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Abstract
Accurately evaluating the aerodynamic performance of the missile with damaged structures is very important for
the subsequent flight control strategy. At present, few researchers have studied the aerodynamic characteristics of
damaged supersonic cruise missiles. Based on CFD (computational fluid dynamics) solutions and the dynamic
derivative identification method, the differences in static and dynamic characteristics between the damaged and
undamaged models are compared. The results indicate that when the extent of damage increases, the change rate
of drag coefficient at larger AoA (angle-of-attack) is greater than that at the smaller AoA. On the contrary, the
change rate of lift coefficient at larger AoA is smaller than that at smaller AoA. Meanwhile, the absolute value of
the static pitch moment decreases, but the absolute value of the roll moment increases. Damage causes a change in
the absolute values of the pitch and roll dynamic derivatives, and the dynamic derivatives do not vary monotonically
with the increase of AoA. The turning point occurs at about α = 5◦. The areas of the hysteresis loops of the pitch-roll
coupling moment increase, which makes the dynamic coupling characteristic between the pitch and roll directions
increase. Finally, the maximum allowable damage extent of the missile wing that can achieve static trim is obtained
and validated by controlling the deflection of the four rudders.

Nomenclature
Cmα̇ + Cmq combined dynamic derivatives
Cd coefficient of drag
Cl coefficient of lift
Cmx coefficient of roll moment
Cmy coefficient of pitch moment
h wing damage width (m)
k reduced frequency
l maximum wing width (m)
Ma Mach number
ω oscillation frequency (rad/s)

1.0 Introduction
The rapid and continuous development of aerospace technology has a revolutionary impact on modern
warfare. At present, tactical missiles should have the combat characteristics of multi-trajectories, long-
range, high precision and strong penetration ability. Therefore, supersonic cruise missile has become one
of the research hot spots in various countries, due to it can meet the above requirements. The increasingly
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complex battlefield environment tests the viability of various missiles, and it is very important that the
missiles can fly to a predetermined location [1, 2]. These missiles may have various combat damage
modes during flight. For example, the fuel explosion leads to the disintegration of the missile, and the
missile is hit by several interceptors or debris flying in the air and thus disintegrates [3]. These kinds of
damage are irreparable. However, if only some parts of the missile structures are attacked and damaged,
the control system may still use other undamaged parts to keep the flight [4]. In this case, it is significant
to accurately evaluate the aerodynamic performance, because it directly determines the further flight
ability and influences the next control strategy [5, 6].

Different interception methods will cause different types and extents of damage to the missile wings.
Series of computational analyses and experiments of battle damage configurations have been carried out
to evaluate the aerodynamic characteristics. At present, there are few works directly related to missile
structural damage. Therefore, the studies of aircraft wing structure damage, which is similar to missile
wing damage, also have a certain reference value. Aerodynamic simulation of damaged effects had been
conducted to provide an understanding of the control and stability of aircraft with asymmetric damage
by Elkarim and Elrahman [7]. A mathematical model and guidance algorithms were developed for an
anti-tank missile by Harris and Slegers [8]. Monte Carlo simulations were performed for each type and
location of the damaged mid-body wing. The results indicated that the damage response performance of
the missile was extremely sensitive to the radial location of the damage. Irwin and Render [9] carried out
wind tunnel tests on wings to simulate battle damage. Application of gunfire and missile fragmentation
effects to solid and hollow wing models were implemented. The detrimental effects of these damages
were greater for wings of solid construction. Djellal and Ouibrahim [10] evaluated the impact of wing
shooting damage on the performance of typical aircraft models through two experimental studies, as
well as how to repair the damage. The results showed the damage caused significant aerodynamic coef-
ficient reduction related to the diameter and location of the holes. Patch repairs can achieve substantial
recovery of the aerodynamic losses. Wen et al. [11] analysed the aerodynamic characteristics of an air-
craft with structural damage by using trim, linearisation, stick-fixed response and disturbance simulation.
The results indicated that the damage caused an offset to the centre of gravity and pitch-roll, pitch-yaw
coupling. The remaining flight performance was studied by inducing the Remaining Capability Factor.
Etemadi et al. [12] used CFD and experimental methods to evaluate the aerodynamic characteristics of
damaged triangular and star-shaped aerofoils after repair. The results revealed the influence mechanism
of structural damage on aircraft aerodynamic force and moment, and demonstrated the importance of
shape factor in evaluating the performance. Nonlinear static aeroelastic behaviour of the damaged com-
posite missile fins was investigated by Zkaya and Kayran [13]. Considering the generation of different
damages, two-way coupled fluid-structure interaction (FSI) was carried out to predict the influence of
the damage modes on the pressure distribution, lift and deformation of the damaged fin, and compared
with that of the undamaged missile fin. A CFD study was carried out on a battle-damaged NACA 641-
412 half wing by Yang et al. [14]. The previous experimental findings were confirmed. The flow field
destroyed by simulated gunfire is asymmetric, and this asymmetry was driven by the spanwise variation
of static pressure.

