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Abstract: For accurate aeroelastic analysis, the unsteady rotor flowfield is solved by computational fluid dynamics
(CFD) module based on RANS/Euler equations and moving-embedded grid system, while computational structural
dynamics (CSD) module is introduced to handle blade flexibility. In CFD module, dual time-stepping algorithm is
employed in temporal discretization, Jameson two-order central difference (JST) scheme is adopted in spatial dis-
cretization and B-L. turbulent model is used to illustrate the viscous effect. The CSD module is developed based on
Hamilton's variational principles and moderate deflection beam theory. Grid deformation is implemented using al-
gebraic method through coordinate transformations to achieve deflections with high quality and efficiency. A CFD/
CSD loose coupling strategy is developed to transfer information between rotor flowfield and blade structure. The
CFD and the CSD modules are verified seperately. Then the CFD/CSD loose coupling is adopted in airloads predic-
tion of UH-60A rotor under high speed forward flight condition. The calculated results agree well with test data.
Finally, effects of torsional stiffness properties on airloads of rotors with different tip swept angles (from 10° for-
ward to 30° backward) are investigated. The results are evaluated through pressure distribution and airloads varia-
tion, and some meaningful conclusions are drawn the moderated shock wave strength and pressure gradient caused
by varied tip swept angle and structural properties.
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0 Introduction

In order to obtain accurate rotor airloads, the
unsteady, three-dimensional flowfield details a-
round the rotor are required™, but the lifting line
aerodynamic method used in the computational
structure dynamics (CSD) module lacks accuracy
compared to high-fidelity computational fluid dy-
namics (CFD) method; rotor blades are highly
flexible; and structural deformations have signifi-
cant influences on rotor aerodynamic characteris-
tics. Therefore, CFD and CSD codes mutually
depend on each other in rotor unsteady airloads
prediction. Furthermore, advanced blade-tip

shapes, such as swept and anhedral, are widely

employed in modern helicopter rotor design to ac-
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quire better aerodynamic performance™. This
unconventional rotor blade design increases the
difficulty in aerodynamic characteristic analyses
and enables CFD/CSD coupling strategy to be a
necessary tool for high-fidelity airloads prediction
as well as dynamics analysis.

Furthermore, the elastic deformations of ro-
tor in forward flight can be modified through var-
ying structural property distribution in spanwise
direction. Through such a parametric investiga-
tion on these properties, the relationship between
structural properties and aeroelastic loads can be
understood and the preferred structural property
configuration may be obtained for better dynamics
characteristics.

In 1986, Tung and Caradonna et al. ™ car-
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ried out CFD/CSD coupling for the first time and
coupled the transonic small-disturbance code with
comprehensive code CAMRAD to analyze lifting
rotor in forward flight. In 2006, Potsdam et
al. ™ studied the UH-60A airloads under different
conditions using loosely coupled OVERFLOW-D
and CAMRAD II and obtained better results over
the lifting line aerodynamics used in CSD. Nyg-
aard et al. P! coupled OVERFLOW-2 with RCAS
to investigate the parameter sensitivity of loose
coupling in calculating unsteady airloads of rotor
in forward flight, and then studied rotor unsteady
airloads in the transient maneuver flight using
tight coupling. In 2011, Yeo et al. ™ analyzed the
aeroelastic stability of ADM rotor by adopting
tight CFD/CSD coupling strategy, and the O-
VERFLOW-2/RCAS coupling method captured
better key features in the damping trends of ro-
tor. In 2011, Ahmad et al.“™ coupled OVER-
FLOW and CAMRAD-II to conduct flowfield
simulation with high-fidelity and investigated the
effect of coupling parameters such as iteration
number and azimuth step size.

The parametric investigations of structural
properties using CFD/CSD coupling method are
not widely published, especially for rotors with
advanced blade-tip shape. The subject of this pa-
per is to investigate the UH-60A rotor flowfield
in high speed forward flight using CFD/CSD loose
coupling and carry out parametric study on both
geometric and structural properties. Firstly, both
CFD and CSD modules are verified through com-
puting Helishape 7A rotor, Caradonna-Tung ro-
tor and UH-60A rotor blade. Then the unsteady
airloads and pressure distributions of UH-60A ro-
tor are calculated and compared with available ex-
perimental data. Thereafter, parametric investi-
gations on rotors with different blade-tip swept
angles are conducted. Finally, parametric investi-
gations on structural stiffness are accomplished
by varying the structural properties of rotor

blades with different tip swept angles.

