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Abstract; A coupled Navier-Stokes/free-wake method is developed to predict the rotor aerodynamics and wake.
The widely-used Farassat 1A formulation is adopted to predict the rotor noise. In the coupled method, the Reyn-
olds-averaged Navier-Stokes (RANS) solver is established to simulate complex aerodynamic phenomena around
blade and the tip-wake is captured by a free-wake model without numerical dissipation in the off-body wake zone.
To overcome the time-consuming of the coupling strategy in previous studies. a more efficient coupling strategy is
presented, by which only the induced velocity on the outer boundary grid need to be calculated. In order to obtain
blade control settings, a delta trimming procedure is developed, which is more efficient than traditional trim meth-
od in the calculation of Jacobian matrix. Several flight conditions are simulated to demonstrate the validity of the
coupled method. Then the rotor noise of operational load survey (OLS) is studied by the developed method as an

application and the computational results are shown to be in good agreements with the available experimental data.
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0 Introduction

Helicopter rotor noise, especially the blade-
vortex interaction (BVI) noise, has a significant
impact on ground observers. The BVI noise oc-
curs in low speed and descending flight condi-
tions, where the generated tip wakes remain
within the vicinity of the rotating blades. The
close interaction between tip wakes and the blades
leads to impulsive fluctuation of blade air-loadings

[ Therefore, an accurate

and strong BVI noise
numerical model that is able to capture the rotor
wakes and predict the fluctuation of blade air-
loadings is necessary for simulation of BVI noise.
Meanwhile, the trimming procedure should be in-
corporated in numerical schemes to match the ro-
tor thrust and eliminate the rotor moments.

However, in previous studies, the control inputs

are usually obtained from experimental data and
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the rotor has barely been trimmed by computa-
tional fluid dynamics (CFD) method in numerical
simulation in most of the previous studies. This
is because the complexity and computational time
comsumption will have a significant crease dra-
matically with the traditional trimming method.
Therefore, it is also necessary to develop a more
efficient rotor trim method for obtaining the accu-
rate blade control settings.

There exist three kinds of approaches in the
simulation of rotor aerodynamics and tip wakes.,
e. g. CFD method™, potential/wake method™
and the coupled CFD/wake method'. The CFD
method is capable of capturing the wakes as part
of the solution and has been achieved rapid im-
provements in past decades. But the application
of CFD method is limited due to low computation
efficiency and severe numerical dissipation"*’. On

the contrary, in free-wake method, the rotor
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wake can be preserved long distance without nu-
merical dissipation. But the free-wake method
cannot simulate the viscous effects around blades.
The coupled CFD/wake method combines the ad-
vantages of CFD method in simulating of com-
pressibility/viscous effects and wake method in
rotor wake capturing. In coupled method, the
CFD (Euler or Navier-Stokes equation) method is
used to calculte the flow-field around the blade
and the wake method is employed to capture the
tip wake in wake region. It is computationally ef-
ficient with a good numerical precision and re-
ceives more and more attention. Zhao et al. "7,
Berkman et al.™ developed an N-S/full poten-
tial/free-wake coupled method for the simulation
of rotor flows, respectively, and the predicted re-
sults are in good agreement with the experimental
data. However, the complexity of the method is
increased by the flowfield transform among the
After-

wards, Sitaraman et al. " presented a coupled N-

three different computation domains.

S/free-wake method and also established the
field-velocity method for passing the velocity
from free-wake to CFD domain. In the field-ve-
locity method, the induced velocities on all the
grid points are incorporated via grid movement in
CFD solution. Accordingly, the geometric con-
servation law (GCL) is enforced to satisfy the
conservative relations of areas and volumes of the
control cells. Accordingly, there is the fault of
large calculation quantity for the “field-velocity
method”. Sugiura et al. "™ studied the coupled
Euler/prescribed wake method, but the pre-
scribed wake has low accuracy of calculation.

