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Chapter 1 Introduction

Currently, CFD has been extensively used in the design process of airplanes, instead of the experimental
approach. The next targets of CFD for aircraft developments will be analyses of more detailed aircraft
configurations including small parts, more accurate analyses at off-design conditions, unsteady flow simulations
with moving bodies and body deformations. Key research fields of CFD expected to be developed are as follows;

CFD for Accurate Prediction of Vortical Flows: Flow around a delta wing adopted for high-speed transports is

governed by the leading-edge separation vortices at high incidence conditions in take-off and landing. Wing-tip
vortices of airplanes during the take-off and landing are another serious problem. They will remain in the wake
regions for a long time and affect following airplanes. In conventional CFD techniques, however, vortices are
easily diffused by inherent numerical dissipations. Developments of effective methods to reduce these dissipations
and accurately resolve vortices around a full airplane configuration are expected.

CFD for Moving Bodies: Numerical predictions of unsteady acrodynamic forces of moving bodies are still under
study. For the safety of aircraft, flutter boundary, maneuver loads and gust loads should be estimated accurately.
Since experiments for such problems involve high risk and cost, CFD is expected to play an important role. To
treat moving body problems by CFD, a dynamic mesh method, where the computational mesh is moved/deformed
accompanied by the body movement and deformation, is required. In the design fields, the dynamic mesh method
is also very useful to evaluate modified configurations quickly. However, those dynamic mesh methods especially
for the unstructured mesh may often lack robustness necessary for large deformation problems. Therefore, 2
robust and efficient dynamic mesh method is required for moving body problems.

CFD for Complete Flight Simulation of Airplane: Currently, the analysis of the maneuvering aircraft is obtained
by expensive flight tests. If CFD can replace the flight test, the airplane development cost can be reduced greatly.
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One of the most important issues for flight dynamics is the stability control of longitudinal motion of an airplane.
especially trim. For trim, the aerodynamic forces are required as the function of control surface deflections at
varieties ol flight conditions. In addition, for the dynamic stability control, the dynamic response to the unsteady
control surface deflection is required. Such wind twnnel tests will be extremely difficult and expensive. For these
airplane maneuver simulations. aircraft responses to control surfaces must be computed. However. very few

reports are available for the aircrafi response to control surface detlections by CFD.

Objectives: The objective of this thesis is to develop the numerical methods that are required to simulate flows
around an airplane in various flight conditions. The final target of this research is to realize a virtual flight test of
an airplane in & computer. To achieve this goal. the numerical methods to accurately simulate vortical flows
appearing at take-off’ and landing conditions, to handle moving bodies and to simulate unsteady flows of
maneuvering airplane in response to coutrol surface deflection have been developed. The Euler/Navier-Stokes
unstructured mesh method is employed as the basic CFDD approach because of'the topological flexibility to
generate high fidelity mesh around detailed and complex configuration of a complete aircraft. The validity of the
present methods is discussed by examining the computational results. Finally. the possibility to achieve a
complete airplane flight simulation based on high fidelity CFD is discussed.

Chapter 2 Unstructured Mesh CFD for Vortical Flows
In Chapter 2, two approaches to improve the accuracy of vortical flow

[

simulations were discussed. Adaptive mesh refinement method coupled

fh
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with the vortex center identification method was briefly reviewed. Then,

the vorticity confinement method to reduce the diffusive property of the .o ¢

vortical flow simulations has been introduced on unstructured meshes. ﬁ ,
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The effectiveness has been discussed by applying to simulations of four .

problems of vortical flows. In the case of a single vortex in a uniform

flow. the effect of the vorticity confinement on unstructured mesh was © (a) Conventional method S

validated and a difficalty in determining its coefficient because of the @
mesh dependency was pointed out. In the case of vortical flows around
delta wings, the confinement was found more effective than the adaptive ':mw 8

¥
mesh refinement method. In the vortex breakdown case, it was K oo Y
demonstrated that the use of excessive confinement parameters could

(b) Adaptive mesh method &
vorticity confinement method

suppress the breakdown and thus destroy the flow physics. Finally, in the
case of a wing tip vortex of NACA0012 wing shown in Fig. 1, it was
proven that the confinement method could suppress the numerical Fig.1 Contours of the vorticity magnitude
diffusion of the vortex far away from the trailing edge by coupling with

the adaptive mesh refinement method.