1 Numerical Methodologies
1.1 CFD method

In the present work, C-H body-fitting blade

grid is used in spatial discretization, as shown in
Fig. 1. The grid point number is 149 X 84 X 31
(chordwise, spanwise, and normal) to capture

the viscous flow in the vicinity of blade region.

3D C-H blade grid

2D airfoil grid

Blade geometry
Spanwise distribution

Fig. 1 C-H body-fitting blade grid

Thereafter, the Cartesian background grid is
generated around blade grid and extended into
farfield. The dimension is 164 X142X 121 so that
the overall grid number is about 5 million since 4
blade grids are used. The "Top-Map” hole cutting
method is adopted to determine the spatial rela-
tionship between the body-fitting deformable grid
and the Cartesian background grid, and the mov-
ing-embedded grid system is shown in Fig. 2 with
the donor elements searched by adopting "Inverse
Map” method.

Donor element

hole boundary

Tip region

Fig.2 Moving-embedded grid of helicopter rotor
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The blade deformation is carried out based on
the algebraic method. The six degrees of freedom
motion of rotor blade are defined by three transla-
tions and three rotation deflections of blade quar-
ter line, while the airfoil cross sections maintain
the original shape. As inheriting the algebraic na-
ture of the C-H blade grid, this method of grid
deformation is efficient with good quality.

The flowfield solver is developed based on
RANS and Euler equations for blade body-fitting
grids and Cartesian background grid, respective-
ly. The RANS governing equations in conserva-

tive form aret™
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where W is the conservative variables, F. the con-
vective flux and F, the viscous flux. The equa-
tions are calculated using JST scheme in spatial
discretization. Dual time-stepping algorithm is
adopted to simulate the unsteady flowfield, and 4-
stage Runge-Kutta scheme is employed. The vis-
cous region around the rotor is calculated by using

The farfield boundary

condition is determined according to Riemann in-

B-L turbulence model.

variant while the inner boundary is no-slip condi-
tion for RANS equations. Euler equations are on-
ly used in background region to compromise be-

tween accuracy and efficiency.
1.2 CSD method

The CSD module is developed based on

Hamilton's variational principle®”

.t
"o —or—auwrdar—=o (2)
51

where 8y is the variation of strain energy, §; the
variation of kinematic energy, and 8y the virtual
work done by external forces which is aerodynam-
ics loads in this case. The finite element model

adopted in the present work has 14 degrees of

freedom (DOFs). As shown in Fig. 3, the end
nodes have six DOFs, including the lagging dis-
placement (v) and rotation (v’), the flapping dis-
placement (w) and rotation (w’), the torsion
(¢), and the stretch(u) displacement. The mid-
dle node has two DOFs.

v 2

v v

w, w,

w + ° + w

¢I — ¢3

, 9, 7,
uZ

Fig. 3 DOFs of beam element

In order to improve the accuracy of dynamics
prediction for rotors with advanced blade tips,
multiple beam elements are used for blade-tip

[10]

modeling The modified tip beam element

could be expressed as

G
i

where ¢, ¢, q are the vectors of displacement, ve-
locity and acceleration of beam element, respec-
tively. A,—; is the nonlinear transformation ma-
trix related to tip geometric configuration.

The discrete equations of motion (Eq. 4) for
each element are assembled to form the blade e-
quations of motion. These equations are then
solved by using Newmark-Beta method to obtain
the blade structural deflection affected by aerody-
namic forces, which can either come from lifting-
line theory or computational fluid dynamics solver

(M. Jg+[Clq+[K g+ F =0 (4)
where [M, ], [C,], [K,], F; are the element
mass, the damping. the stiffness matrix and the
force vector, respectively.

When lifting-line theory is used to carry out
aeroelastic analysis, both linear inflow model and

quasi-static aerodynamic model are activated.
1.3 Coupling strategy
After the CFD and the CSD modules are es-

tablished, coupling strategy is required to trans-
fer rotor flowfield and blade structure information
between the two modules. In this paper, loose
coupling (LLC) is carried out in rotor airloads pre-

diction according to level steady flight condi-
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0 and the flowchart of LC is shown in

tions
Fig. 4. Firstly, the moving-embedded grid system
is introduced. Then, initial blade deflections are
calculated by using the CSD module combining
with lifting-line aerodynamics. Thereafter, loose
coupling is carried out, starting from the CFD
module to obtain the flowfield distribution and
aerodynamic loads of deformed rotor blades.
When the airloads over a revolution are compu-
ted, the information is transferred to the CSD
module to update the deformation for the next

revolution.

