Hindawi

International Journal of Aerospace Engineering
Volume 2019, Article ID 2147068, 15 pages
https://doi.org/10.1155/2019/2147068

Research Article

Hindawi

Numerical Calculations on the Unsteady Aerodynamic Force of
the Tilt-Rotor Aircraft in Conversion Mode

Hao Chen

Huaiyin Institute of Technology, 223003 Huaian, Jiangsu, China

Correspondence should be addressed to Hao Chen; chenhao@hyit.edu.cn

Received 27 August 2019; Revised 6 November 2019; Accepted 16 November 2019; Published 7 December 2019

Academic Editor: Maj D. Mirmirani

Copyright © 2019 Hao Chen. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A computational method is developed in order to predict the unsteady aerodynamic characteristics of the tilt-rotor aircraft in
conversion mode. In this approach, the rotor is modeled as an actuator disk so that the effect of individual blades can be
ignored. A novel predictor-corrector-based dynamic mesh method is presented for dealing with extremely large mesh
deformation during a conversion process. The dual time-stepping approach and the finite volume scheme are applied to solve
the unsteady N-S equation. A parallel algorithm is utilized in this work to improve the computational efficiency. By using the
present method, quantitative and qualitative comparisons are made between the aerodynamic coefficients obtained in the quasi-
steady fixed conversion mode and the time-accurate continuous transition flight condition. Both two-dimensional (2D) and
three-dimensional (3D) computations are carried out. The influence of the tilt modes and the tilt period time on the unsteady
aerodynamic forces are also studied. Numerical results demonstrate that the developed method is effective in simulating the

aerodynamic characteristics of the tilt-rotor aircraft in conversion mode.

1. Introduction

The tilt-rotor aircraft combines the high-speed efficiency of a
turboprop aircraft with the vertical takeoff and landing
capabilities of a helicopter. It has a bright future in military
and civilian areas [1-4]. During the past several decades,
extensive researches have been conducted on its unique
aerodynamic characteristics and technical complexity. In
contrast to time-consuming experimental investigations,
the computational fluid dynamics (CFD) method has
become an important tool to predict the aerodynamic force
in industrial practices.

In the framework of tilt-rotor aircraft design, a major
challenge is how to account for the flow unsteadiness due
to the rotating blades. Although there exist some low-
fidelity rotor modeling tools, such as the blade element
method and the panel method, they are not suited for an
accurate computation of the viscous interaction between
the rotor and fuselage. Such analysis demands high-fidelity
methods, i.e., methods based on a solution of the Euler or

N-S equations that compute both vortices and the pressure
field accurately. In general, most computational studies con-
ducted on modeling the rotor can be broadly classified into
two categories. The first approach is to simulate the unsteady
flow field by taking into account each individual blade. This
is usually accomplished by using the overset or Chimera grid
technique. Some notable works include those of Yoon et al.
[5], Potsdam and Strawn [6], and Schwarz [7]. Although this
approach has high fidelity, it is time consuming. Drastically
reduced geometrical complexity and computational time
can be achieved with the second approach, i.e., modeling
the flow field by employing an actuator disk. In this
approach, the rotor is represented as an infinitely thin disk
capable of sustaining a pressure discontinuity. The actuator
disk is essentially a limiting case in which the number of
blades goes to infinity. Since helicopters possess a finite num-
ber of blades, the actuator disk assumption provides a time-
averaged representation of the flow. This reduces the cost of
an unsteady simulation down to a stationary one. An early
actuator disk implementation was performed by Whitfield
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(a) Helicopter mode

(b) Airplane mode

FiGure 1: Simplified tilt-rotor aircraft configuration.

FI1GURE 2: Gird topology.

and Jameson [8] for propeller simulations. Barwey et al. [9]
successfully employed this approach to simulate helicopter
rotors in forward flight and hover. Renaud et al. [10] pre-
sented a comparison of different actuator disk CFD codes
on both structured and unstructured grids. O’Brien and
Smith [11] studied the rotor-fuselage interactions using var-
ious rotor models, and the computational results seemed to
agree well with wind tunnel data.

