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Simulation of Aircraft Response to Control Surface Deflection
Using Unstructured Dynamic Grids
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The computational techniques required for flight-test simulation in which the deflection angle of a tail wing is
changed are discussed. To treat the computational grid for a moving control surface, an unstructured dynamic
mesh method with surface-grid movement is used. This method is applied to the numerical simulation of the
control-surface response for an experimental supersonic airplane at the National Aerospace Laboratory of Japan.
Its high capability is demonstrated in both steady and unsteady simulations.

Introduction

I N the past 30 years, with the rapid growth of computational re-
sources, computational fluid dynamics (CFD) has achieved sig-

nificant progress and is considered to be very close to maturation in
flow computation around airplanes under designed conditions. The
next target of CFD is numerical simulation of maneuvered airplanes,
including their response to control surface deflection and aeroelas-
ticity. The precise prediction of flow characteristics when an airplane
is being maneuvered is important for design and for design analy-
sis. One of the most important issues in maneuvering is stability
control of the longitudinal motion of an airplane, such as trim. For
trim, we need to know the aerodynamic forces operating at many
deflection angles of a control surface under various flight conditions.
Usually, trim is considered for static stability control. Furthermore,
trim is important for dynamic stability control, for which we need to
know the dynamic response of the aerodynamic forces to unsteady
control-surface deflection. However, this type of experiment is ex-
tremely difficult to conduct in a wind tunnel. Thus, CFD holds great
promise for solution of this type of dynamic-response problem as
well as for clarification of the static response. Recently, the concept
of movement of the entire tail wing as a control surface was adopted
for high-speed commercial transport, such as the Airbus A3xx series
and an experimental supersonic airplane of Japan. For the simula-
tion of such response problems, a computational method for treating
geometrically complex airplanes is required. In addition, movement
of the control surface and airplane must be taken into consideration.

In this paper, flow computations around moving and deforming
bodies are discussed. To treat these problems numerically, the ex-
isting grid must be moved, accompanied by movement and defor-
mation of the body. For the simulation of flow with moving rigid
bodies, the overset unstructured grid technique,1−3 which uses sev-
eral unstructured grids to cover the flow field of moving bodies, is
very useful. The rigid flapping motion of a hornet was solved by
this method and this method showed reasonable results.3 On the
other hand, for the simulation of flow of deforming bodies or the
treatment of changes of the intersection of the wing and fuselage,
the dynamic mesh method is preferable.
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One requirement of the dynamic mesh method is robustness,
which should not create ill-conditioned cells during movement of
the mesh. Several methods for dynamic mesh have been developed
and have shown good results for problems with small-amplitude
oscillation and deformation.4−9 The most common approach when
dynamic meshes are employed is to use the linear tension spring
analogy.4 With this approach, however, the cell shape cannot be
controlled, often resulting in the formation of ill-conditioned cells
for large movements. To counteract this, in our previous work,10

each tetrahedron cell shape in the grid, such as internal angles of
triangular faces and angles between two faces that constitute the
cell, is controlled in order not to generate squashed, invalid cells.
Results showed improvement of robustness without much loss of
CPU time.

In computing the maneuver of an aircraft in response to control-
surface deflection, we encounter another difficulty, namely, the treat-
ment of the computational grid for the moving control surface, for
example, a tail wing. Because of the change in location of a tail
wing on a fuselage surface, the surface grid of the tail wing–fuselage
juncture should be changed. In general moving-body problems, the
dynamic mesh method of the three-dimensional volume grid is re-
quired to treat the body movement. On the other hand, to treat the
change of the deflection angle of the control surface, surface grid
points of the fuselage also have to be moved while the original
curved surface of the fuselage is maintained, due to the change of
the intersection. However, it is difficult to directly move the surface
grid points along the curved surface without changing the original
topology and geometry. In this paper, a surface-mapping moving-
grid method10 developed by the present authors is applied. A par-
tially cut out three-dimensional surface grid is mapped onto a two-
dimensional parameter domain. The moving-grid method is then
applied to the parameter plane. The moved grid is then transformed
back onto the three-dimensional surface. By the use of this method,
the surface grid can be also moved along the curved surface.

The final goal of this study is to conduct an unsteady simulation
of the dynamic flight control of an aircraft during maneuvers. In this
paper, the computational techniques required for the flight-test sim-
ulation are discussed. In addition, these techniques are applied to
the numerical simulation of control-surface response for an exper-
imental supersonic airplane at the National Aerospace Laboratory
(NAL) of Japan.