The results obtained in this chapter show that, although further studies will be required to reduce the
dependency of the confinement coefficient on the mesh density, the vortex confinement method coupled with
unstructured and adaptive refinement meshes may have a possibility of accurate simulations of vortical flows.
especially in the simulation of the wing tip vortices. So far, however, if we can use computational resources
enough. the adaptive mesh refinement method is more reliable approach. We must keep in mind the vorticity
confinement method as a model to simulate vortical flows economically and must use the method carefully

according to specific problems.
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Chapter 3 Unstructured Dynamic Mesh Mecthod

In Chapter 3. an unstructured dynamic mesh method has been developed to compute flow problems with
moving and deforming body. The dynamic mesh is required for numerical simulations of flights ol a mancuvering
airplane including airerafl response tor controf surface deflection and aervoelasticity. A simple and robust
unstructured dynamic mesh method using spring analogy concepts was proposed where a mechanism to keep each
elemental shape of triangular. tetrahedral, and hybrid (tetrahedra. prisms. and pyramid) meshes was introduced.
The method was applicd to several problems and compared with the conventional dynamic mesh method. Using
the conventional method. mesh movement failed in several cases. While. using the proposed micthod. the mesh
could successfully be moved without a large penalty in CPU time. Therelore. it was demonstrated that the present
method would improve the robustness for flow problems with large motions of bodies. These results showed a
great possibility for the proposed dynamic mesh method to be applied to various kinds of fluid and design

problems.

Chapter 4 Unstructured Dynamic Mesh Method with Surface Mesh Movement

In Chapter 4. an approach to handle surface mesh movement on a curved surface was proposed. To compute
maneuver of an aircraft in response to control surface deflection. a special treatment of the computational mesh is
required for the moving control surface. for example, a horizontal tail wing. Because of the change in location of a
horizontal tail wing on a fuselage surface. the surface mesh of the tail wing—fusclage juncture should be modified.
In general moving body problems. the dynamic mesh method of the three-dimensional volume mesh is required to
treat the body movement. On the other hand, to treat the change of the deflection angle of the control surface,
surface mesh points of the fusclage also have to be moved while maintaining the original curved surface of the
fuselage duc to the change of the intersection. However, it is difficult to directly move the surface moesh points
along the curved surface without changing the original topology and geometry. Therefore, a mapping of a curved
surface patch onto a two-dimensional parameter plane was utilized to eflficiently and accurately move the surface
mesh on a curved surface. The combination of the surface mesh movement method and the dynamic mesh method
enabled to compute unsteady aerodynamic forces by changing both angle of attack of the aircraft and deflection
angle of the horizontal tail wing as shown in Fig. 2. In addition, it was shown that the method would be applicable

to the design optimization problems with the nacelle location/angle change.

(a) Deflection angle = 0.0

e . tb) Deflection angle = 0.0
Fig. 2 Close-up view near the horizontal tail wing after the surface and volume mesh movement

Chapter 5 Numerical Simulation of Airplane’s Response to Control Surface Deflection

In Chapter 5. simulations of a maneuvering airplane in response to control surface deflection were discussed.
The techniques described in the previous chapters were applied to the simulation of the longitudinal control
surface response for an experimental supersonic airplane of the National Aerospace Laboratory of Japan. By the
use of a three-dimensional unstructured dynamic mesh method with surface mesh movement. the computational

mesh for a moving control surface was efficiently modified and numerical simulations of the static longitudinal
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stahility control could be easily conducted. The computational results were validated by comparisons with
experimental data. In addition. the computational results at supersonic and transonic speeds were compared and
the differences of the flow characteristics between the two were discussed. Furthermore. computational results of
the inviscid and viscous flows were compared.

Computation of the unsteady response of the airplane to the change of the deflection angle of the horizontal tail
wing was also conducted. Equations of motion with regard to the airplane were solved at each computational time
step with change of the deflection angle of the tail wing. The freestream Mach number M, is 2.0. The initial angle
of attack of the wing-tuselage is 2.0°. The horizontal tail wing is moved, so that the deflection angle is changed
from 0.0° to -3.0° at 1200 time steps. Figure 3 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.
This aerodynamic movement of the wing-fuselage is reasonable. As the deflection angle of the tail wing is
decreased from 0.0° the lift of the tail wing is decreased and the total pitching moment is increased. The nosc-up
movement of the airplane is caused by this moment. Although the accuracy of these results should be investigated
carefully. these results show that efficient simulation of dynamic stability control is feasible by the methods herein
presented. By means of unsteady simulation, it was shown that the method has a gréat potential for simulations of

a dynamic flight control and more complicated flight test.

(a) B = 0.0°(t = 0.0)

(CYyP=-2.0°(t=0.4) : . (d) B =-3.0°(t = 0.6)

Fig. 3 Unsteady computational results: Contours of Mach number (M, = 2.0)
f: deflection angle of the tail wing, t: time (sec.)
Chapter 6 Conclusions

In Chapter 6, the results and conclusions obtained in this thesis were summarized.

Consequently. it is demonstrated that the methods developed in this study are promising for airplane flight test
in a computer. With further developments of computational resources. detailed analysis of real flight motions with
response to the control surface deflections will be realized, However, for the perfect replace of the flight test by
numerical simulations, the accuracy at off-design conditions where separations and complex vortical flows appear
is still a critical problem. Further improvements of turbulence models for precise predictions of separations are

required for the real flight tests in a computer.
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