A unique feature of the tilt-rotor aircraft is the existence
of conversion mode. The transition from helicopter mode
to airplane mode involves a change in orientation of the rotor
systems, mounted at the wing tips, from a horizontal plane to
a vertical plane. The rotors which predominantly provide the
lifting force in helicopter mode gradually transitioned to pro-
vide aircraft thrust in airplane mode. This highly coupled
aerodynamic interaction plays a major role in determining
the aerodynamic characteristics and performance. Research
on the tilt-rotor aircraft in conversion mode is still a chal-
lenging issue, although extensive research works on the air-
craft in helicopter mode or in airplane mode have been
conducted. For example, Ye et al. [12] calculated the perfor-
mance of the V-22 in helicopter mode by using the moving

FIGURE 3: Fuselage, wing, and symmetry plane mesh.

overset gird methodology. Both the isolated rotor and the full
configuration aircraft are considered, and the computed
results have good agreements with the experimental data.
The flow field around a quad tilt rotor vehicle was performed
by Gupta and Baeder [13] by using a compressible solver.
They modeled the rotor as an actuator disk and studied the
hover characteristics in ground effect and out of ground
effect. Abras and Narducci [14] performed independent
OVERFLOW and FUN3D CFD analyses of the MV-22 in
airplane mode over a range of angles of attack and then com-
pared the numerical results with the data from a high-angle-
of-attack wind tunnel test. The flow over a wing-fuselage-
nacelle configuration in forward flight was simulated by Tai
[15] with a multizone, thin-layer N-S method. Major flow
features such as the three-dimensional flow separation due
to viscous-vortex interactions observed experimentally were
captured.

During the conversion flight condition, it is difficult to
calculate the flow field and aerodynamic force of the full
tilt-rotor aircraft configuration due to complicated rotor-
wing-fuselage interactions. Limited studies were conducted
for modeling the conversion mode. At present, there are



International Journal of Aerospace Engineering

i

LY
Y&“ R
I M
\‘ n\‘ﬁ‘\\\nln&\\uﬁm\m
i \ \“\“‘I‘ LA
i &‘.'l‘l“.. &

i

P
W\“

L

\i
A \\\\ \
\\\\\‘\\ \\\ \\\\\\

.

W A

Ny
iy

L

AN
i

J '/ :

[N

77
777
7
oz
s

.\

=

7 ZZ 2
4",{;'?:',,/
g

FIGURE 4: Cutaway view of mesh in helicopter mode.
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FIGURE 5: Pregenerated grid at 0 = 45°.

mainly two kinds of numerical methods. One is the quasi-
steady approach. For example, Zhang et al. [16] presented
a method combining a rotor actuator disk model and
embedded grid technique to predict the aerodynamic char-
acteristics of the tilt-rotor aircraft in conversion mode, but
only four different tilt angles are calculated. Sheng and
Narramore [17] calculated the aerodynamic force of a
quad tilt-rotor in a fixed conversion mode at the tilt angle
of 75°. The quasi-steady method cannot consider unsteady
effects, since the rotor and nacelle are fixed at a certain
rotation angle. The second approach is the moving overset
mesh technique. Although it can deal with large deforma-
tion, the so-called “hole cutting” and “donor searching”
need to be used during grid assembling, which may
decrease the efficiency and accuracy [18]. For example, Li
et al. [19] used a new multilayer moving-embedded grid
technique to predict the aerodynamic force of a rotor in
conversion mode, where the wing and fuselage are not
modeled. However, it still requires large computational
costs.