As pointed out in Ref. [ 9], inaccurate nu-
merical results may be obtained without incorpo-
rating a trimming procedure in aerodynamic mod-
el. In previous rotor aerodynamics studies, the
traditional trimming procedure™ is directly incor-
porated to the numerical schemes. For example,

Kim et al. [

incorporated the trimming proce-
dure to a rotor CFD solver. To match the aerody-
namic parameters to the desired levels, 20 revolu-
tions of CFD solver are run with their solver. The

researchers developed an efficient trim meth-

od™, in which the time-consuming calculation of
Jacobian matrix is conducted by the simple rotor
inflow model. This provides an idea on the estab-
lishment of efficient trim method in coupled
method.

In view of this, a coupled N-S/free-wake
method with an efficient trimming procedure is
presented for the calculation of BVI aerodynamics
in this paper. In this method, the coupling strate-
gy called “outer boundary correction approach” is
established. Furthermore, a delta trimming pro-
cedure is developed based on the “delta idea”, In
the procedure, the time-consuming computation
of Jacobian matrix is performed by the efficient
free-wake method instead of CFD method. And
the numerical cases at several flight conditions are
calculated to validate the method and illustrate
the improvement of the proposed method. Then,
combing the coupled CFD/free-wake method with
the well-known FW-H equation, a methodology
for the prediction of rotor BVI noise is estab-
lished. The BVI noise of the widely-used opera-
tional load survey (OLS) helicopter rotor is cal-
culated by the developed methodology. It is
shown that BVI noise energy is mainly radiated to

the 120° azimuth and 45° elevation.

1 Rotor Aerodynamic Model

Fig. 1 shows a schematic of the coupled mod-
el. In this model, the N-S based CFD method is
employed to predict the blade air-loadings and
complex aerodynamic phenomena, while a pseu-
do-implicit predictor-corrector free-wake meth-
od!? is used to capture the rotor tip-wake with-
out dissipation. For coupling algorithm between
the two computation domains, an “integrated
vorticity approach”™! and an “outer boundary
correction approach” are adopted. The details of
the coupled method are described in Fig. 1.

1.1 Coupled method of CFD and free-wake model

N-S based CFD solver

A three dimensional unsteady compressible

1.1.1

N-S equation'*! is used as the governing equation

of CFD
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Fig. 1 Schematic of the proposed CFD/free-wake cou-
pled method
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In the above equations, W is the vector of con-
served variables. F(W) and G(W) are the convec-

tive (inviscid) and the viscous flux vectors, re-

spectively, q and q, the absolute velocity and the
blade moving velocity, respectively. The blade
moving velocity includes blade rotation, flapping
and pitching motions; p,p and e represent pres-
sure, density and energy, respectively. V is the
grid cell volume, S the grid surface aream, n the
normal vector of grid surface, @ the viscous stres-
ses, and 7t the components of the viscous stress
tensor.

The inviscid terms are computed with a sec-

(5] and the viscous

ond-order upwind Roe scheme
terms are computed by second-order central
differencing. For the time integration, a dual-
time stepping algorithm is employed with the LLU-
SGS scheme!'® to simulate the unsteady flow phe-
nomenon at every pseudo-time step. The Spalart-
Allmaras turbulence model™™ is applied to the
closure RANS equation.

1.1.2 Free-wake model

The rotor wake is composed of near wake

and far wake. In the CFD/free-wake coupled
method, the near-wake is simulated directly by
CFD method. The far-wake comprises only a sin-
gle tip vortex filament. It evolves from a roll-up
of the near-wake detached from the trailing edge
of blade after revolving 30°. The motion equation

of a vortex f{ilament can be written ast!

%:vuwg» (3)

where r(¢,¢) denotes the positions of control
points, ¢ the azimuth at which the blade located,
¢ the wake age angle, and V(r(¢,)) the velocity
of control points including free-stream and in-
duced velocities from bound vortex as well as the
other vortex filaments. The induced velocities are
computed by Biot-Savart law with Scully vortex

1'% with an initial vortex core radius of

0. 2C (C 1s the blade chord).