Mesh Point Movement Method
In this study, the unstructured dynamic mesh method used in

Ref. 10, which is based on the linear tension spring analogy method,4

is employed. Suppose an unstructured mesh system is composed of
tetrahedral elements. Figure 1 shows one tetrahedral element. In
this method, each edge of an element is modeled as a linear tension
spring. The forces Fspring i j are generated by these springs at each
vertex by the mesh-point movement,

Fspring i j = kspring i j∆xi j (1)
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Fig. 1 Determination of spring coefficients for a tetrahedron.

where kspring i j is the spring stiffness coefficient at edge εi j and ∆xi j

is the displacement. The static equilibrium equations, Eq. (2), of
these forces are solved iteratively at each interior node and the dis-
placements in the x , y, and z directions are determined:

∑

f ∈ εi j

Fspring i j = 0 (2)

Here, grid points on the outer boundary of the mesh are fixed and the
displacement on the body surface is given as the initial condition.
By the use of edge length li j as the spring stiffness described by
Eq. (3), the method can prevent one vertex from colliding with the
other:

kspring i j = 1/ li j (3)

However, the method does not prevent a vertex from crossing
edges and faces. In the problems with relatively greater motion,
therefore, the method can generate invalid elements. To prevent
this, the geometry of the elements should be considered.

In this study, three-dimensional grids composed of tetrahedras are
assumed, as shown in Fig. 1. To prevent the faces from squashing,
the internal angles of triangles, which share edge εi j , are considered.
Moreover, to prevent the tetrahedron volume from becoming zero
or negative, the angles between two faces, θ jkl−ikl , are considered.
The spring coefficients at edge εi j are determined by using these
angles as follows:

kangle i j =
∑ 1

sin2 θ
(4)

ki j = kspring i j + kangle i j (5)

Because kangle i j → ∞ when θ → π or 0, the spring prevents the cells
from squashing and having zero or negative area.

In addition, when the method is applied to practical fluid prob-
lems, the wall distance function fd ∝ 1/d is multiplied by the spring
stiffness coefficients to suppress the deformation of the grid near the
wall and to keep its original clean shape.

Surface Grid Movement
For simulation of an airplane’s response to control-surface de-

flection, the surface grids on the fuselage near the fuselage–control
wing juncture have to be moved according to the movement of the
control wing. However, to move the surface grids while maintaining
the original curved surface plane is not easy, because no straightfor-
ward information is provided about the original surface curvature.
There is only information on discrete grid point coordinates. In other
words, it is difficult to directly move the surface grid points along
the curved surface in a proper manner.

Here, the surface-mapping moving-grid method10 developed by
the present authors is used, in which mapping of the surface com-
ponent onto a two-dimensional parameter domain is applied. This
idea is similar to the algorithm for generating unstructured surface
grids.11 A three-dimensional surface grid region is partially cut out
and mapped onto a two-dimensional parameter domain as shown in

Fig. 2 Mapping of surface.

Fig. 3 Computational grid of an experimental supersonic airplane of
the National Aerospace Laboratory of Japan.

Fig. 2. The moving grid method discussed in the previous section
is then applied to the parameter domain. The moved grid is trans-
formed back to the three-dimensional surface. By the use of this
method, the tail wing can be moved smoothly.

Flow Solver
The original unstructured surface grid and the tetrahedral vol-

ume grid are generated by the method described in Refs. 12–14.
The Euler equations are solved considering the grid movement. The
Harten–Lax–van Leer–Einfeldt–Wada Riemann solver15 is used for
the numerical flux computations. Second-order spatial accuracy is
realized by a linear reconstruction of the primitive variables. The
lower/upper symmetric Gauss–Seidel implicit method for the un-
structured grid16 is used for the time integration.

Results
The proposed method combined with the three-dimensional dy-

namic mesh and surface dynamic mesh was applied to the numerical
simulation of the longitudinal stability control of the experimental
supersonic airplane shown in Fig. 3. This is a real airplane that the
NAL is currently working on. The project is developing experimen-
tal supersonic airplanes to conduct a basic study for the supersonic
transport of the next generation. In this airplane, a horizontal tail
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Fig. 4 Surface grid cut out near the horizontal tail wing.

Fig. 5 Grid transformed onto the two-dimensional parameter domain.

Fig. 6 Grid moved onto a parameter domain.

wing that moves in its entirety is adopted as the control surface,
which controls the longitudinal stability. Figure 3 shows the com-
putational grid of the experimental airplane. The total number of
grid points is about 0.3 million.