In terms of the grid type, multiblock structured grid is
perfectly suitable for numerical simulations of viscous flows
around complex tilt-rotor configurations. However, the

FIGURE 6: Pregenerated grid at 0 = 90°.

rotor, typically located less than a wing chord above the wing,
increases the difficulty of dynamic mesh generation in con-
version mode. In the previous work, we found that most
existing dynamic mesh methods, including inverse distance
weighting (IDW) [20] and radial basis function (RBF) [21],
may not efficiently handle this extreme situation. Therefore,
it is urgent to develop an effective dynamic mesh generation
method for extremely large deformation, that is, the premise
of unsteady calculation of the tilt-rotor aircraft in conversion
mode.

In this work, we perform numerical calculations on the
unsteady aerodynamic force of the tilt-rotor aircraft in con-
version mode by using a CFD approach. The structure of
the paper is as follows: Section 2 presents the multiblock gird
topology and static mesh generation. A novel predictor-
corrector-based dynamic mesh method for extremely large
deformation is also introduced in this section. Section 3
describes the basic CFD solver and the used actuator disk
approach. Section 4 shows the numerical results for the tilt-
rotor aircraft in conversion mode. Particularly, the influences
of tilt modes and tilt period time on the unsteady aerody-
namic forces are studied. Finally, conclusions and future
work are given in Section 5.
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FIGURE 7: Pregenerated 2D multiblock grid at 6

F1GURE 8: Pregenerated 2D multiblock grid at 0

(a) Grid topology
(a) Grid topology

90°.

(b) A close-up view of the computational mesh

Pregenerated 2D multiblock grid at 0

FIGURE 9:

(a) Grid topology
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TaBLE 1: Comparison on deformation ability.

Dynamic mesh method
IDW 48
RBF 81
Greater than 90

Maximum tilt angle ()

Present method

2. Static and Dynamic Multiblock
Grid Generation

A simplified tilt-rotor configuration as shown in Figure 1
is used for numerical simulation. The fuselage length is
16.35m, the wing semispan is 7.38 m, and the rotor radius
is 5.23m. The nacelle and empennage are currently not
modeled. The tilt angle 6 has a value of 0° in helicopter
mode and a value of 90° in airplane mode. In the present
work, the rotor is not modeled as a set of blades rotating
in the shaft plane, but instead modeled as an actuator disk
surface.

A reasonable multiblock grid topology is elaborately
designed by making a comprehensive analysis on aerody-
namic configuration and characteristics of unsteady
motion, as shown in Figure 2. On the whole, there are
three separate zones: (1) a single block with the size of
129 x 84 x 10, which directly extends from the wingtip to
the far field boundary, and (2) an inner O-H type block
with the size of 257 x 189 x 80. The inner boundary of this
block is the fuselage and wing surface, and the outer
boundary is the actuator disk surface. The O-type mesh
around the wall section is generated at various spanwise
locations and then joined to each other to get a three-
dimensional mesh. Fine spacing (10 chord) in a direction
normal to the body surface is used in order to better cap-
ture the boundary layer. The third separate zone is (3) an
outer grid enveloping the actuator disk surface and
extending to a circular outer boundary approximately 30
wing chords from the wing surface. The size of the grids
is 257 x 189 x 50. The axial spacing on the two sides of
the actuator disk is approximately 0.004 times the radius
and increases as a geometric progression in the axial direc-
tion away from the disk. The total number of grid cells
used for CFD computation is 6,256,000. Figure 3 shows
the surface mesh of fuselage, wing, and symmetry plane.
A perspective cutaway view of portions of the three-
dimensional grids in helicopter mode is given in Figure 4.

In the transition corridor, the actuator disk rotates 90
degrees about the stationary wing. Available dynamic mesh
technologies, such as IDW and RBF, are not capable of
treating this extremely large rotation problem. For a spe-
cific rigid body motion, if dynamic meshes are known at
multiple dynamic positions beforehand, the large deforma-
tion will be transformed into some medium and small
deformations between neighboring positions. Inspired by
this new idea, a novel predictor-corrector-based dynamic
mesh method is developed in this paper, which includes
the following three steps.

