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Abstract

As a first step toward a complete CFD-CSD coupling for helicopter rotor load
analysis, the present study attempts to loosely couple a CFD code with a
source-double panel method. The far-field wake effects were calculated by a
time-marching free vortex wake method and were implemented into the CFD module
via field velocity approach. Unlike the lifting line method, the air loads correction
process is not trivial for the source-doublet panel method. The air loads correction
process between the source-doublet method and CFD is newly suggested in this work
and the computation results are validated against available data for well-known
hovering flight conditions.
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Introduction

There are several flight conditions for which accurate prediction of air loads of helicopter
rotor is not easily achievable when the aeroelastic effects are neglected such as in high speed
forward flight and high thrust condition. When the helicopter operates in such flight conditions,
the structural deformation due to aerodynamic loads become significant, resulting in the different
trim condition and performance. Hence, the computed air loads without aeroelastic deformation
usually do not show good correlation with experimental results. Accordingly, for accurate
helicopter rotor analysis it is necessary to simultaneously consider structural deformation as well
as aerodynamic analysis, known as CFD-CSD coupling. Recently, considerable improvements in
air load prediction were demonstrated using a CFD-CSD coupling approach by Sitaraman et al. [1,
4], Datta et al. [2] and Potsdam et al. [3] for various flight conditions such as high forward speed
flight, blade-vortex interaction and low forward speed flight. It was shown that aerodynamics,
aeroelasticity and trim analysis are essential ingredients for improving the air load prediction in
forward flight.

In the CFD-CSD coupling approach by Potsdam et el. [3], the comprehensive code is used
for trim and structural deformation, while aerodynamic analysis depends entirely on CFD. In this
approach, the tip vortex wake is directly captured by CFD and no additional wake model is
necessary. However, it is computationally intensive because huge amount of computational grid
points are required to cover the whole flow field. In the CFD-CSD coupling by Sitaraman et al
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[1, 4]. and Datta et al. [2], CFD is employed for near-field aerodynamic analysis only and the tip
vortex wake at the far—field is modeled by using the free-wake method incorporated in the
comprehensive code. The induced velocities by the tip vortex wake are transferred to the CFD
module via field velocity approach. Although this approach may have some limitation in handling
the intensive blade-wake interaction, it is computationally more efficient in that CFD calculation
is performed only for a single blade and the far-field wake effects are incorporated from external
module. In the former approach, the fidelity of aerodynamic calculation in the comprehensive code
has no effects on the overall accuracy of rotor air loads. However, this is not the case for the
latter approach since the wake effects are directly fed into the CFD module. One disadvantage of
lifting line method embodied in the comprehensive code is that it usually has some difficulty in
modeling the rotor blade with complex geometry such as BERP.

As a first step toward CFD-CSD coupling, the present study attempts to loosely couple
CFD module with a source-double panel method. In the present calculation, the far-field wake
effects are fed into the CFD module via field velocity approach as in Sitaraman et al[1,4]. Since
the source-double panel method can consider the thickness of the rotor blade and accurately
represents the complex geometry, it is expected to yield better results when handling a complex
shaped blade. Unlike in the lifting line method, the air loads correction process is not trivial for
source—-double panel method. The air loads correction process between the source-doublet method
and CFD is newly suggested in the present study and the computational results are validated
against available data for a well-known hovering flight condition.

Methodology

In the current framework, a panel method with a wake model is used for rotor trim analysis
as well as to provide the wake effects for CFD code, while the CFD code yields an accurate air
loads and performances of the rotor blade. The computational methods employed in the present
study are briefly described as follows.

CFD Method

The governing differential equations are the Euler equations. For computational efficiency,
an Euler solver is chosen for the CFD module this time but a Navier-Stokes solver can also be
adopted with the same ease. The Euler equations can be written in a conservation law form in a
generalized coordinate system as follows:

8,Q+ 8.+ 5, F+6.G=0 1)

The coordinate system (z,y,2,t) is attached to the blade. The vector of the conserved quantities
@ and the inviscid flux vectors E, F and G are given by
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In these equation, H=(e+p) and U, V and W are the contravariant velocity components defined
for example, as U=§ +§{u+{v+{w. The cartesian velocity components are given by u, v and
w in the z, y and z directions, respectively. Also, the density, pressure and total energy per unit
volume are represented by p, p and e, respectively. Whereas the velocity and the length scales
are non-dimensionalized by the characteristic velocity and length scales, given by the ambient
sound speed a, and the rotor blade chord ¢, the pressure p, density p and the energy e are

non-dimensionalized by the free stream reference values p../%, p., and Pmai , respectively. The
quantities ¢, ¢,, ¢,, ¢, etc., are the coordinate transformation metrics, and J/ is the Jacobian of the
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Fig. 1. C, distribution of non lifting forward flight (r/R=0.9, M=0.7, 1=0.3)

transformation. The fluid pressure p is related to the conserved flow quantities through the
non-dimensional equation of state for a perfect gas given by

p=(7—1){e—§(u2+v2+w2)} (3)

Roe’s flux difference method is employed for the spatial discretization of the convective flux
terms. MUSCL interpolation with a flux limiter is used to obtain a higher order spatial accuracy.
For temporal integration, the LU-SGS method has been employed. All boundary conditions are
applied explicitly for computation efficiency.