The processes of surface grid movement due to the change of the
deflection angle of the horizontal tail wing are shown in Figs. 4–7.
The horizontal tail wing is moved, so that the deflection angle is
changed from 0 to 5 deg. First, the junction between the fuselage
and tail surface is determined and a three-dimensional unstructured
surface grid region near the junction is cut out as shown in Fig. 4.
Then a fine regular patch grid along the curved fuselage surface
is constructed and the linear interpolation information between the
surface grid and the patch grid is formulated. The transformation
of the grids onto a two-dimensional parameter domain is shown in
Fig. 5. The regular patch grid is easily transformed onto such a do-
main. The three-dimensional unstructured surface grid is then trans-
formed onto the parameter domain based on the formulated interpo-
lation information. The moving grid method is then applied to the
parameter plane shown in Fig. 6. Again, interpolation information

Fig. 7 Grid transformed back onto the three-dimensional surface.

is formulated after the grid has been moved and the moved grid is
then transformed back onto the three-dimensional surface as shown
in Fig. 7. Finally, the tetrahedral volume grid is moved according
to the surface grid movement using the method described in the
previous section.

In changing the deflection angle of the horizontal tail wing, the
surface configuration of the airplane must usually be redefined us-
ing CAD, etc., and the surface grid must be regenerated. Then the
computational volume grid is newly generated and computation is
performed. The process of redefinition of the surface configuration
and surface and volume grid generation is a time-consuming task,
which takes about 2 h by a skilled engineer in this case. By the use
of the surface grid movement method and dynamic mesh method,
this process can be easily and automatically conducted in only a few
minutes. Hence, with the proposed method, the aerodynamic forces
resulting from the change of both the angle of attack and the deflec-
tion angle of the horizontal tail wing can be estimated efficiently,
and unsteady analysis can also be conducted without much cost.

Steady State Analysis
Euler computations were performed with changes in the angle of

attack and the deflection angle of the horizontal tail wing. Freestream
Mach numbers M∞ are 2.0 and 0.95. Figures 8 and 9 show the
contours of the Mach numbers. In Figs. 8a and 9a, the angle of
attack α is 0 deg and the deflection angle of the horizontal tail wing
β is 0 deg at each Mach number. Figures 8b and 9b show the results
at α = 4 deg and β = −5 deg. In Fig. 9a at M∞ = 0.95, shock waves
can be seen on the main wing and the horizontal tail wing. In the
case M∞ = 0.95, the effects due to the change of α and β are much
greater than in the case M∞ = 2.0. The strength of the shock waves
on the main wing is greatly intensified. In particular, a new shock
wave is generated under the tail wing by the change of the deflection
angle of the tail wing.

Variations of the lift coefficients (CL ) and pitching moment coef-
ficients (CM ) with the angle of attack are shown in Fig. 10. The ex-
perimental results are provided courtesy of the aerodynamic group
of NAL’s scaled experimental SST project. As for CL and CM at
M∞ = 2.0, computational results show good agreement with exper-
imental results except for at higher angles of attack, as shown in
Figs. 10a and 10b. At higher angles of attack, however, the differ-
ences become larger. The gradient of CL vs angle of attack (CL –α)
in the computational results is steeper than that in the experimental
results and the difference is 8%. However, the gradient of CM vs
angle of attack (CM –α) of the experimental results is steeper than
that of the computational results and the difference is 14.5%. The
same tendency can be seen in other computational results at the third
SST–CFD Workshop, held in December 2001, discussed in Ref. 17.
Figure 10c shows CM vs CL plots (CM –CL ). In Fig. 10c, the compu-
tational results show better agreement with the experimental results
and the difference of the gradient is only 6%.

Figure 11 shows CL and CM by the deflection angle of the hor-
izontal tail wing (CL –β and CM –β) and CM –CL plots. In the ex-
periments, CL and CM have been measured only at the deflection
angles of −10, 0, and 10 deg. The data at other deflection angles
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a) α= 0 and β = 0 deg

b) α= 4 and β = −−5 deg

Fig. 8 Contours of Mach number (M∞ = 2.0): α angle of attack, β
deflection angle of the tail wing.

a) α= 0 and β = 0 deg

b) α= 4 and β = −−5 deg

Fig. 9 Contours of Mach number (M∞ = 0.95): α angle of attack, β
deflection angle of the tail wing.

a) Lift coefficients

b) Pitching moment coefficients

c) Pitching moment coefficients versus lift coefficients

Fig. 10 Variations of the lift coefficients and pitching moment coeffi-
cients due to the angle of attack of the wing–fuselage (deflection angle
of the horizontal tail wing is zero).

are linearly interpolated from the three points. The computational
results at various deflection angles of the horizontal tail wing agree
with the experimental results well. The differences of gradients of
CL –β and CM –β are 10% and 8%. The difference of the gradient
of CM –CL is 2%. The validity of using the dynamic mesh method
for hybrid unstructured meshes is apparent.