2.1. Generating Multiblock Grids at Multiple Dynamic
Positions. According to the prescribed motion rule of the
actuator disk, the instantaneous geometric configuration at
every time step is exactly evaluated. Different from the tradi-
tional methods which employ only one static mesh, this
study is intended to obtain the dynamic meshes from mul-
tiple sets of pregenerated grids. For this case, three typical
dynamic positions are selected at the tilt angles of 0°, 45°,
and 90°, where multiblock grids can be in advance gener-
ated using the same topology. The resulted grid coordi-
nates are denoted by (x})j)k,y},j,k, z})j)k), (xf)j)k,yf’j)k, zij)k),
and (x; e y: e z 'x)» respectively. Figures 5 and 6 show
the static meshes at 8 =45 and 90°, respectively.

In order to describe the pregenerated computational
mesh more clearly, Figures 7-9 show the sectional grids near
the wingtip at different tilt angles, where the red line segment
represents the location of the actuator disk.

2.2. Predicting Dynamic Mesh. In this prediction step, the
Lagrange interpolation method is adopted to predict the
dynamic mesh at every dynamic position, which is formu-
lated as follows:

w1 2 3

Xijk = 0 Xjjp T X 0 T 3% 5

4o 2 3

Vijk = Yijr T Yijk T 43k (1)

4 _ o1 2 3

Zijk = MZijk T BZijp T 3% 500

_4 _4 74 . . .

where (X;;,, ;1> Z;;,) represent the predicted grid coordi-
nates and (a,, a,, a;) are the Lagrange interpolation coeffi-

cients. For a certain tilt angle 0, these coefficients can be
computed from

(6 - 45°)(6 — 90°)

T =45 (00— 90)
_ (6-07)(0-907)
= 45 =07 (45 - 907) @)
e OZ0N0-85)
P90 - 07)(90° - 45°)

2.3. Correcting Dynamic Mesh. Because the interpolated
actuator disk position does not conform to the actual
instantaneous position, a correction step is needed. Here,
the deformation from the predicted geometric configura-
tion to the actual disk position is small. Therefore, a rapid
elastic deforming technique can be wused to correct
dynamic mesh.

The correction values at the actuator disk surface are
given as follows:

_ 4 —4
Ax = Xijk = Xijjo
_ .4 —4
Ay_yi,j,k ~Vijk (3)
_ 4 4
Az = Zijk = Zijko
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FIGURE 10: Dynamic meshes using the present method.

-2 A821201 airfoil
Ma=0.13
-1.5 AOA =7 deg
Re = 2.0 million
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1
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FiGure 11: Surface pressure coefficient distribution.

where (x};1, 71, 21;) represent the grid coordinates at
the actual instantaneous disk position, which are exactly
calculated using the given rule of the considered
motion.

Then, the correction formulas of the whole mesh are
written as follows:

4 _ -4
Xiik = Xiju + Ax- g,

4 _ -4
Yijk =Vijk T A7 9> (4)

4 _ -4
Zijk = Zijk t Az- g,

where g is defined as a function of the grid node indices i, j,
and k as follows:

. . 2 . . 2 2
lf—l ]f_] kf_k
if - iAD jf _jAD kf - kAD

» (5)

g=max
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FIGURE 12: ROBIN airframe with actuator disk mesh.

where g is 1 in the actuator disk boundary and 0 in the cor-
responding far field boundary.

Table 1 lists the maximum tilt angles of IDW, RBF, and
present dynamic mesh method. Results demonstrate that
the predictor-corrector-based method is powerful enough
to create valid dynamic mesh from 0° to 90°, while IDW
and RBF become invalid at 48° and 81°, respectively. There-
fore, by using the present method, the deformation ability
is significantly improved, which laying the foundation for
unsteady aerodynamic force calculation in conversion mode.
Figure 10 shows the dynamic meshes at 30° and 60° by the
present method.