The selection of a set of feasible trim points becomes very important for controlling the aircraft under
the influence of unfavourable conditions and failures. Continuation methods and bifurcation analyses
were employed to determine the family of feasible level flight trim points of a military aircraft by Shankar
[15]. Elgersma and Morton [16] presented closed-form formulas for computing all possible trim values
for six-degree-of-freedom nonlinear aircraft models. The four-dimensional trim set was parameterised
by giving at most two real trim values for each set of fixed values. A wind tunnel investigation was
conducted to measure the aerodynamic effects of damage to lifting and stability/control surfaces of a
commercial transport aircraft by Shah [17]. The author developed flight control systems to recover the
aircraft from adverse, damage-related loss of control events and estimated aerodynamic characteristics
from flight data.

These studies had further improved the practicability of studying performance on damaged missiles
and aircrafts, but there is little research on wing damage of supersonic cruise missiles. Previous studies
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have showed that the aerodynamic performance of a missile with different types and extents of damage
varies greatly. Generally, there are three categories of battle damage to missiles caused by interceptors:
fragment, discrete rod and continuous rod damage. The former two have similar effects. Their typical
performance is the perforation of missile parts. By comparison, continuous rod damage has a greater
killing range and is always able to cut the missile into multiple parts. Considering the small impact
of perforation damage on the wing, only one typical continuous rod damage [18] effect is analysed in
this study. Meanwhile, the most important task for the damaged missile is how to control its flight by
using the remaining rudder surfaces and the engine power [19]. Therefore, to optimise the flight control
strategy, it is necessary to accurately calculate the aerodynamic performance of the damaged missile.
The main contents of this study are as follows. First, the feasibility of the Spalart-Allmaras turbulence
model in calculating the static and dynamic aerodynamic characteristics of the missile is validated.
Then the aerodynamic characteristics of a simplified missile model after its right wing being damaged
to different extents are calculated and compared. The changing rules and reasons are found. After that,
the research on the dynamic pitch, roll and pitch-roll coupling characteristics of the damaged missile is
emphasised. Finally, the maximum allowable damage extent of the missile wing that can achieve static
trim is obtained when the maximum flight angle-of-attack is α = 12◦ and the maximum deflection angle
of the single rudder is β = 15◦.

2.0 Battle-damaged model and computational grids
2.1 Model
Four extents of the right wing damage are considered. The extent of damage is indicated by the missing
wing span length. The maximum damage to the wing is 50%, which represents the worst-case damage
reproducible during environmental drops performed by the Close Combat Weapons Systems Project
Office and the US Marine Corp [20]. These parameters may not be consistent with the actual damaged
situations, but they help to obtain the relationship between the change of aerodynamic performance and
the damage extent of missile wing.

The model used in this study is a simplified version of a typical supersonic cruise missile. In order
to conveniently make a comparison before and after damage, the axisymmetric inlet and aerofoil of the
model are simplified, and the case of one wing damage is discussed in this paper. The parameters of
geometric model are shown in Fig. 1, and they are measured in millimeters. W represents the wing and
R represents the rudder in Fig. 1(b). h represents the damaged width in Fig. 1(c).

The wing of the missile is thin and light, so the change in the centre of gravity can be neglected.
The parameters of the missile are shown in Table 1. The reference area is the maximum cross-sectional
area of the missile body, and the reference length is the diameter of the missile. The moment reference
point (MRP) is 2.5m from the missile head and it is also set as the point of rotation (POR) for dynamic
simulation.

2.2 Mesh
The research adopts structured meshes. High-speed compressible flows involve important fluid phenom-
ena typically exhibiting shock waves, rarefactions and related complexities [21]. Therefore, the mesh
needs to be encrypted where the flow changes violently. For example, the mesh is encrypted when the
geometric structure of the model changes. Figure 2 gives the computational mesh, including far field
mesh and boundary layer mesh. The far-field length in the computational domain is 10 times the length
and 20 times the diameter of the projectile.

