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Abstract 
 

The BVI (Blade Vortex Interaction) noise prediction 
has been one of the most challenging acoustic analyses in 
helicopter aeromechanical phenomenon. It is well known 
a high resolution airload data with accurate tip vortex 
positions are necessary for the accurate prediction of this 
phenomenon. The truly unsteady time-marching free-
wake method, which is able to capture the tip vortices 
instability in hover and axial flights, is expanded with the 
rotor flapping motion and trim routine to predict an 
airloads in forward and descent flights. And the 
generalized Farassat formulation based on the FW-H 
equation is applied for noise prediction considering the 
blade flapping motion. At first, the time-marching free- 
wake method with trim routine is validated in AH-1G 
forward flight condition. The predicted airloads are quite 
well agreed with those of flight test. Then the descent 
flight condition of AH-1 OLS(Operational Load Survey) 
configuration is analyzed using newly developed 
prediction tools. The predicted sectional thrust 
distribution shows the present scheme is able to capture 
well the unsteady airload caused by a parallel BVI. And 
the predicted noise data at 3.4 times of rotor radius far 
from the hub center is quite good agreements with the 
experimental data compared to the other results. 

 
Introduction 

 
The BVI (Blade Vortex Interaction) phenomenon, 

especially parallel interactions between the helicopter 
main rotor blade and the tip vortex, is the cause of 
significant noise and vibration problems in helicopter 
operation. In particular, the descent and banked turn 
flight conditions are known to produce significant BVI. 
To predict a BVI noise accurately, the high resolution 
airloads data are prerequisite. And the better tip vortex 
position and strength predictions result in the more 
accurate BVI noise prediction. 

This paper demonstrates the predicted aerodynamics 
and acoustics results of arbitrary rotor in forward flight. 
A time-marching free-wake method containing full rotor 
vortex system, which is coupled with trimming process, 
is used to predict the trim condition and unsteady 

airloads of AH-1G flight test [1] and small scaled AH-1 
experiment in wind tunnel [2]. The BVI noise prediction 
of small scaled AH-1 is performed by using Farrasat 1-A 
method [3]. The major advantage of this scheme is its 
generality and fast computation. It models the trimming 
rotor blade motions, unsteady rotor wake system and the 
noise with a unified approach in short time by using 
parallel computations. It also can expand to include the 
helicopter fuselage and blade aeroelastic deformation.  

However, the ultimate success of this method depends 
on the accurate prediction of the unsteady rotor wake. 
The wakes are genuinely unsteady even in hovering 
flight, which have been observed in various experiments 
[4-5]. The unsteady wake motion is becoming a crucial 
issue in the point of unsteady aerodynamics and 
aeroacoustics for a certain flight condition in recent years. 
The tip-vortex pairing phenomena of model AH-1G rotor 
are numerically predicted [7-8] and the computational 
results have quite good agreements with experimental 
wake pairing visualization data [6]. 

Historically, helicopter industries have used 
comprehensive helicopter analysis to model rotors in 
forward flight. These analyses contain phenomenological 
models for the blade aerodynamics and the wake. In 
these methods, the near wake is modeled as a vortex 
sheet across which the velocity potential is discontinuous. 
The effect of the far wake is typically computed from 
only tip vortex without inboard vortex or an external 
wake model [9-10]. But full inboard vortex is very 
important to capture the double tip vortexes at advancing 
side in fast forward and reversed flow condition at 
retreating side. During the early 1980s, computers 
became powerful enough to model helicopter 
aerodynamics using finite difference methods. Most 
current generation Euler or Navier-Stokes solvers are 
capable of capturing the rotor wake as a part of the 
solution [11-17]. Despite these advances, the blade loads 
prediction capability and the solution efficiency of the 
current generation of rotor CFD analyses are not at a 
level acceptable to the helicopter industry. The 
usefulness of these analyses is limited because the rotor 
is not trimmed, because the tip vortex capturing suffers 
from excessive numerical diffusion. 

In this paper, at first the time marching free wake 
method is validated in forward flight condition, and then 
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demonstrates the capability of BVI noise prediction in 
descent flight condition. 