1.1.3 Coupled strategy between two domains

core mode

In the coupled method, it is necessary to
pass the vorticity from CFD domain to wake do-
main and feedback the induced velocity from wake
domain back to the CFD domain. In the proposed
coupled method, the “integrated vorticity ap-
proach” is adopted to pass the vorticity from the
CFD domain to the free-wake solution. In this
method, the radial distribution of sectional lift
coefficient is calculated first by integrating the
pressure distributions on blade surfaces by CFD.
Then the circulation strength of each blade sec-
tion is calculated using the Kutta-Joukowski theo-

remt?
1
F:?C‘ZJCI 4)

where C, is the sectional lift coefficient and v the
local flow velocity.

The “outer boundary correction approach” is
used to reflect the influence of rotor wake on CFD
domain. Different from the traditional “field-ve-

h”7, in “outer boundary correc-

locity approac
tion approach”, the variables of flow field for on-

ly the outer grid is calculated by the following e-

quations
u Uoo + u;
V=|v|=|v. + v (5)
w W + w;
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where Cu..sv..,w.), (u;sv;yw; ) are the free-
stream velocities and wake-induced velocities, re-
spectively. 7 is the ratio of specific heat, a the lo-
cal mach number and <o the free stream.

In the coupled method, the induced velocities
need to be calculated at every time step. Howev-
er, the near wake is computed as part of the CFD
solution. To avoid the double counting of the
near wake, the first 30° of the wake geometry of
the free wake are excluded from the induced-ve-

locity calculations.
1.2 Delta trimming procedure

To simulate the rotor aerodynamics accurate-
ly, it is necessary to input the precise blade con-
trol settings''?). An efficient trimming procedure
is developed in this paper. The trim means that
the desired aerodynamics level (including rotor
thrust coefficient, rolling moment and pitching
moment coefficient) is matched by adjusting the
control settings (including collective and cyclic
pitch angle) continually.

The rotor thrust and aerodynamic moment
coefficients can be expressed as the function of
control settings.

Cr=Cr(0+0.,,0,)

Cye =Cup, (60561, ,60,) QL))

CMy - CMV 0y 501, 501.)
where Cr,Cy, »Cy, denote the rotor thrust, the
pitching moment and the rolling moment coeffi-
cients, respectively. In the motion of rotor, the
blade pitch angle can be described using the first
harmonic term of the Fourier series, which can be
written as

0(p) =0, + Oi;sin(p) + G cos(¢) 1D

To trim the rotor, an iterative technique is

necessary due to the nonlinear relationship be-

tween aerodynamic parameters and control set-

tings. The Newton-Raphson iterative method is
used to obtain the correction angles in this paper.
The steps obtaining the correction angles include:

Firstly, the initial guess of control settings

(0o +01,,0,.) ° is calculated by Eq. (12)

/#1 +CZT 7#2

A= 2
CoE )
Cr gﬁo<+ : /1>+A(1 i)
e z
° 1+3%

12>
where ) is the estimated collective pitch angle, o
the rotor solid, A the induced inflow, and a the
lifting-line slope. x and Cr represent the advance
ratio and rotor thrust, respectively.

Secondly, under the initial guess the flow
solver (coupled method) is run for the initial aer-
odynamic parameter (Cy,Cy, »Chp,) °.

Thirdly, with the Newton-Raphson iterative
method, the correction angle of control settings
AX is calculated. The calculation equations are as
follows

AX = (A0 s A0y A0 ) T = () AY
AY = (CF"™ — C1,0 — Cppe ,0 — Cyp) "

where AX is the correction angle, (C§™,0,0)"

(13

the desired level of aerodynamic parameters, AY
the difference value between calculated results
and desired level of aerodynamic parameters, and
J the Jacobian matrix, which is calculated by the

following equation

7(’)(/‘7- a(:’]‘ a(:T ]
0, 90 IOy,
J - d (:M, (7(:1\/[1 aCM.x
0y It Iy
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A (: Mz A (: Mz ACMJ
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In this research, the Jacobian matrix is com-

a4

puted by the efficient free-wake method using a
lifting-line technique. But, the aerodynamic pa-

rameters cannot be predicted accurately by the
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technique. Accordingly, they are corrected with
the results from the coupled method. The trim-
ming method is called “the delta trim method”.
Taking the rotor thrust coefficient as a example,
the correction equations is
AC, =CY (05,01 ,01) — CT (0,01 ,01)
Cr (05 + 20,061,601, =