Mesh independence is crucial to get the correct solution. An efficient mesh resolution must be deter-
mined to find correct calculation results and the appropriate amount of solution time [22]. The solution
in this study is implemented by generating different mesh resolution between about 1.2 and 6.2 million.
Figure 3 shows mesh independence for the drag coefficient (Cd) versus the number of mesh resolution.
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X-Y section

Y-Z section

Right wing damaged model

(a)

(b)

(c)

Figure 1. Geometric model and damage diagram.

The calculation result of 6.2 million mesh resolution is used as reference values. Table 2 shows
that the change rate of Cd is all less than 2%. Since the solution results are negligible changes above
2.85 million mesh resolution, considering the calculation time cost, 2.85 million is chosen as the efficient
mesh resolution.

3.0 Computational method
3.1 Fluid governing equation
The continuity equation and energy equation are referred to the Ref. [23]. The conservation form of the
3D dimensionless, unsteady, compressible, Reynolds-averaged Navier–Stokes equations in Cartesian
coordinates is as follows [24]:

∂Q
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+ ∂F
∂x

+ ∂G
∂y

+ ∂H
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=
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]
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Table 1. Basic parameters of missile

Parameter Value
Length 6m
Diameter 0.5m
Reference area 0.19625m2

Reference length 0.5m
MRP and POR X = 2.5m

Computational domain far field mesh

(a)

(b)

(c)
X-Y section

X-Z section

Figure 2. Mesh generation of the missile.

Figure 3. Mesh independence validation.
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Table 2. Mesh independence error of Cd

Mesh resolution (million) Error (%)
1.2 1.3048
1.45 1.6150
2.3 1.1892
2.85 0.0639
5 0.0578
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where p is pressure, ρ is density, (u, v, w) are the Cartesian velocity components, E is total specific
energy, H is total specific enthalpy, H = E + p/ρ, Q is the conserved variable, F, G, H are the convective
terms, Fv, Gv and Hv are the viscous terms.

3.2 Discrete scheme and solution method
The discrete scheme used in this study is Roe-FDS. The spatial discrete scheme is the second order
upwind. The solution method is to adopt the density-based solution, velocity component and density
are taken as basic variables, and the pressure is obtained by state equation. The density based solution
is solved by coupling algorithm. The continuity equation, momentum equation and energy equation are
solved simultaneously, and then other scalar equations are solved sequentially.

3.3 Turbulence model
Spalart-Allmaras (S-A) turbulence model is a simple single equation model for a modified turbulent
kinematic viscosity [25]. It is specially designed for aerospace applications. And it has a good application
in the calculation of missile external flow field [26]. Compared with the two-equation model, it has lower
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encryption requirements for the computing grid on the wall. And it has the advantage of good stability.
Previous studies [27] on battle-damaged aerofoils had shown this model produced reasonable result, and
outperformed the k-ε model slightly. The transport equation of the Spalart-Allmaras model is adopted
as the governing equation, and its form can be obtained from the Refs [28, 29].

3.4 Boundary and initial conditions
Pressure-far-field condition is adopted at the entrance and radial boundary of the computational domain.
Pressure-out condition is adopted at the outlet, the temperature and pressure are the same as the far-
field. The surface of missile adopts non-slip solid wall boundary condition. The initial value of the
computational flow field is set as the free flow value. The fluid types in the computational domain is
ideal gas, and the viscosity is calculated using Sutherland’s law.

3.5 Dynamic derivative identification method
Forced motion offers a good alternative to predict the aerodynamic coefficients of an aircraft [30].
The classic method for calculating dynamic derivatives is the small amplitude oscillation technique.
It evolved from the wind tunnel tests and can calculate subsonic, transonic and supersonic states [31].
The Fourier expansion of unsteady aerodynamic moment on rigid aircraft with small amplitude forced
pitch vibration is given as follows:

Mz = Mz0 + M̄z sin(ωt + λ) + u(t) (2)

According to the concept of aerodynamic derivative, the unsteady aerodynamic moment of the rigid
aircraft with small amplitude forced pitch vibration can be expressed by Taylor expansion as follows:

MZ = Mz0 + Mα

z 	α + Mα̇

z 	α̇ + Mωz
z ωz + Mω̇z

z ω̇z + 	̂ (	α, ωz) (3)