3. Computational Method

3.1. Dual Time-Stepping Approach. In the Cartesian
coordinate system, the three-dimensional unsteady N-S
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FiGurg 13: Computed and experimental pressure distributions across ROBIN fuselage section.
equations in a conservative differential form can be writ- 0,032 -
ten as follows [22]: ]
0.030
oW df dg 9q oR 23S  oT
7+7f+7g+7q:7+7+7+(2) (6) 0.028 -
ot 0x OJdy 0z Ox OJy 0z ]
0.026
~ & :
where W = [p, pu, pv, pw, pE]” is the vector of flow vari- 0.024 4
ables; f, g, and g are the convective flux vectors; and
- = — 0.022 A
R, S, and T are the viscous flux vectors. An optional ]
source vector, Q, can be added to the governing equa- 0.020 +
tions to model other forces acting on the fluid volume. T
; fecret ; ; ; 008+ 77— 71—
After being .dlscrenzed in space w1th a finite vol}lme o 1o 20 30 40 50 co 70 80 9
scheme, the time dependent N-S equations can be written ,
Tilt angle (deg)

as the following semidiscrete form:

@@(@20,

F1Gure 14: Rotor thrust coefficient distribution.
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(b) With actuator disk, C; =0.03

FIGURE 15: Pressure contours and streamlines in helicopter mode.
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FIGURE 16: Pressure coefficient distributions in helicopter mode,
with and without actuator disk.
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3
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FIGURE 17: Pressure contours and streamlines in airplane mode with
actuator disk, C = 0.0196.

where Q represents the volume, R the residual, and the
index I denotes the particular control volume.

The dual time-stepping approach is employed to solve
the unsteady N-S equation. The time derivative in Eq. (7) is

-1.5 1

-1

-0.5

15 = LI L E L B E L B A
0 0.2 0.4 0.6 0.8 1
x/c

—— With actuator disk
—— Without actuator disk

FIGURE 18: Pressure coeflicient distributions in airplane mode, with
and without actuator disk.

approximated by an implicit backward difference formula
of second-order accuracy in the following form:

n+1 o ntl nén n—-1 —nol
301" W, —40]W, + Q7 W, N 1—2‘ W”“ 0, (8)
20t ! ’

where At is the global physical time step and superscript n
denotes the time level. A time-stepping methodology is used
to solve Eq. (8), which can be written as follows:

ntlirr
78(01(;%) +§;(W*) -0, 9)

o — n+l
where W is the approximation to W

time variable, and R I (VT/ ) is the unsteady residual. Theoret-
ical deduction indicates that the steady solution of Eq. (9)
corresponds to the flow variables at the new time level, i.e.,

ok —n+l

W =w

, T denotes a pseudo-
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—e— With actuator disk
~~~~~ Without actuator disk

0 10 20 30 40 50 60 70 80 90
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—e— With actuator disk
~~~~~ Without actuator disk

FIGURE 19: Quasi-steady lift and drag coefficients at fixed tilt angles.

Mach:

(a) 0=29°

(b) 0=40°

FIGURE 20: Mach number contours in different tilt angles.

90
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50
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Tilt angle (deg)
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20
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0 T T T T T T T T T T T 1
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—— Constant angular velocity
—— Sinusoidal angular velocity

Ficure 21: Tilt angle varying with time in different conversion
modes.

In case of dynamic grids, besides the conservation of
mass, momentum, and energy, the geometric conservation
law (GCL) must be satisfied in order to avoid errors induced
by the deformation of control volumes. The integral form of
the GCL reads

0 -
Eﬂﬂdﬂ—{)mvt-nds=0, (10)

where v, and 7 are the grid velocity vector and outward fac-
ing unit normal vector of the surface 00, respectively.

