the model
when the initial angle of attack is 0◦. Upon increasing the initial angle of attack to 10◦, the
fluid separation phenomenon has already appeared in the head, middle, and tail sections
of the model. A pronounced asymmetric counter-rotating vortex is evident in the middle
of the model in the streamline diagram. This pair of counter-rotating vortices has not yet
fully detached from the wall under the angle of attack, and the flow field is essentially
symmetrical with respect to the mid-vertical plane of the model. As the initial angle of
attack continues to increase to 30◦, counter-rotating vortices also begin to appear in the
head and tail of the model. Meanwhile, the counter-rotating vortex pairs on the leeward
side at the center of the model gradually detach themselves from the wall, exhibiting
an asymmetric phenomenon. When the angle of attack increases to 60◦, the fluid on the
leeward side of the model is completely separated, the vortex on the leeward side of the
model head also exhibits an asymmetric phenomenon, and the vortex structures in the
middle and rear parts of the model all show an alternating shedding phenomenon. As the
angle of attack increases to 90◦, the alternating vortex shedding phenomenon is observed
on all of the model leeward surfaces. Additionally, a wide range of vortex shedding
phenomena is observed in the middle of the model leeward surfaces, which even affects
the formation of asymmetric vortices in the rear. These series of changes demonstrate that
with the increase in the angle of attack, the counter-rotating vortex pairs on the leeward
side of the model gradually detach from the wall at the tail of the model, resulting in an
asymmetric structure due to the mutual extrusion of the two vortices.

The aerodynamic coefficients in the pitch plane with different initial angles of attack
are given in Figure 6. The results in Figure 6 are the time-averaged values obtained after
a certain time of steady computation. Figure 6a illustrates that the lift coefficient of the
model initially increases with the increasing angle of attack, reaching a maximum at 60◦.
Thereafter, the lift coefficient starts to decrease with further increases in the angle of attack.
This is due to the fact that, as the angle of attack increases, the normal force on the model
gradually increases. The lift force is mainly composed of the component of the normal force
perpendicular to the direction of the incoming velocity. In the range of angles of attack
from 0◦ to 60◦, the increase in both the normal force and the angle of attack is favorable to
the increase in this component. However, when the angle of attack is greater than 60◦, the
increase in the angle of attack is not favorable to the increase in this component. Figure 6b
illustrates that the lift-to-drag ratio increases with the increase in the angle of attack from
0◦ to 30◦. However, when the angle of attack is larger than 30◦, the resistance of the basic
model still shows an increasing trend, but the increase in the lift force becomes smaller,
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resulting in a slight decrease in the lift-to-drag ratio. Subsequently, when the angle of attack
exceeds 60◦, the phenomenon of fluid separation is observed in the majority of areas on
the leeward side of the model. At this point, the change in the angle of attack will not
cause any significant impact on the pressure difference between the windward and leeward
surfaces of the model, and the lift-to-drag ratio shows a declining trend. The evolution of
the pitching moment coefficient in relation to the angle of attack is shown in Figure 6c. The
absolute value of the pitching moment coefficient is relatively small. The pitching moment
coefficient is positive at small angles of attack, indicating that the basic model is in a static
unstable state at these angles of attack. The negative value of this coefficient within the
calculated angle of attack variation indicates that the model is in a static stable state. Its
absolute value firstly increases with the increase in the angle of attack but starts to fluctuate
around the angle of attack near 60◦. The fluctuations observed in the pitching moment
coefficient can be attributed to the gradual expansion of the separation zone on the leeward
side of the front of the model towards the center and rear part.
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Table 3 presents the results of the dynamic derivatives of the pitching motion for
Inlet flow field velocity = 0.3 Ma and the initial angle of attraction α0 = 0◦, 10◦, 30◦, 60◦,
and 90◦. It can be seen that the pitching combined dynamic derivatives for each state
are negative. This indicates that the pitching damping moments applied to the model
during the forced vibration are always in the opposite direction of the rotational velocity.
This inhibits the pitching rotation of the model, and the smaller the value of the pitching
combined derivatives, the greater the inhibition of the rotation. The combined pitching
derivative of the model fluctuates in a small range as the initial angle of attack increases.
The maximum value is observed at an initial angle of attack of 30◦, which means that the
model’s dynamic stability is the worst at this point. Conversely, the minimum value is
observed at an initial angle of attack of 10◦ and then 90◦, which indicates that the model’s
dynamic stability is the best at these points. Although there are some discrepancies in the
calculated aerodynamic parameters of the cylindrical projectile model at large angles of
attack, the magnitude of the discrepancy is within the acceptable range.

Table 3. Combined dynamic derivatives of pitch with different initial angle of attack (C
.
α
m + Cq

m).