From Fig. 11, it can be seen that the aerodynamic forces are
linearly affected by the change of the deflection angle of the tail
wing at both of the Mach numbers. As for CL and CM at these
Mach numbers, the assumption of linear interpolation using the three
points is proven to be valid. Compared with the results at M∞ = 2.0
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a) Lift coefficients

b) Pitching moment coefficients

c) Pitching moment coefficients versus lift coefficients

Fig. 11 Variations of the lift coefficients and pitching moment coeffi-
cients due to the deflection angle of the horizontal tail wing (angle of
attack is zero).

and 0.95 in Fig. 11, the variation of the aerodynamic coefficients at
M∞ = 0.95 is much larger.

The variations of CL –β and CM –β, which are separated as to part,
i.e., main wing, tail wing, and fuselage, are shown in Fig. 12. The
coefficients of the main wing are not much affected by the deflection
angle even at M∞ = 0.95. At M∞ = 0.95, the variations at the tail
wing and fuselage are much larger. In the case of M∞ = 0.95, the
location and strength of the shock waves on the tail wing are greatly
changed by the deflection angle. The shock waves on the tail wing
affect the aerodynamic forces on the fuselage. Therefore, it can be
seen that the total variations of the coefficients at M∞ = 0.95 are
larger than those at M∞ = 2.0.

Figure 13 shows the variation of CL –β at some constant angles of
attack. It can be seen that the variation curves at any angle of attack
have nearly the same tendency though their levels are different.

a) Lift coefficients

b) Pitching moment coefficients

Fig. 12 Variations of the lift coefficients and pitching moment coeffi-
cients due to the deflection angle of the horizontal tail wing at each part
(angle of attack is zero).

Unsteady State Analysis
Computational results of the unsteady response of the airplane

to the deflection angle of the horizontal tail wing are shown here.
Equations of motion with regard to the airplane are solved at each
computational time step with changes of the deflection angle of
the tail wing. The freestream Mach number M∞ is 2.0. The initial
angle of attack of the wing–fuselage is 2.0 deg. First, steady Euler
computation is performed at the angle of attack. Then the horizontal
tail wing is moved, so that the deflection angle is changed from 0.0
to −3.0 deg at 1200 time steps.

Figure 14 shows the contours of the Mach number. It can be seen
that the angle of attack of the wing–fuselage is increased according
to the change of the deflection angle of the tail wing. Figure 15
shows the history of CM around the center of gravity of the air-
plane and CL . Although CM was fluctuant at first, CM had positive
values because of the movement of the tail wing. As the deflec-
tion angle of the tail wing is decreased from 0.0 deg, the lift of the
tail wing is decreased and the total pitching moment is increased.
The nose-up movement of the airplane is caused by this moment
and CL becomes larger with the increase of the angle of attack
of the wing–fuselage. This aerodynamic movement of the wing–
fuselage is reasonable. Although the accuracy of these results should
be investigated carefully, these results show that efficient simula-
tion of dynamic stability control is feasible by the methods herein
presented.
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a) M∞ = 2.0

b) M∞ = 0.95

Fig. 13 Variations of the pitching moment coefficients due to the de-
flection angle of the horizontal tail wing at some constant angles of
attack.

a) β = 0.0 deg (t = 0.0)

b) β = −−1.0 deg (t = 0.2)

c) β = −−2.0 deg (t = 0.4)

d) β = −−3.0 deg (t = 0.6)

Fig. 14 Unsteady computational results: contours of Mach number (M∞ = 2.0).

Conclusions
The computational techniques required for flight simulation with

change of the deflection angle of a tail wing have been herein dis-
cussed. By the use of a three-dimensional unstructured dynamic
mesh method with surface grid movement, the treatment of the com-
putational grid for a moving control surface could be realized.

The technique was applied to the numerical simulation of control-
surface response for an experimental supersonic airplane. Numerical
simulation of the static longitudinal stability control could be easily
conducted by this method. The validity was proved by comparison
with experimental data. Additionally, the computational results at
supersonic and transonic speed were compared and the differences
of the flow characteristics between the two were estimated.

Moreover, computation of the unsteady response of the airplane
to the change of the deflection angle of the horizontal tail wing was
conducted. By means of unsteady simulation, it was shown that the
method has potential for dynamic flight control simulation.

Fig. 15 Time history of the pitching moment and lift coefficients.
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