For the validation of the CFD solver, a non-lifting forward flight case is calculated. The
calculated results are shown in Fig. 1 are compared with the experimental results [5]. As shown
in the figure, calculation results show good agreement with experimental results.

Panel Method with Free Wake Method for Trim Analysis

A unsteady source doublet panel method is used for trim analysis. For wake consideration,
the time-marching free vortex wake model is coupled with the panel code. As well known, the
free-vortex method offers relatively high fidelity and versatility at modest computational cost.

If the flow in the fluid region is considered to be incompressible and irrotational, then the
continuity equation reduces to the Laplace’s equation.

vie=0 (4)

The general solution of Eq. (4) is given as a sum of source and doublet distribution over the body
surface and its wake.

45(}3) =;—7: My[cr(%)—uﬁ . V(%)]ds-i—% “W[uﬁ . V(%)]ds-&-@m(ﬁ) (5)

Since Eq. (5) still does not uniquely describe a solution, the source distribution is set to be equal
to the local kinematic velocity as in PMARC. The source strength becomes

o=n-(Vo+v ®)

In order to establish the boundary value problem, the local velocity at each panel on the body has
to satisfy the zero flow condition normal to the body surface. Also, from the Kutta condition, the
latest wake doublets are expressed in terms of the unknown surface doublets.

Hopake = :U“T.Euppm' “Hrg (7)

When specified at the body’s collocation points, the boundary condition will have the form

[4;;] ()= (RHS)= [ By (00)+ [ C] (1tui) (8)
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This matrix has a nonzero diagonal and has a stable numerical solution. The resulting pressures
can be computed by the Bernoulli equation.

The wake model is necessary to simulate the deformation of the wake. The free wake
concept allows the vorticity to evolve in a free motion, and represents the physically correct
approach to the unsteady aerodynamics. The time-marching free wake method is employed for
the wake model. The wake is shed from the trailing edge line, and its size increases linearly with
the time step.

In this paper, the wake doublet panel with constant strength is replaced by an equivalent
vortex ring because it is known to become more efficient to calculate the induced velocity by the use
of the Biot-Savart law. This approach is based on Hess [6], who showed that the constant strength
doublet element is equivalent to a constant strength vortex ring placed along the panel edges. The
singularity problem at the vortex center is resolved in producing a vortex core model. Vatitas's vortex
model [7] is used to prevent vortex center singularity as suggested by Leishman, et al. [8] With
Vatistas's vortex model, the equation for the induced velocity is modified into the form

— I h &
V=——————+7-(cosf, —cosb,)e
o (Tzn‘l'hzn)l/ ( ) 9

where n is an integer.

The experimental results of Caradonna and Tung [9] are usually used as a validation case
for hovering helicopter. The blade has an NACAQ012 airfoil without twist and taper. For the
hover simulation with time marching wake algorithm, the initial wake state is critical because the
wake can become unstable owing to strong starting vortices generated by the impulsively starting
blades. The initial instability was observed by many researchers and several ideas were suggested
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Fig. 3. C, distribution at various radial sections(Mtip=0.439, 6,=8°).
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to suppress the instability [10,11]. In the present work, a stable and correct solution could be
obtained by using slow starting and simply imposing a growing law for the core radius of wake
vortex filaments. The chordwise pressure distributions for a collective angle of 8° at the rotating
speed of 1250 rpm, which corresponds to a tip Mach number of 0.439, are presented in Fig. 3.

Each blade has 44 panels in the chordwise direction and 22 panels in the spanwise direction.
The computed pressures are shown to be in good agreement with the measurements. The
geometry of the rotor and wake after 10 revolutions is shown in Fig. 4. The lines represent the
tip vortex and the scattered points show the edge points of the inner wake panels. The trajectory
of the tip vortices are also shown in Fig. 5.

Coupling Method

The coupling process between CFD and the panel method is summarized in Fig. 6.

A trim condition and the induced velocities obtained from the source-doublet panel with the
free wake model are provided to the CFD module as a function of blade radius and azimuth angle.
To impose the wake effect on the CFD module, the field velocity approach of J. D. Baeder et al.
[12] is employed. The field velocity approach lies between the perturbation and surface
transpiration method in terms of the computation time and the complexity of the algorithm. The
induced velocity due to the vortical wake is included via time metric terms.