Where, Mz is the transient unsteady aerodynamic moment; Mz0 is the aerodynamic moment at the
equilibrium position. Mα

z is the static derivative of aerodynamic moment; Mα̇
z is the first dynamic deriva-

tive of aerodynamic moment to AoA; Mωz
z is the zero-order dynamic derivative of aerodynamic moment

to pitch angular velocity; Mω̇z
z is the first dynamic derivative of aerodynamic moment to pitch angular

velocity; 	̂ is a higher-order derivative term. When the rigid aircraft oscillates in small amplitude, its
motion equation can be simplified as:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

θ = θm sin(ωt)

θ̇ = ωθm cos(ωt) = ωz

θ̈ = −ω2θm sin(ωt) = ω̇z

	α = θ = θm sin(ωt)

	α̇ = θ̇ = ωθm cos(ωt)

(4)

Substituting Equation (4) into Equation (3) and omitting high-order component 	̂:

MZ = (Mα

Z − ω2Mω̇Z
Z )θm sin(ωt)

+ (Mα̇

Z + MωZ
Z )ωθm cos(ωt) + MZ0

(5)

When the calculation time of the unsteady problem is long enough, the aerodynamic moment changes
periodically, and the single point method can be adopted [32], making ωt = 2nπ to remove the influence
of the initial effect, so Equation (5) can be written as follows:

Mα̇

z + Mωz
z = M̄z sin λ

ωθm

= Mωt=2nπ − Mz0

ωθm

(6)
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Figure 4. Basic Finner missile model.

Figure 5. Mesh generation of Basic Finner missile.

Make dimensionless treatment on the above formula. The reduced frequency is k = ωl/2V∞, where
l is the reference length and V∞ is the far-field free inflow velocity, substituting and obtaining:

Cmq + Cmα̇ = Mωt=2nπ − Mz0

kqslθm

= CMωt=2nπ
− CMz0

kθm

(7)

where CMωt=2nπ
is the instantaneous pitching moment coefficient at ωt = 2nπ, and CMz0 is the steady

moment coefficient at the equilibrium position. k is the reduced frequency, q is the dynamic pressure, s
and l are the reference area and length respectively, and θm is the amplitude.

3.6 Method validation
The Basic Finner missile model is the international standard model to validate the aerodynamic cal-
culation. The model of the missile is shown in Fig. 4. The structural parameters are consistent with
those in Ref. [33], that is, d = 30mm.The computational mesh of the missile is shown in Fig. 5, and
the number of grids is 2.6m. The length of the far field in the calculation domain is 10 times the length
of the missile and the diameter is 20 times the diameter of the missile. The calculation conditions in
this study are consistent with the Ref. [34], that is, Ma = 1.58, initial attack angle θ 0 = 0◦, frequency
reduction rate k = 0.0158226, amplitude θm = 1◦, so the oscillation law can be written as α = θ 0+ θm

sin(ωt) = 1◦sin(571.7t).
Experimental data was obtained from a combination of free-flight tests in a ballistic range and wind

tunnel measurements at different test facilities [35, 36].
The hysteresis loops of pitch moment coefficient obtained from the calculation in this study is shown

in Fig. 6. The curve basically coincides with the CFD calculation value in the Ref. [34], indicating that
the error is small. The errors of Cmα̇ + Cmq are shown in Table 3. Error-C represents the error with the
calculated value [37], and Error-E represents the error with the experimental value [33]. Compared with
the experimental and calculated values, the error of the S-A model obtained in this study is larger, but
it is still less than 8%. One aspect of the analysis that contributes to this error may be due to insufficient
number of grids and insufficient precision of numerical methods. On the other hand, the edge of the
numerical calculation model is sharp, but the test piece usually has a certain chamfer, not a completely
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Figure 6. Hysteresis loops of Cmy (Cmy represents the pitch moment coefficient).

sharp edge, which may also cause errors between the numerical calculation and the test results. This error
is acceptable, indicating that the calculation method has high reliability for calculating the aerodynamic
characteristics of the missile model in this study.

4.0 Results and discussions
4.1 Static aerodynamic characteristics
First, the static aerodynamic characteristics of all models with different damage extent are simulated.
The calculation conditions are listed in Table 4.