airfoil grid

C-H type
blade grid

Cartesian
background grid

Initialization

Moving-embedded
grid system

Blade equations
of motion

Newmark-Beta
method

CSD motions
to CFD
Overset and ]
interpolation Blade grid
deformation

CFD airloads
to CSD

Jameson second-
order scheme

Dual time-
stepping method

Baldwin-Lomax
turbulence model

Fig. 4 Flowchart of CFD/CSD loose coupling strategy

2 Modular Validation

Two modules adopted in CFD/CSD coupling
are required to be verified through isolated calcu-
lation. In the present work, Helishape 7A and
Caradonna-Tung rotor is taken as numerical ex-
ample to validate the CFD module, while UH-

60A blade is employed in CSD validation.
2.1 CFD module

In order to eliminate the effect of blade elas-
ticity, rigid rotor is required to validate the CFD

Helishape 7A rotor in hover'® and

t[ls]

module.
Caradonna-Tung rotor in forward fligh are rel-
atively rigid, and the computed pressure distribu-
tions at different spanwise positions and azimuth
angles are shown in Fig. 5, where r/R is the posi-
tion of airfoil section, C, the pressure coefficient

The calculated pres-

and ¢ the azimuthal angle .

sure coefficient distributions agree well with the
experimental data, which proves the effectiveness
of the CFD module developed in both hover and

forward flight condition.

Calculation
Experiment

0.2 0.4 0.6 0.8 1.0
X/C

(a) 6,=5.97°, r=0.82R

Calculation
Experiment

0.2 0.4 0.6 0.8
X/c
(b) 6,=8.945 r=0.92R

Upper
Lower
Experiment

02 04 06 08
X/cC
() 7= 0.89R, ©=90°

Upper
Lower
Experiment

0.2 0.4 0.6 0.8
X/C
(d) r=0.89R, p=120°
Pressure distribution of Helishape 7A and

Caradonna-Tung rotor
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2.2 CSD module

The CSD module is validated through analy-
zing the natural frequency of UH-60A rotort',
as shown in Table 1. The reference results are
calculated using UMARC software'™, and the
discrepancies between the calculated and the ref-
erence results are minor, which indicates that the
present CSD module can accurately represent the
actual structural characteristics and could be used
in CFD/CSD coupling analysis.

Table 1 Comparison of UH-60A natural frequency

Mode order Reference Calculated
1st lag 0.27 0. 26
1st flap 1.04 1. 04
2nd flap 2.87 2. 84

1st torsion 4,38 4. 39
2nd lag 4.76 4.75
3rd flap 5.22 5.29
4th flap 7.81 7.99
5th flap 11. 44 11.59
3rd lag 12. 52 13. 20

2nd torsion 12.93 13.46

Fig. 6 shows the comparison of resonance di-
agram between calculated results with UMARC

L6l Good agreement could

software calculations
be found and only minor difference exists in the
low speed range.

F, L and T are the flap ,the lag and the tor-
sion frequency, respectively, and Q/Q, is the ro-

tor speed .

Calculated
UMARC

Fig. 6 Resonance diagram of UH-60A rotor blade

3 CFD/CSD Coupling Results
3.1 Baseline UH-60A rotor

In the present work, UH-60A rotor in high
speed forward flight is chosen to be the baseline

analysis scenario, where the advance ratio is

0. 368 and blade-tip Mach number is 0. 642 (Case
8534). Firstly, the airloads of UH-60A rotor
blade at different spanwise positions in a revolu-
tion is computed using CFD/CSD coupling meth-
od and the calculated normal forces are shown in

Fig. 7. The magnitude and the phase of the calcu-

Experiment
CFD/CSD
CFD

60 120 180 240 300 360
/(%)
(a) r=0.865R

Experiment
CFD /CSD
CFD
60 120 180
?1()
(b) r=0.920R

240 300 360

Experiment
CFD /CSD
CFD
120 180 240 300 360
/()
(c) r=0.965R

Experiment
CFD/CSD
CFD

60 120 180 240 300 360
/(%)
(d) 7= 0.990R

Fig. 7 Normal force coefficient distributions of UH-
60A rotor blade
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lated loads M?Cn agree well with the test data™"?,
and the perturbation of the airloads in a revolu-
tion is also captured well.