CH 05+ A0,01,01) + ACy (15)
where C¥,C} denote the aerodynamic parameters
calculated by coupled method and free-wake mod-
el, respectively. AC; represents the difference
value between the two aerodynamic models and it
is used to correct the results by lifting-line meth-

od in the calculation of Jacobian matrix.
1.3 Acoustic prediction method

Using the blade surface pressure calculated
by the coupled method, acoustic prediction is con-
ducted by the widely used Ffowcs-Hawkings
(FW-H) equation, which is based on the Light-
hill”s acoustic analogy. The time domain solution
of the equation, which is also called F1A formula-
21 is employed in BVI noise prediction

P =pl(xs 0+ plxs0) (16)

where p (xst) , p; (x+t) are the “thickness noise”

tion

and the “loading noise”, respectively. “Thickness
noise” is associated with blade thickness and is

caused by the blade motion. “Loading noise” is

The equations for these two terms are as fol-

lows(2!
P =1(] (ﬁ) et
J e (r]\fé}(’lt(&]\f[)rs_ oM ) ds) an
Pl = (L] <r(ll_7rM)z) At

J f=0 (rzléi_—l}l\\j.iﬂ ) AT

1 LM+ oM, — ¢, M )
fJfﬂ( My )md«s> (18)

where f=0 means the integration surface is blade

Co

surface. Subscript ret indicates the integration is
calculated at retarded time. M, , I, and v, denote
the rate of variation with respect to the source
time.

The flowchart of the calculation of rotor aer-
odynamics and noise by the preposed CFD/free-
wake/FW-H method is given in Fig. 2. The solu-
tion is conducted as follows: (1) Estimate the
control settings and initialize CFD and free-wake
solutions. (2) Calculate the bound circulation and
to generate the vorticity of tip-wake. (3) Calcu-
late the motion equation of tip wake and to calcu-
late the induced velocity of out grids. (4) Trim
the rotor blades until convergence and calculate

the blade surface pressures. (5) Calculate rotor

caused by loading fluctuations on blade surface. noise
Coupled method
CFD solver Aerodynamics
Apply boundary condition
______________________ Solve N-S equations

Estimate blade controls

Calculate bound circulation
Calculate desired aerodynamics

Wake

‘ Calculate blade wakes ‘ vorticity

velocity

Free-wake domain

| Generate blade grids l

Solve motion equations
Update wake position
Calculate induced velocity
Calculate vortex core

Converged

1
i
Induced ,
i
i
i
i
1

Controls

1
I
1
1
1
1
1
1
1
1
:
| Input blade geometry | i
1
1
1
1
1
1
1
1
1
1
1

| Initialize CFD domain l

L ——————
1Blade surface pressures Y

Noise prediction

Computational conditions

Calculate retarded time
Solve Farassat 1A formulation
Calculate sound pressure

Input flight conditions
Set noise observers
Set physical time

Fig. 2 Flowchart of the proposed CFD/free-wake/FW-H method
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It should be pointed out that in CFD domain

the time step is set to be 0. 25°, while the time

0.080
0.075

step of 1° is used in free-wake solution. The rotor
wake geometry between time steps in CFD do-
main is obtained by the fast Fourier transform in-

terpolation method.

2 Validation of the Coupled Method

2.1 Wake-induced velocity

For coupled method, the induced velocity is o ’
important for the accurate prediction of rotor air- é z %
loadings. The induced velocity for a four-bladed E, oo °
rotor is calculated and compared with the availa- % 41
ble test data"?®', which is measured one chord a- '?: o —180°
bove the rotor plane. The rotor has a forward '2 ‘12'T£2;§rri(£:§fdmeth°d
shaft tilt of —3°. The blade has a linear twist of -16 0 =05 0005 10 15
—8° from the root to tip and a radius of 0. 86 m. r/R
The wake-induced velocities are simulated for the 8
case, where thrust coefficient is 0. 008 and the ad- —: 4t °
vance ratio is 0. 15. The comparison of induced g ot
velocity between the experimental data and the -g a4l
propsed results is given in Fig. 3. It can be seen E sl
from Fig. 3, the proposed results demonstrate a- S 60°—240°