 
Numerical Schemes 

 
Unsteady Loading Prediction 

 
 The fluid surrounding the body is assumed to be 
inviscid, irrotational, and incompressible over the entire 
flow field, excluding the body's solid boundaries and its 
wakes. Therefore, a velocity potential  can be 
defined and the continuity equation in the inertial frame 
becomes: 
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                       (1) 02 =Φ∇
 
The boundary condition requiring zero normal velocity 
across the body's solid boundaries is: 
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where  is the induced velocity due to the 
vorticity field in the wake, 
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 is the body surface's 
velocity, and  is the vector normal to the moving 
surface, as viewed from the blade. 
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Using Green's second identity, the general solution of Eq. 
(1) can be constructed by integrating the contribution of 
the basic solution of source ( σ ) and doublet ( µ ) 
distributions over the body's surface: 
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Inserting Eq. (3) into Eq. (2) becomes: 
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The source term is neglected in the case of the thin blade. 
Thus, only the first part of Eq. (3) is used to represent the 
lifting surface. The constant-strength doublet panel is 
equivalent to a closed vortex lattice with the same 
strength of circulation, ( µ=Γ ).  Then the induced 
velocity of the vortex lattice in Eq. (4), representing the 
blade, can be obtained by using Biot-Savart's law: 
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The collocation point is at the mid-span and three-quarter 
chord of each. The boundary condition of no-flow 
penetration is satisfied at the collocation point of each 
lattice. The application of the flow tangency condition 

(Eq. 4) to the vortex lattice distribution yields the 
following linear matrix equation that is to be solved: 
 

),,1,( njiRA ijij L==Γ   (6) 
 

where  is the coefficient matrix of normal induced 
velocity on the i-th element of the blade due to the j-th 
vortex lattice with the unit circulation, and 

ijA

jΓ  is the 
unknown circulation value of the blade vortex lattice.  
is the normal induced velocity at each control point due 
to the free stream velocity, the blade-moving velocity, 
and the wake-induced velocity. 

iR

 A three-dimensional wing trails the bound circulation 
( Γ ) into the wake. Radial variation of bound circulation 
produces trailed vorticity in the wake, which direction is 
parallel to the local free stream direction at each instant it 
leaves the blade. Azimuthal variation of bound 
circulation produces shed vorticity, oriented radially in 
the wake. The strengths of the trailed and shed vorticities 
are determined by the radial and azimuthal derivatives of 
bound circulation at the instant the wake element leaves 
the blade. The bound circulation has a peak near the tip, 
and quickly drops to zero at the tip. The trailed sheet 
therefore has a high strength (proportional to the radial 
derivative of Γ ) at the outer wake, and quickly rolls up 
into a concentrated tip vortex. The strength of the trailed 
shed wake vortex at this time step is set equal to the one 
of the vortex lattice elements, which is located at the 
trailing edge of the blade ( twaketET ,,. Γ=Γ ). This condition 
is forced to satisfy the Kutta condition ( 0. =ETγ ). 
 Since the wake surface is force-free, each vortex wake 
element moves with the local stream velocity, which is 
induced by the other wake element and the blade. The 
convection velocity of the wake is calculated in the 
inertial frame. The vortex wakes are generated at each 
time step. Therefore, the number of wake-elements 
increases as the blade is rotating. It is clear that a large 
number of line elements for the highly curved and 
distorted wake region like the tip vortex are necessary to 
describe the vortex filament distortions accurately. In 
general, computational time for the calculation of the 
wake distortion is proportional to the square of the vortex 
element number. Therefore, a curved element is used to 
reduce the number of elements. 
 There are many mathematical expressions to represent 
the three dimensional curves. Generally, cubic spline 
curves are used to describe the curves. However, the 
cubic spline curves have certain disadvantages; the cubic 
spline curves require a large tri-diagonal matrix inversion, 
and the numerical disturbance of position in any one 
segment affects all the global curve segments. Therefore, 
the curve is not adequate to represent the vortex filament 
motion in strong interaction problems. The parabolic 
blending curves, employed here, maintain the continuity 
of the first derivative in space, which is critical to self-
induced vortex interactions and interactions with wake 
and blade. The parabolic blending curve, )(ξC , is given 
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by 
 
             )()()1()( sqrpC ξξξ +−=  (7) 
 

The function of  and  are parametric 
parabolas through  and  as shown in 
Figure 1, respectively. 
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Figure 1. Parabolic blending method 

 
A generalized parametric blending curve is developed 
from the assumption of normalized chord length 
approximation for the position parameters, r  and s  at 

 and  which are linearly related with the 
parameter 

2P 3P
ξ  respectively, i.e. 1,,0 ≤≤ ξsr . Then, this 

blending curve is applied to Eq. (5). 
 The induced velocity by a vortex filament with 
circulation is given by the usual cut-off approach, which 
is formulated by Moore-Rosenhead [12-13]. It is defined 
as 
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Here, ),( ty ξ  is the position vector of a material point 
denoted by Lagrangian variable ξ  at an instance, which 
describes a vortex filament with circulation Γ . The 
Rosenhead cut-off parameter µ  is used to remove the 
singularity problem in the Biot-Savart's law at the region 
very closed to the vortex filaments. In this study, inboard 
shedding vortex elements as well as the trailed elements 
are kept for more rigorous representation of vortex 
dynamics and unsteadiness. 
 