3.2. Actuator Disk Modeling. The actuator disk approach
ignores the effect of individual blades, but captures the over-
all effect of the rotor flow field. In the literature, actuator disk
implementations fall into two general categories: a boundary
condition approach and a source term approach. A good sur-
vey of these two approaches is presented by Le Chuiton [23].
The primary difference between the two approaches is how
the rotor is treated in the fluid control volume. In the source
term approach, the fluxes are computed just as they were for
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FIGURE 22: Unsteady lift and drag coefficients for different conversion modes.

a typical internal cell. To make the presence of the actuator
disk known to the flow solver, an extra source term is added
to the momentum and energy equations.

The source term reads

0

fx
Q= f, , (11)

f

L uf + vf), +wf, |
where (4, v, w) and (f,, f . f,) are the Cartesian velocity and
body force components in the directions (x,y,2),
respectively.

In the present work, a uniform actuator disk is used to
perform the different test cases. The uniform pressure jump,
Ap, can be calculated as follows:

T
— =Cr-p- (QR),

A:
an

(12)

where T, Q, and R denote the total thrust, angular velocity,
and radius of the rotor, respectively. C; is the thrust coeffi-
cient, and p is the density.

3.3. Turbulence Modeling. For closure of the N-S equations, it
is necessary to calculate the turbulent viscosity in addition to
the conservation variables. The Spalart-Allmaras (S-A) one-
equation turbulence model solves a single partial differential
equation for a working variable v related to the turbulence
viscosity pr. The S-A model takes the following form [24]:

Dv . W21 N -
or = Cotv—-C, i f, (d> +E{V- [(vp +V)VV] + Cbz(Vv)z},

(13)

TaBLE 2: Quantitative comparisons of the aerodynamic coefficients
in 2D case.

Tilt angle C C,
Quasi-steady 0.6670 0.0279
Constant angular velocity 0.7012 0.0256
45° Unsteady effects 5.13% -8.24%
Sinusoidal angular velocity 0.7161 0.0245
Unsteady effects 7.36% -12.19%

where Q stands for the local strain rate and d is the distance
to the closest wall.

3.4. Parallelization. The N-§ solver is parallelized for more
efficient calculations. Based on the basic block of a multiblock
system, the flow in each block is calculated on a single proces-
sor. The data exchange between adjacent blocks is done on
the block interfaces using functions of MPICH2. The multi-
block decomposition of the structured grid is used for the
load balancing. Meanwhile, the decomposition should make
the data exchanges as few as possible [25]. For each block,
the interface mapping relationships with adjacent blocks
and the orders of data sending and data receiving should be
established prior to the iterative calculations, and then, they
can directly be used to accomplish the data exchange during
the iterative calculations.

4. Results and Discussions

4.1. Validation. The flow field around the tilt-rotor aircraft is
highly complicated, and before attempting to simulate the
transition aerodynamic force, it is necessary to apply the cur-
rent methodology to simpler problems to gain confidence in
the solution algorithm. The first validation case is the
A821201 airfoil used in the V-22 aircraft, which has a thick-
ness ratio of 23%. Comparison of the computed chordwise
pressure distribution with the experimental measurements
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FiGURre 23: Unsteady aerodynamic coeflicients for different conversion period times.
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FIGURE 25: Spanwise stations on the wing.

[26] is given in Figure 11. Very good agreement between the
calculated results and the measurements is observed.

The second application is ROBIN airframe with rotor
configuration. Figure 12 shows the fuselage and actuator disk
plane mesh. The fuselage has the length of 2L, and the rotor
radius is L, where L represents the characteristic length. The
advance ratio for this case is g = 0.15, which corresponds to a
free stream Mach number of 0.087. The fuselage angle of
attack is 2.86". The rotor thrust coefficient is 0.005. The sec-
tional pressure distributions at x-locations are shown in
Figure 13. Overall, the present numerical results have a good
agreement with the experimental data [27].

4.2. Tilt-Rotor Aircraft in a Conversion Mode. The corridor is
the most critical phase of the tilt-rotor flight, and it is very
important to understand the aerodynamic interactions
between the fuselage, wing, and rotor in order to improve
the aircraft performance and stability. The basic research
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TaBLE 3: Quantitative comparisons of the aerodynamic coefficients
in 3D case.