§ -12 | =—The proposed method
greements with the experimental data. The dis- - O Experiment
crepancies of inflow in central regions may be -15 -10 05 00 05 10 15
caused by the presence of fuselage and rotor hub " TR
in experiment, The *vortex-induced” upwash 2 5l
effects in the front of the rotor disk is also pre- é )
cisely predicted with the proposed method. Be- E,
sides, it can be seen that the induced velocities % or )
are bigger in the rear of rotor disk from the in- % 4 '900_2700 000
duced velocities contour. This is because in this 'g ~8 = The proposed method
o Experiment

flight condition, the wakes are blowed down and ’1%1.5 9 05 09 05 10 15
backwards to rotor disk. r/R
2.2 The hover case 8

A numerical case is simulated to discuss the '2 o
effects of coupling algorithm in coupled method in E or
Fig. 4. The C-T rotor™! in hover flight is used, g —4r
where the blade tip mach number is 0. 794 and the % -8
collective angle is 8°. The rotor has two blades ';é -12} Eﬁ?g:oposedmethod
with aspect ratio of 6 and a chord of 0. 190 5 m. It a -16 . , O FBxperiment
can be seen that the results by “outer boundary L3 Lo s rO/(I)e 03 1013
correction approach” agree better with the experi- (b) Comparisons of induced velocity

mental data. This is because in “field*VeIOCity ap- Fig. 3 The calculated induced velocity distribution
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Fig. 4 Comparison of different method for the feed-

back of wake-induced velocity

proach”, the influence of wake-induced velocity
on all grid faces in CFD domain is calculated. The
result induced velocity on flow field is relatively
large™. This leads to the blade angle of attack
and thus the pressure difference to be small. But,
with the increase of rotational speed from the
blade inboard regions to the outboard regions, the
influence of induced velocity on blade angle of at-
tack diminishes gradually. As a result, the pres-
sure distributions on outboard regions has a bet-
ter agreement with the experimental data.

By “outer boundary correction approach”, a
better accordance with experimental data is ob-
tained at all blade span locations.

The blade surface pressure distribution are
calculated for the C-T model rotor in hover case
by the full CFD (embedded grid CFD) method™*"
and the proposed coupled method. Considering
the symmetrical characteristics of flow field in
hover case, only one blade is modeled. The grid
used in full CFD is shown in Fig. 5.

The computation condition is set as follows:
thrust coefficient of 0. 004 6, hover tip mach
number of 0. 439. The history of collective angle

and thrust coefficient during trimming procedure

Fig. 5 The generated embedded grid for hover case

is shown in Fig. 6. The trimmed collective angle

and thrust coefficient are almost same with the

[23]

experiment data-* after 3 trim cycles.

Thrust coetticient

Fig. 6 The history of collective angle and thrust coeffi-

cient with trim cycles

The chordwise pressure distribution for sev-
eral radial stations are simulated by both the cou-
pled method and the full CFD method. The re-
sults show good agreements with measurements
for both inboard and outboard span locations as
seen in Fig. 7.

Under the same condition, the effects of ro-
tor wakes are also analyzed in Fig. 7. The blade
pressure are calculated by the proposed coupled
method, but in the simulation, the effects of ro-
tor wakes are not coupled. It can be seen that
without the rotor wake, the blade surface pres-
sure difference (the dashed dot line in Fig. 7) in-
creases obviously due to the downward induced
velocity caused by rotor wake is neglected and the
blade angle of attack is enlarged.

The lift coefficient along span is calculated
and compared with experiment data in Fig. 8. It
can be seen from Fig. 8, although the simulation

of aerodynamics is challenging, the calculated re-
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sults agree with the experimental data well. Only

a little discrepancies happen in blade tip region.
Table 1 shows the comparison of computa-

tion time between the coupled method and full

CFD method under the same number of blade

grid. The computations are performed at the PC

with Core i7,3. 6 GHz. As shown in Table 1, it

takes 20 h to simulate the flow-field for full CFD
and 2.5 h for the coupled method. These results
indicate that the coupled CFD/free-wake method
reduces the computational time dramatically.