The differences before and after damage are analysed in terms of the flow field. Due to large number
of calculation conditions and limited space, only some representative flow field contours of the damaged
models are selected for display, i.e., the models with the right wing of 0.3l and 0.5l damage at α = 4◦

and α = 8◦.
Figures 7 and 8 show the Mach and local pressure contour around the models. The oblique shock

waves formed in front of the head, wings, rudders and fins of the missile can be clearly seen in the
figures. The low Mach number region at the tail of the missile is also obvious. By comparison, it is
found that when the AoA changes from α = 4◦ to α = 8◦, a local high Mach number region appears
behind the wing on the undamaged side (left side). On the side of the damaged wing, the region is
small. When the damage extent reaches 0.5l, the above phenomenon hardly appears, which makes the
flow field on both sides of the missile asymmetric.

Figures 9 and 10 show the streamlines and vortices around the models. After being damaged, the flow
field asymmetry becomes larger on both sides of the missile. This asymmetry is more obvious when the
AoA increases. The vortices on both sides of the missile differs significantly. The vortices formed by the
damaged wing are longer but smaller in diameter compared to the undamaged left side. The streamlines
show that the vortices on the damaged side become more concentrated. Compared with the left wings,
the vortices formed by the right wings of the two damaged models are closer to the body of the missile
and extend to the rear side of the fin at α = 8◦, which affects the flow field around the rudders and fins
behind the wings.
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Table 3. Cmα̇ + Cmq comparison of Basic Finner missile

Calculation in this study Calculation in the reference Experiment Error-C Error-E
−484.44 −506 −526 4.26% 7.90%

Table 4. Static calculation conditions

Parameter Value
Mach number Ma 2.5
Cruising altitude H 0.1km
AoA α 0◦, 4◦, 8◦, 12◦

h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 7. Mach and local pressure contour at α = 4◦.

h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 8. Mach and local pressure contour at α = 8◦.

To further explore the effect of wing damage on the flow field around the missile, the pressure distribu-
tion around the wings, rudders and fins of the missile are shown separately to compare their differences
(the missile body is hidden for better visibility). Due to the limitation of space, the representative pres-
sure contour distribution at α = 8◦ is selected for display. As shown in Fig. 11, the wingtip vortices
of the damaged wings are smaller than that of the undamaged wing and appear mainly in part of the
wing parallel to the body. However, the pressure distribution at the leading edge of the wing is almost
unaffected by the damage. As the damage extent increases, the wingtip vortices become smaller and the
pressure gradient changes more drastically. This leads to a decrease in the lift coefficient and a non-linear
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h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 9. Streamlines and vortices at α = 4◦.

h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 10. Streamlines and vortices at α = 8◦.

h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 11. Pressure contour around wings at α = 8◦.
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h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 12. Pressure contour around rudders at α = 8◦.

h/l=0.3 damaged model

(a) (b)

h/l=0.5 damaged model

Figure 13. Pressure contour around fins at α = 8◦.

relationship with the damage extent at the same AoA. The wingtip vortices effect of damaged models is
weakened, leading to reduction in lift force along with a reduction in lift-induced drag force.

Figures 12 and 13 show that the damaged wing also affects the flow field around the rudders and fins
at the rear of the body. Due to the partial loss of right wing, the airflow through the right side of the
missile body is faster and the pressure is lower, and a local low pressure region is formed between the
upper and lower rudders and fins on the right side. The pressure distribution on the right rudders and
fins, especially on the right upper rudder and the fin surface, produces more obvious changes, this is, the
pressure distribution on the upper and lower surfaces is not symmetrical. The increased damage extent
also has a great influence on the flow field around the rudder and fin at the right upper position. As a
result, a counterclockwise roll moment is generated by the rudders and fins of the missile, respectively,
to counteract the clockwise roll moment that occurs due to the partial missing of the right wing.

Figure 14 shows the static aerodynamic force and moment coefficient. Compared to the undamaged
model, both the drag and lift coefficient of the damaged model are smaller due to the loss of both wind-
ward and lift surfaces. With the increase of damage extent, both Cd and Cl are sensitive to the change
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Drag coefficient

(a) (b)

(c) (d)
Lift coefficient

Pitch moment coefficient Roll moment coefficient

Figure 14. Static aerodynamic forces and moments.

with AoA. The rate of change is listed in Tables 5 and 6. The change rate of the drag coefficient increases
with increasing damage extent as well as with increasing AoA, while the change rate of the lift coeffi-
cient increases with increasing damage extent and decreases with increasing AoA. Meanwhile, Table 6
also shows the nonlinear relationship between the reduction of lift coefficient and the damaged extent at
the same AoA.