Tilt angle C C,
Quasi-steady 0.3097 0.1093
Constant angular velocity 0.3139 0.1080
45° Unsteady effects 1.36% -1.19%
Sinusoidal angular velocity 0.3149 0.1080
Unsteady effects 1.68% -1.19%

strategies of this section are from 2D to 3D, from a quasi-
steady approach to time-accurate unsteady simulation.
Meanwhile, the influence of the different tilt modes and the
period time on the unsteady aerodynamic force are also
discussed.

In this work, the rotor blades were represented by means
of a uniform actuator disk. The rotor thrust coefficient C is
made as an input, and the distribution is shown in Figure 14.
The thrust coefficient decreases gradually and smoothly with
the increase of the tilt angle. The operating condition in the
section is as follows: the free stream Mach number is 0.2,
the Reynolds number per chord is 4.41 x 10°, the fuselage
angle of attack with respect to the free stream is 0°, and the
rotor tip Mach number is 0.72.

4.2.1. Results in Two Dimensions. Firstly, quasi-steady com-
putations have been carried out in helicopter mode. The
wingtip section is selected as the 2D case, and the thrust coef-
ficient is 0.03. For comparison purpose, Figure 15 shows the
pressure contours and streamline distributions with and
without actuator disk. As can be seen, there is an obviously
pressure jump between the upper and lower actuator sur-
faces. The source terms located on the disc bottom side
impart impulse and energy to the fluid, and the flow is
deflected and accelerated through the disk. As shown in
Figure 16, a clear difference in C, is noticeable for computa-

tions with and without actuator disk. Downwash induced by
rotor decreases the actual angle of airfoil in helicopter mode.

In airplane mode, if there is no source term effect, the
flow characteristics are the same as Figure 15(a). However,
when the source terms act on the actuator disk, the flow pre-
sents a contraction due to the flow acceleration, as shown in
Figure 17. The contraction ratio is determined by C;.
Figure 18 shows a comparison of the difference in C, in the
presence of the actuator disk.

Figure 19 shows the lift and drag coefficients in a fixed
conversion mode. These results are from steady-state com-
putations of the flow. Due to the reduction of the rotor thrust
and the change of the source term action direction, with the
increase of tilt angle, the lift coefficient first increases, then
decreases, and increases again. However, the drag coefficient
increases constantly. The critical value of lift coefficient is
located at 29°, which draws the same conclusion as in Ref.
[28]. At 6 = 29°, the difference of C; with and without actua-
tor disk is greater than 40%. Figure 20 shows the computed
Mach contours at 29° and 40° tilt angles; as can be seen, due
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to the flow acceleration at the lower surface, lift coefficient
curve shows a drop.

A time-accurate calculation on the unsteady aerody-
namic force of the continuous conversion process is dis-
cussed below. Two tilt motion rules are employed in this
work; there are constant angular velocity rotation and sinu-
soidal angular velocity rotation, respectively. Here, we
assume the entire tilt period is 12 seconds. Figure 21 shows
the tilt angle varying with time of these two conversion
modes.

The computed unsteady lift and drag coefficients are
compared with the quasi-steady data in Figure 22. Overall,
the unsteady lift coefficient curves have the same variation
trend with the quasi-steady data. However, the unsteady drag
curves occur with difference. For different conversion modes,
negligible differences are found before the critical tilt angle
(29%). After that, the unsteady lift coefficient is greater than
the quasi-steady value, while the unsteady drag coeflicient is
less than quasi-steady data. At the end of the conversion pro-
cess, there is a step between constant angular velocity rota-
tion and quasi-steady computed values. This is because the
angular rate is not zero. Table 2 gives the quantitative com-
parisons of the aerodynamic coefficients at the tilt angle of
45°. The maximum lift difference is up to 7.36%.