Table 1 Comparison of computational time between the two

methods

Coupled CFD/{ree-

Numl { grid Full CFD method
umber of gri u metho wake method

Number of
. 239 X34X63 239X34X63
blade grid
Number of back-
. 189X 148 <189 0
ground grid
C tati
omPU ation 20 b 25 h
time

2.3 The forward flight case

In this section, the well-known OLS rotor in
low-speed descending flight condition is used to
validate the capability of coupled method in the
calculation of BVI air-loadings, which is very
challenging in rotor aerodynamic field. The two-
bladed OLS rotor is a 1/7 scale model of AH-1
helicopter main rotor~*™. The blade has an aspect
ratio of 9,22 and a linear twist of —8. 2°. The
control inputs are obtained from the built delta
trim method and compared with the experimental
data® and the results from Ref. [26], as shown
in Table 2. Here, 0,, 0,. and 0,, are the blade col-
lective pitch, longitudinal cyclic pitch and lateral
cyclic pitch angles. B, B and i, are coning, lon-
gitudinal flapping and lateral flapping angles.

Table 2  Control inputs of OLS rotor

Blade motion 0, 0\, 0. B B P
Experiment 6.14 —1.39 0.9 0.5 0.0 —1.0
Ref. [26] 6.07 —2.37 1.2 0.5 0.0 —1.0
The proposed 6.51 —2.28 1.5 0.5 0.0 —1.0

To indicate the accuracy and efficiency of the
proposed trimming method, the histories of con-
trol settings and rotor performance with trim cy-
cles by the traditional trimming method and the
proposed delta trimming method are shown in
Fig. 9. And the calculation time is summarized in
Table 3.

From Fig. 9, it can be seen that the desired
aerodynamic values achieve convergence after four
to five trim cycles by both methods. Because of

the precise coupled model is used to calculate the
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Jacobian matrix in the traditional trimming meth-
od, it converges slightly faster than the delta
trimming model from the aspect of the number of
trim cycles. But from Table 3, it can be seen that
in traditional trimming model the coupled N-S/
free-wake solver runs for 16 revolutions, while
the solver runs for only 5 revolutions in delta
trimming model. In this case, about 68% compu-

tation time is saved.

7
61/ Collective angle
5F —=— Traditional
Eﬂ ar —o— Delta
. 3t
E 2t Lateral cyclic pitch angle
S
fg 1
o 0
-1
-2
-3
0 1 2 3 4 5 6 7 8
Trim cycle
(a) Histories of control settings with trim cycles
0.006 ]
0.0057" Rotor thrust coefficient
T 0004y —e— Traditional
o 0.003F —— Delta
S 0.002
g 0.001f o .
g Pitching moment coefficient
< 0.000 ————tl
-0.001 Rolling moment coefficient
-0.002 . . . . . . )

0 1 2 3 4 5 6 7 8
Trim cycle
(b) Histories of aerodynamic levels with trim cycles

Fig.9 Histories of control settings and aero-

dynamic levels with trim cycles

Table 3 Computational time of different trimming methods

Trimming Number of Revolutions of Computational
method trim cycles  coupled solver time/h
Traditional 4 16 48
Delta 5 5 15.5

Fig. 10 shows the comparison of the predic-
ted blade loads by the proposed method and other
three methods (AFDD, DLR, ONERA) f{from
Ref. [27] at 0. 91R and 0. 95R spanwise locations.
It is shown that the predicted value by the pro-
posed method is intermediate compared with oth-
er results and has good agreements with them. In
addition, the proposed method captures four BVI
interactions on the advancing side ( #1—#4) and

two interactions on the retreating side (£5, #6).