The pitch moment Cmy of the missile is negative, which indicates that it can restrain the pitch motion
and the missile is statically stable. The figure shows that as the AoA increases, the pitch moment values
of several damaged models still basically obey linear changes. The more the missile wing is damaged,
the larger the static pitch moment is, but the absolute value is decreasing, and the suppression of pitch
motion decreases. That is, the static stability of the missile becomes worse. Due to the front of the missile
wing is triangular, the surface area decreases more behind the MRP than in the front when the missile
loses partial right wing.

The roll moment Cmx of the undamaged model is nearly 0 at all the angles of attack. As the area loss
on the right wing increases, the absolute value of the roll moment increases and gradually changes from
linear to non-nonlinear. This is due to the missing lifting surface area of the missile’s right wing is not
linearly related to the missing wingspan.

4.2 Dynamic aerodynamic characteristics
Based on the static solutions, dynamic grid method is used to simulate unsteady small ampli-
tude forced vibration to calculate dynamic aerodynamic parameters. The pitch motion is defined as
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Table 5. Cd change at different AoA

Extent α = 0◦ α = 4◦ α = 8◦ α = 12◦

h/l = 0.1 0.109% 0.137% 0.233% 0.267%
h/l = 0.2 0.207% 0.274% 0.484% 0.676%
h/l = 0.3 0.292% 0.382% 0.710% 1.062%
h/l = 0.5 0.480% 0.608% 0.834% 1.755%

Table 6. Cl change at different AoA

Extent α = 4◦ α = 8◦ α = 12◦

h/l = 0.1 1.942% 1.486% 1.266%
h/l = 0.2 4.418% 3.332% 2.822%
h/l = 0.3 7.150% 5.523% 4.592%
h/l = 0.5 12.767% 10.067% 8.253%

(a) (b)

Pitch motion Roll motion

Figure 15. Validation of moment coefficient with time during pith/roll motion (time step independence
validation).

α = θ 0+ θm sin(ωt) = θ 0+ 0.25◦ sin(823.2t), and the corresponding reduced frequency is k = ωl/2V∞
= 0.24. The roll motion is defined as α = θ 0+ θm sin(ωt) = θ 0+ 0.25◦ sin(343t), and the corresponding
k is 0.1. Other parameters are the same as those in the static calculation.

Due to the unsteady flow involved, the independence of the time step must be validated before the
dynamic characteristics calculation. The time step ty = 1×10−5s, 2×10-5s and 4×10-5s are used to cal-
culate the pitch moment coefficient of the undamaged model at α = 0◦. And the time step tx = 1×10-4s,
5×10-5s and 2.5×10-5s are used to calculate the roll moment coefficient of the undamaged model at
α = 0◦. The results in the Fig. 15 show that there is almost no difference in the calculation results.
Considering the calculation time cost and calculation accuracy, the time step for calculating the pitch
motion is ty = 2×10-5s, and the time step for calculating the roll motion is tx = 5×10-5s in this study.

4.2.1 Pitch dynamic derivative
The hysteresis loops of the pitch moment coefficient are presented in Fig. 16. The hysteresis loops is
obviously elliptical in shape, and the angle between its major axis and the x-axis is defined as the azimuth,
as shown in Fig. 17. The circumferential direction of all curves is counterclockwise, which indicates the
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(a) (b)

(c) (d)
α=0° α=4°

α=8° α=12°

Figure 16. Hysteresis loops of pitch moment coefficient at different AoA.

Figure 17. Diagram of the azimuth.

missile obtained damping characteristics of pitch moment at all attack angles. Although the different
extents of the missing right wing parts, the azimuths and sizes of the hysteresis loops hardly change at
the same AoA, only causing different areas of the hysteresis loops: the hysteresis loops area increases
slightly with increasing of the damage extent.

Comparing the hysteresis loops at different AoA, the azimuths change. The azimuths of α = 4◦ are
opposite to that of α = 8◦ and α = 12◦. Under the condition of the α = 4◦ and the same absolute value of

https://doi.org/10.1017/aer.2024.52 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.52


16 Zhuo et al.

Figure 18. Combined dynamic derivative of pitch moment.

oscillation instantaneous AoA, the longitudinal damping value of positive instantaneous AoA is larger
than that of the negative instantaneous AoA. On the contrary, the longitudinal damping value at the
negative instantaneous AoA is larger than that at the positive instantaneous AoA under the condition of
α = 8◦. The results of α = 12◦ is the same as that of α = 8◦.