The influence of the tilt period time on the unsteady aero-
dynamic force is also discussed. For this case, we adopt three
different period times for transition flight, namely, 6 seconds,
12 seconds, and 24 seconds. The tilt motion rule is assumed
to be constant angular velocity. Figure 23 shows the com-
puted unsteady aerodynamic coeflicients. As can be seen,
before the critical tilt angle, differences among the conversion
period time are very small. After the tilt angle of 30°, for
t=6s, the lift coefficient is the largest and the drag coefhi-
cient is the smallest. Due to the unsteady effects, the step
at the end of transition is also more obvious.

4.2.2. Results in Three Dimensions. Figure 24 shows the com-
puted quasi-steady lift and drag coefficients at fixed tilt
angles. Compared to 2D case, the 3D lift coefficient curve
has the same variation tendency. Both of them first increase,
then decrease, and increase again. The critical tilt angle is also
almost the same, but the maximum lift coefficient of 3D is at
the tilt angle of 90” which is different from 2D case. The lift
coeficient value with actuator disk is greater than 12.2% of
the value without actuator disk at 90°. The drag coeflicient
curve is totally different from 2D case due to the three-
dimensional effects. It first decreases, then increases, and
finally decreases quickly with the increase of the tilt angle.
In other words, the interaction between rotor-wing-fuselage
is more complicated than 2D condition, which relates to
many factors.

Three spanwise locations are selected for analyzing the
chordwise pressure variation. These locations are situated at
0.3R, 0.6R, and 0.9R from the rotor center and noted as Posi-
tion 1, Position 2, and Position 3, respectively, as shown in
Figure 25.

As we know, downwash induced by a rotor decreases the
actual angle of the wing sections. Pressure distributions on
the wing locations at different tilt angles are presented in
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Figure 26; the symbol x/c on the horizontal axis represents
the nondimensional airfoil chord length. It can be seen from
the figure that at Position 1, the lowest upper surface pressure
is at 30°, while at Position 2 and Position 3, the lowest upper
surface pressure is at the tilt angle of 90°. At all positions, the
upper surface pressure in helicopter mode is the largest.
Meanwhile, at different tilt angles, the more close to the
inside of the wing, the more lift will be generated at the span-
wise stations.

Figure 27 shows the 3D time-accurate lift and drag coef-
ficients for different tilt modes. It can be seen that the tilt
modes have little influence on the unsteady aerodynamic
coefficients in this 3D case. Table 3 gives the quantitative
comparisons of the aerodynamic coeflicients at the tilt angle
of 45°. The maximum lift difference is 1.68%, and the
unsteady drag coefficient has decreased by 1.19%. Figure 28
gives the 3D time-accurate aerodynamic coeflicients for dif-
ferent conversion period times. It demonstrates that the
unsteady effect is larger when less time is used for transition.

5. Conclusions

The developed CFD solver is able to capture essential flow
characteristics and predict the unsteady aerodynamic force
of the tilt-rotor aircraft in conversion mode. The effects of
different tilt modes and the tilt period time are also con-
ducted. These investigation results could provide a good
foundation for tilt-rotor aircraft design in the future. The
conclusions are as follows:

(1) A novel predictor-corrector-based dynamic mesh
method for the multiblock structured grid with
extremely large deformation is proposed. Compared
with the IDW and RBF methods, the present
approach shows stronger deformation ability

(2) Both 2D and 3D, quasi-steady and time-accurate are
applied to the aerodynamic force computations of the

tilt-rotor aircraft in conversion mode. With the

increase of tilt angle, the lift curves first increase, then
decrease, and increase again. However, the drag coef-
ficient curves occur with difference between 2D and
3D

(3) For constant angular velocity rotation and sinusoidal
angular velocity rotation, the difference between 3D
quasi-steady and time-accurate computations is
comparatively small. Finally, the less time for transi-

tion, the more unsteady effect is observed
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