Initial Angles of Attack 0◦ 10◦ 30◦ 60◦ 80◦ 90◦

Value −0.047 −0.057 −0.031 −0.046 −0.049 −0.057
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4.2. Results of Sensitivity Analysis

In this section, the global sensitivity analysis is conducted to assess the effect of design
parameters on the aerodynamic characteristics of the projectile. The first step is to determine
the input design parameters of the system and their distributions. The simulation and tests
show that the main factors affecting the aerodynamic characteristics include the angle of
attack of the vehicle, the incoming velocity, the position of the center of mass, the diameter
of the projectile, the length, and so on [9]. In this study, the design parameters and their
distributions are chosen, as shown in Table 4.

Table 4. Parameters for sensitivity analysis.

Serial Number Parameters Value Range

P1 Radius (m) 0.05–0.2
P2 Length (m) 0.48–0.68
P3 Centroid position (m) 0.1–0.45
P4 Inlet flow field velocity (Ma) 0.1–0.5

A total of 50 groups of design sampling points are selected within the given design
space, and the corresponding aerodynamic characteristics (lift coefficient, drag coefficient,
pitch moment coefficient, and combined dynamic derivatives) are obtained through CFD
simulations proposed in Section 2. Subsequently, the ARBF models for the lift coefficient,
drag coefficient, pitch moment coefficient, and combined dynamic derivatives can be
constructed. Based on the ARBF models, the Sobol method is employed to determine the
first-order and the total sensitivity coefficients, as shown in Section 3.

The first-order and total global sensitivities of the design parameters on the aerody-
namic characteristics while the angle of attack is 10◦ are shown in Table 5 and Figure 7.
Comparison of the two graphs in Figure 7 clearly shows that the centroid position has
the greatest effect on the lift coefficient and drag coefficient, while the incoming velocity
has the greatest effect on the pitch moment coefficient and combined dynamic derivatives,
when the angle of attack is 10◦. The variation of the total sensitivity of the pitch moment
coefficient with the different angles of attack are shown in Figure 8. From Figure 8, it can be
seen that, at different angles of attack, the effect of the four design parameters on the pitch
moment coefficient varies. In order to ensure the dynamic performance of the different
angle of attack maneuvering, the influence of these four parameters should be fully and
comprehensively considered in practical design.

Table 5. Sensitivity indices of different design parameters at the angle of attack at 10◦.

Parameters P1/Radius P2/Length P3/Centroid
Position

P4/Inlet Flow
Field Velocity

First-Order
Sensitivity

Lift coefficient 0.133 0.016 0.628 0.193
Drag coefficient 0.208 0.147 0.538 0.071

Pitch moment coefficient 0.050 0.132 0.017 0.772
Combined dynamic

derivatives 0.114 0.230 0.037 0.604

Total Sensitivity

Lift coefficient 0.148 0.043 0.638 0.201
Drag coefficient 0.229 0.175 0.549 0.084

Pitch moment coefficient 0.061 0.145 0.032 0.791
Combined dynamic

derivatives 0.119 0.242 0.041 0.615
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5. Conclusions

In this study, a comprehensive analysis of the aerodynamic characteristics and the
combined dynamic derivative of a typical cylindrical projectile are presented by using
the FVM combined with the SST k-ω turbulence model. On this basis, the improved
efficient Sobol global sensitivity analysis method based on the ARBF surrogate model and
LH sampling is used to analyze the sensitivity of design parameters on the cylindrical
projectile’s aerodynamic characteristics. The conclusion is as follows:

(1) For the cylindrical projectile model, the lift-to-drag ratio increases with the increase
in the angle of attack from 0◦ to 30◦, and then the lift-to-drag ratio tends to decrease
when the angle of attack exceeds 60◦; the absolute value of the pitching moment
coefficient firstly increases with the increase in the angle of attack, and the static
stability of the cylindrical projectile model becomes better after the angle of attack is
60◦; with the increase in the angle of attack, the dynamic derivative of the cylindrical
projectile model fluctuates in a small range, and the maximum value occurs when
the angle of attack is 30◦, which means that the dynamic stability of the model is the
worst at this time.
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(2) The centroid position has the greatest effect on the lift coefficient and drag coefficient,
while the incoming velocity has the greatest effect on the pitch moment coefficient
and combined dynamic derivatives, when the angle of attack is 10◦; at different
angles of attack, the effect of the four design parameters on the aerodynamic char-
acteristics varies. In order to ensure the dynamic performance of the different angle
of attack maneuvering, the influence of these four parameters should be fully and
comprehensively considered in practical design.

This study provides a typical case for the analysis and design of related engineering sys-
tems’ aerodynamic characteristics, providing important theoretical and engineering value.
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