The pitch combined dynamic derivatives are shown in Fig. 18. With the increase of the AoA, the
pitch combined dynamic derivatives Cmα̇ + Cmq of the damaged model and the undamaged models all
increase at first and then decrease. This phenomenon is consistent with the changing trend of azimuth
with the AoA mentioned earlier. However, the specific change of Cmα̇ + Cmq among individual damage
models is different. At α = 0◦, the values of Cmα̇ + Cmq decrease with the increase of damage extent.
At α = 4◦, the values of Cmα̇ + Cmq are basically the same for different damage extent. When AoA is
α = 8◦, the Cmα̇ + Cmq of the damaged model becomes larger than that of the undamaged model, and
this phenomenon is more obvious at α = 12◦. The combined dynamic derivative calculation indicates
that the differences among damaged and undamaged models are mainly caused by the different missing
areas of effective lifting surface before and after the moment reference point.

With the increase of AoA, the absolute values of the pitch combined dynamic derivatives first
increases and then decreases with the increase of damage extent, which indicates the pitch damping char-
acteristics don’t get worse in all cases, even slightly increase at small AoA. For the missile in this study,
the dynamic performance is the worst at α = 4◦. Compared with the undamaged model, the dynamic
performance of the damaged models is even better when the AoA is within 5◦. However, when the AoA
exceeds 5◦, it becomes worse rapidly. Generally speaking, at small angles of attack, the damage to one
side of wing has little effect on the pitch dynamic performance of the missile.

4.2.2 Roll dynamic derivative
The hysteresis loops of the roll moment coefficient are presented in Fig. 19. After the wings being
damaged, the hysteresis loop areas of their roll moment coefficients decrease, and the greater the dam-
age extent, the smaller the hysteresis loops area, which is obvious at α = 0◦. Different from the pitch
direction, damage causes a great influence on the dynamic performances in the roll direction. The roll
combined dynamic derivatives Cmxα̇ + Cmxq of several models at different AoA are shown in Fig. 20. For
all models, the absolute values of the roll combined dynamic derivatives first decrease and then increase
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(a) (b)

(c) (d)

α=0° α=4°

α=8° α=12°

Figure 19. Hysteresis loops of roll moment coefficient at different AoA.

with the increase of the AoA. Compared to the undamaged model, the values of dynamic derivative of
damaged models decrease a lot. When the damage is 0.5l, the absolute value of roll combined dynamic
derivative decreases even more than 20%. Considering that the missile has X-shaped rudders and fins,
this value is quite large. And the absolute value of the roll combined dynamic derivatives first decreases
and then increases with the increase of the AoA, and this trend is the same as that of pitch combined
dynamic derivatives. The turning point appears between α = 4◦ and α = 8◦. According to Fig. 18, it is
guessed that it may appear around α = 5◦. However, different from the pitch direction, the roll perfor-
mance of damaged models deteriorates at all angles of attack, which is also consistent with reality.

4.2.3 Pitch-roll coupling dynamic derivative
The unsteady roll moment coefficient is shown in Fig. 21. The pitch-roll coupling moment caused by
pitch oscillation is in the same order of magnitude as the roll moment, so it cannot be neglected. At
α = 0◦, the pitch-roll moments of all models differ by several orders of magnitude from other angles of
attack, and it is nearly 0, so the hysteresis loop is not shown. When AoA is more than 0◦, the force on the
left and right sides of the missile is unbalanced in pitch oscillation, which in turn leads to roll moment.
Meanwhile, the pressure centre is away from the centre of gravity in the longitudinal and transverse
directions respectively. It leads to an increase in the areas of the hysteresis loops, which makes the
dynamic coupling characteristics between the pitch and roll directions increasing apparently. With the
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Figure 20. Combined dynamic derivative of roll moment.

(a) (b)

(c)

α= 4° α= 8°

α= 12°

Figure 21. Unsteady roll moment coefficient caused by the pitch oscillation.
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Figure 22. Roll moment coefficient caused by one rudder deflection.

Figure 23. The static roll moments provided by four rudders, and the roll moments required of different
damaged models.

increase of the initial AoA, the azimuths of hysteresis loops also decrease, and the pitch-roll hysteresis
loops tend to be horizontal when the instantaneous AoA changes.