- — S5 —

a:T-zT+ y3+ z k= 02X r—V, (10)

where V,, is the wake-induced velocity.

After receiving the trim condition and the induced velocities, the CFD module iterates until
periodicity in the air loads is obtained. Then the surface pressure distributions are sent back to
the panel code as a function of radius and azimuth angle again. The panel method restarts
calculation using the newly adjusted air loads.
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Fig. 6. Flow Chart of Coupling Method
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Since the panel code is inherently incompressible, the pressure distribution transferred from
the CFD code is converted to incompressible pressure coefficient by Prandtl-Glauert rule.

Po

The incompressible perturbation velocity in the chord direction is obtained from linearized
pressure coefficient.

C;z

_ 2w

= 7 (12)
The perturbation velocity components on the surface of a panel can be formulated as;
- -~ 1
u - t_m(lu'k—l_:u’k+l) (13)
The equation now has the form
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However, the linear equations still cannot impose an unique solution since the diagonal element of
the last low is zero. To solve the linear equations, the u, is set equal to the doublet strength from

the panel code.

10—-10 --000 H e
010 —1---00 0 Ho s
001 0--0001| Hra
000 = 0 10=10p, o (M-
000 ---001—1 B 1 Hin
000 -+~ 0001 oy \Hyy panel

Now, the matrix has a nonzero diagonal and stable numerical solutions can be obtained. The air
loads are now updated through the difference of the doublet distribution between the CFD and
panel code. The iterations are repeated until the delta surface pressure distributions are converged
within a given tolerance.

Results and Discussion

The present approach described above has been validated against well-known hovering
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cases. Fig. 7 shows the blade surface grids of the rectangular rotor blade. Body-conforming,
single block, three dimensional computational grids were constructed by stacking C-H type grid.
The computational grid used for the rectangular blade has 161 grid points in the wrap-around
(along the chord) direction, 61 points in the spanwise direction and 41 points in the normal
direction.

At first, in order to validate the overall accuracy of the present approach, the numerical
calculations were performed for hovering cases and the results are compared with the
experimental data of Caradonna and Tung [9]. Fig. 8 depicts the C, distributions at selected
spanwise positions for Mip=0.439 case. It is shown that the suction peak tends to be
underpredicted at the inboard region(r/R=0.5) but at the outboard region(r/R= 0.89), the overall
pressure coefficients are in good agreement with the experimental data. The converged thrust
coefficient is within around 6% error with the experiment (see Table 1)

Fig. 9 shows pressure contours on the upper surface with respect to iteration. As can be found in
Figs. 8 and 9, there is no significant change in the pressure contour after two iterations.

The C, and pressure contours on the upper surface in a transonic speed (My=0.877) are
shown in Figs. 10 and 11. It is found that the compute results also show good correlation in the
transonic region. The shock location is captured with good accuracy. Even in the transonic region,
the aerodynamic forces are converged after two iterations. From the results shown, it is concluded
that the present coupling procedure for the source-double panel code works well for both subsonic
and transonic cases.

Fig. 7. Surface and Field Grids
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Table 1. CT comparison with experiment

Cr (Myp=0.439) Cr (Mp=0.877)

Experiment 0.00459 0.00473
Oth iteration 0.009167 0.010030
1st iteration 0.004889 0.004836
2nd iteration 0.004891 0.005050

3rd iteration 0.004898 0.005033
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The C, and pressure contours on the upper surface in a transonic speed (Mp=0.877) are
shown in Figs. 10 and 11. It is found that the compute results also show good correlation in the
transonic region. The shock location is captured with good accuracy. Even in the transonic region,
the aerodynamic forces are converged after two iterations. From the results shown, it is concluded
that the present coupling procedure for the source-double panel code works well for both subsonic
and transonic cases.

Conclusions

As a first step toward a complete CFD-CSD coupling, a CFD code has been coupled with
a time-marching free wake model by using field velocity approach. To this end, the new coupling
procedure is suggested to update the aerodynamic calculation between the CFD and
source-doublet panel codes. The present procedure has been validated against the hovering cases
for which experimental data are available and the following conclusions are reached.

1. The newly suggested coupling method between the CFD and panel codes is shown to
work well for both subsonic and transonic regions.

2. For hovering cases, the present method is shown to yield reliable results for both
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subsonic and transonic regions. The converged thrust coefficients are shown to be within about 6
% error compared to experimental data

3. It is shown that only 2~3 iterations between the CFD and panel codes are enough to
obtain a converged solutions for hovering cases.
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