Fig. 10 Comparisons of blade loadings at several span-

wise locations and contour of air-loading

These results are in accordance with the theoreti-
cal analysis ones from Ref.[27]. While other
methods (all belong to wake methods) only cap-
ture a single strong interaction. This is because a
larger time step is necessary in wake model for
the computational convergence'®. As a result,
the interactions between time steps are missed.
To illustrate the importance and contribution
of this method, the same case is also simulated by
the full CFD method. Although the full CFD
method has a minor time step (0. 25° is used in
this calculation), the numerical dissipation and
interpolation errors inherent to the difference

schemes employed causes the rotor wake to be

modelled with less intensity than that occurs in
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physical reality. This is why the blade-vortex in-
teractions are also not captured.

But, it should also be pointed out that the
proposed coupled method has a discrepancy on the
calculation of blade-vortex interactions occurring
at 270° azimuth. This is caused by the integrated
vorticity approach, which induces a smaller veloc-
ity on the retreating side. In future work, a dis-
tributed vorticity approach, which is more com-
plex one, will be included in the solution to im-

prove prediction accuracy.

3 Application of the Coupled Meth-
od to Acoustic Analysis

The 10 014 cases in OLS rotor far-field noise

testst?!

is applied to predict the BVI noise.

The comparison of noise signals at two ob-
server points is conducted. Both observers are
3.44R (R is the rotor radius) away from the rotor
hub, 30° below the rotor plane. Laterally, Ob-
servers No. 3 and No. 9 are located at ¢ =180° and
¢ =210°, respectively. Locations of the two ob-
servers can be identified in Fig. 11.

The comparisons of sound pressure time his-
tories at two different observers among predicted
values, experimental data and results from
Ref. [27] are shown in Fig. 12. It demonstrates

that the proposed method has the capability of ca-

Pressure level / Pa
Pressure level / Pa
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o
o
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¥

Pressure level

(b) 2-D Lambert projection of spherical arc

Fig. 11  Observation locations in radiation sphere

pturing two peaks of noise signals and a better a-
But the

method shows a little discrepancy with experi-

greement with the experimental data.

mental results locally where rotor noise drops af-
ter the second peak.

Besides, the comparison of noise signals by
the proposed method and the full CFD method is
shown in left-hand side of Fig.12. As shown in
Fig. 12, due to the numerical dissipation and in-
terpolation errors in the full CFD method, the ro-
tor wakes are not preserved well and thus the BVI

noise amplitudes are not predicted precisely.

Pressure level / Pa
Pressure level / Pa

Pressure level / Pa
Pressure level / Pa

Fig. 12 Comparisons of sound pressure time histories at two observer locations
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Sound-pressure level (SPL) contours of the
acoustic hemisphere is shown in Fig. 13. The a-
coustic hemisphere, where it has a radius of 3. 44
R and the distributed observers on the surface
have an interval of 5° in azimuth and elevation di-
rection, is plotted by the Lambert projection
method™*.

noise level is observed at the 120° azimuth and

As shown in Fig. 13, the maximum

—45° elevation, which is the preferred direction

of BVI noise.

Fig. 13 SPL contours of the OLS rotor

4 Conclusions

A coupled CFD and free-wake method for the
prediction of rotor BVI noise is developed with an
efficient delta trimming procedure. The method is
validated for rotors at hover and forward flight
conditions. Based on the FW-H equation, the de-
veloped method is used to calculate the rotor BVI
noise. The following conclusions can be drawn;

(1) Compared with the field-velocity ap-
proach, the outer boundary correction approach is
more efficient. The computation time of Jacobin
matrix is reduced by the delta trimming procedure
due to the efficiency of free-wake model.

(2) From the results regarding the distribu-
tion of induced inflow and rotor surface pressure
distribution, it can be seen that the proposed cou-
pled method can trim the rotor and predict the
BVTI aerodynamics accurately.

(3) The fluctuations of air-loadings caused
by BVI interaction are fairly well captured with
the current coupled method. Compared with
wake method and full CFD method, more BVI in-
teractions are captured by the proposed method

and the predicted BVI noise by the proposed

method agrees with the experimental data.

(4) Rotor BVI noise has strong directivity
and it is mainly radiated to 120° azimuth and
—45° elevation. This makes the BVI noise more

audible to observers on the ground.
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