4.3 Damage limit of missile wing
After the unilateral wing of the missile is damaged, roll dispersion results from lift non-averaging pro-
duced by body-fixed vehicle asymmetries will appear [38, 39]. Some aerodynamic performances can be
saved by controlling the deflection of the rudders. The damage limit of the missile wing is judged since
the missile does not roll. That is, the static balance of the missile after the wing damage is maintained
by four rudder deflections. The full roll moment of the missile can be expressed as:

Cm = Cm0 + Cm(α) · α + Cm(β) · β (8)
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Table 7. Trim validation of the h/l = 0.625
damaged model at α = 12◦

Cmxr Cmxt Cmxt/Cmxr

−0.1829 0.0037 −2.023%

where, Cm is the full roll moment, Cm0 is the zero-liter moment, Cm(α)·α is the roll moment caused by
the AoA α, and Cm(β)·β is the trim moment caused by the rudder deflection angle β.

Figure 22 shows the roll moment provided by one rudder at different deflection angles. In the figure,
β represents the deflection angle of a single rudder. It can be seen from the figure that with the increase
of the AoA, the static roll moment provided by the smaller rudder deflection angles first increase and
then decrease. The roll moments provided by the larger rudder deflection angles decrease continuously.

The deflection efficiency of the remaining three rudders is regarded as the superposition of one rudder.
Through this simplified processing, the roll moment provided by the four rudders at different angles of
attack can be obtained. The maximum deflection angle of each rudder is limited to 15◦. Figure 23 shows
the static roll moments that can be provided when all four rudders are deflected to 15◦, as well as the
roll moment required to maintain balance for four models with different extents of damage at different
angles of attack.

As can be seen in Fig. 23, even at a maximum angle-of-attack of α = 12◦, all damaged models in
this study can achieve roll moment balancing. Next, the damage limit of missile wing at α = 12◦ will
be studied, which is the worst flight condition. According to the relationship between the change of roll
moment coefficient and the damage extent of missile wing, it is found that it basically conforms to the
linear change law: Cmx = −0.2941(h/l). When the four rudders are all deflected to 15◦, the maximum roll
moment available is Cmxr = −0.1829. Then, the maximum allowable wing damage extent is h/l = 0.625
when the missile does not roll.

Finally, the correctness of the damage limit needs to be validated by numerical simulation. The
results are shown in Table 7. Cmxt represents the roll moment coefficient of the missile with right wing
h/l = 0.625 damage trimmed by rudders deflection. The relative error Cmxt/Cmxr is −2.023%. This is a
relatively small value. This shows that the limit damage extent of missile wing is h/l = 0.625 with high
credibility.

5.0 Conclusions
CFD simulation are implemented on the simplified model of supersonic cruise missile, including undam-
aged model and four models with different damage extents of wing. The static aerodynamic force and
moment of all models have been calculated and compared. On this basis, the dynamic pitch, roll and
pitch-roll coupling moments are further computed. The combined dynamic derivatives are obtained and
their variation rules after being damaged are found. The main conclusions are as follows:

(1) The partial missing area of the lift surface on the right wing causes geometric asymmetry, which
further leads to the asymmetry of the flow field. Compared to the undamaged model, the damaged models
have small drag and lift coefficients. With the increase of damage extent, both drag and lift coefficients
are sensitive to the change of the AoA, but their respective rates of change are different: the change
rate of drag coefficient at the larger AoA is greater than that at the smaller AoA. On the contrary, the
change rate of lift coefficient at the larger AoA is smaller than that at the lower AoA. Meanwhile, the
absolute value of static pitch moment decreases, and the suppression of missile pitch motion weakens.
The absolute value of the roll moment increases, and gradually changes from linear to non-nonlinear.

(2) The dynamic pitch and roll performances of the missile are both the worst when the AoA is α = 4◦.
Compared with the undamaged model, the pitch performance of the damaged models is even better when
the AoA is within 5◦, but it becomes worse when the AoA exceeds 5◦. For all models, the absolute values
of the roll combined dynamic derivatives first decrease and then increase with the increase of the AoA
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like the tendency of the pitch direction. The turning point appears around α = 5◦. Different from the
pitch direction, the roll performance of damaged models deteriorates at all angles of attack. Relatively
speaking, the influence of wing damage on the roll direction is much greater than that on the pitch
direction. In addition, the extension in the loss area causes the dynamic coupling characteristic between
the pitch and roll directions to increase apparently.

(3) The maximum allowable damage extent of the missile wing that can achieve static trim is obtained
at α = 12◦ and the maximum deflection angle of the single rudder is 15◦.When the four rudders are all
deflected to 15◦, the allowable damage limit of the missile wing that maintains the balance of the roll
direction is h/l = 0.625. And its credibility is proved by numerical validation.
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