In Fig. 8, the calculated pressure coefficient
distributions of UH-60A rotor in C8534 are com-

[87 Both the magni-

pared with experimental data
tude and the position of shock wave agree well,
which indicates the effectiveness of the present

CFD/CSD analysis in the unsteady flowfield of

elastic rotor.

Calculation
Experiment

0.2 0.4 0.6 0.8 1.0
X/C
(a) r=0.775R,p=45°

Calculation
Experiment
0.2 0.4 0.6 0.8
X/C
(b) r=0.775R,9=90°

Calculation
Experiment

0.2 0.4 0.6 0.8 1.0
X/C

(c) r=0.965R,9=135°

Fig. 8  Pressure coefficient distributions of UH-60A

rotor blade

3.2 Structural properties

To investigate the aerodynamic characteris-
tics of rotor with different structural properties,
the torsional stiffness of UH-60A rotor blades are
varied from 160% to 40% of the original value,
and it is assumed that no structural instability
will emerge in this range. In the present analysis,
TP60 means torsional stiffness plus 60% while
TM60 means minus 60%. For different tip swept
angles, SFT1 means swept forward tip of 10° and
SBTO, SBT1, SBT2 and SBT3 represent swept
backward tip of 0°, 10°, 20° and 30°, respective-
ly. Elastic rotor blades with different tip swept
angle are investigated for better understanding on
combined effects of blade tip and structural pa-
rameters,

Firstly, normal force variations in a revolu-
tion are compared for blades with different swept
angles and structural stiffness (Fig. 9). The orig-
inal lines represent airloads calculated based on
the original UH-60A rotor sectional properties.
For different tip swept angles, the differences in
normal forces appear in the advancing side and
only minor discrepancies are found on the retrea-
ting side. This might be caused by the strong
shock in the advancing side, especially between
60° to 120° azimuth angle, and softer blade will
generate more severe lift peak as the result of lar-
ger structural deflection affected by the aerody-
namic forces. This trend increases with the in-
crease of tip swept angle, which may be caused
by the increased distance of aerodynamic forces
center from the feathering line.

Then, the pressure coefficient distributions
are compared for rotor blades with different
structural stiffness, as shown in Fig. 10. It could
be seen from the comparisons that blade with
smaller torsional stiffness would generate smaller
lift due to the pressure differences on blade sur-
face, which indicates the reduced structural prop-
erties may benefit the reasonable pressure distri-

bution at the advancing side.
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The calculated pressure distributions on the
upper surface of blade with different structural
properties are shown in Fig. 11. The top blade
has the largest torsional stiffness while blade with

the least stiffness is at the bottom, and the prop-

=12
-0.8
-04

U 0.0

0.4 TP6()
Original
0.8 TM60

L2
00 02 04 06 08 1.0
X/C

(¢) SBT3

Pressure coefficient distributions of UH-60A rotor blade at 0. 865R and 90° azimuth angle

erties of the seven blades from top to bottom are
TP60, TP30, TP15, original, TM15, TM30 and
TM60, respectively. The legend on the right

hand side is also pressure in Pascal. It can be seen

from these figures that reduced structural stiff-
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ness could significantly decimate the strength of swept tip could also reduce the considerable

shock wav result of magnified torsional pressure gradient at the advancing side, and this

deformation. Forward swept tip could reduce the effect will be magnified with larger tip swept

angle. Softer blade could moderate the pressure

pressure gradient in vicinity of blade tip while

relatively strong shock is observed at the corner, distribution on blades with different swept an-

which is similar to the rigid rotor case. Backward gles.
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Fig. 11 Pressure distributions of UH-60A rotor blade at tip region with different structural stiffness

4 Conclusions (1) The CFD/CSD coupling method estab-

lished in the present work is able to simulate the

A RANS/Euler CFD solver has been loosely

unsteady flowfield and aerodynamic air s as

coupled with a CSD solver based on moderate de-
formation beam theory. The unsteady flowfield
and aerodynamic airloads of UH-60A rotor are
simulated by using the developed method. Para-
metric investigations on the effects of structural
properties with variations of tip swept angle are
e following conclusions are ob-

carried out.

tained:

well as the natural frequency of rotor with ad-
vanced blade-tip shape and different structural
stiffness in forward flight.

(2) Reduced structural stiffness could signif-
icantly decimate the strength of shock waves and
moderate the pressure distribution on blades with
different swept angles.

(3) Better aerodynamics characteristics could
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be obtained through varying geometric and struc-
tural properties, which could be beneficial to fur-
ther investigation of aerodynamic optimization

using CFD/CSD method.
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