Blade Motion and Rotor Trim 

 
 Helicopter rotor in forward flight accompany periodic 
motion of the blade, which can be described by using the 
Fourier series as a function of azimuth angle, ψ : 
 
 L+++= )sin()cos()( 110 ψθψθθψθ sc  (9) 
 L+++= )sin()cos()( 110 ψβψββψβ sc  (10) 
 L+++= )sin()cos()( 110 ψςψςςψς sc  (11) 
 
where θ , β , and ς represent the blade pitch, flap, and 
lead-lag angles, respectively. For a flap-lag-feather 
sequence, the usual rotational transformation sequence is 
flap followed by lag. For this case, the hub-fixed rotating 
axes xyz  are related to the blade fixed axes  
according to 

222 zyx
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In order to match the calculated thrust to the desired 

level and to eliminate the rotor aerodynamic moments, a 
rotor trimming procedure is enforced in forward flight. 
The thrust and moment coefficients can be expressed as a 
function of collective and cyclic pitch angles. 
 
 ),,( 110 scTT CC θθθ=  
 ),,( 110 scMxMx CC θθθ=  (14) 
 ),,( 110 scMyMy CC θθθ=  
 
The estimated correction angles of the control settings, 

0θ∆ , cθ∆  and sθ∆ , can be obtained by using the 
Newton-Rhapson iterative methods. 
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The trim solution requires some cycles before 

convergence. Each trim cycle consists of 12 rotations of 
the rotor, six for calculating the sensitivity and the rest 
for initial and final solution iteration. 
 
Loading Noise Prediction 

 
The Ffowcs Williams and Hawkings formulation, Eq. 
(16), has been successfully used for predicting rotor 
noise. The Ffowcs Williams and Hawkings formulation 
is expressed as follows; 
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The terms inside a bracket are evaluated at a retarded 
time. The dipole term (the second term) and monopole 
term (the third term) can be expressed in a 
computationally convenient form from developed by 
Farassat [3] as shown in Eq. (17). 
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Here  stands for the acoustic pressure due to 
loading. The dot on  and  denote rate of 
variation of these vectors with respect to source time. 
Note that  is the local velocity of blade surface with 
respect to the frame fixed in the undisturbed medium. 

Lp′
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Validation of Numerical Scheme 

 
Prediction of Unsteady Tip-Vortex Geometry in Axial 
Flight 
 
 The rotor used in this wake calculation is AH-1G's 41-
inch radius model rotating at 1800 rpm. The blade is 
modeled using 5 chordwise panels and 10 spanwise 
panels. This rotor is the same as that used in the 
experiments of Caradonna et al and Komerath et al [6]. 
Twenty-four time-steps are taken per blade revolution 
and the vortex core radius is taken as 10% of the chord 
length that is commonly used in rotor wake simulation. 
The tip-vortex pairing process has been quantified by 
using the trajectory tracking method. 
 The trajectories of the tip-vortices, which are 
calculated by using time-marching free-wake method, 
are shown in Figure 2. The left figure shows the three-
dimensional view of tip vortex trajectories and the right 
one shows the cross section view of that. 
 

 
 (a) 3D overall view   (b) Cross section view 

 
Figure 2. 3-D view and cross section view of wake 

geometries at collective angle, 9.6 fps climb rate 11o

 
Figure 3 shows the tip-vortices trajectories for 

collective angle of  at the climb rate of 9.6 fps. 
These trajectories clearly show that the local radial 
expansion is the result of adjacent tip vortices beginning 
to pair together and spiral about each other. The 
computed wake geometries show excellent agreements 
with the experimental data as the higher collective angle. 

o11

 

0 180 360 540 720 900 1080
Azimuth angle (degree)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

z/
R

,r
/R

r/R (Blade1) - Numerical result
r/R (Blade2) - Numerical result
r/R (Blade1) - Experiment data
r/R (Blade2) - Experiment data
z/R (Blade1) - Numerical result
z/R (Blade2) - Numerical result
z/R (Blade1) - Experiment data
z/R (Blade2) - Experiment data

 
Figure 3. Wake geometries at collective angle, 9.6 

fps climb rate 
11o

 
Prediction of Airloads in Forward Flight 
 

To validate the numerical scheme in forward flight 
condition, the forward flight of two-bladed teetering 
rotor of AH-1G is simulated. The blade has a rectangular 
planform with a symmetric airfoil. The aspect ratio of the 
blade is 9.8 and the linear twist rate is -10 deg from root 
to tip. The calculated flight condition at which the flight 
test data is available corresponds to an advance ratio of 
0.19, tip Mach number of 0.65, and a time-averaged total 
thrust coefficient of 0.00464 [15]. This particular flight 
condition has also studied by Ahmad and Duque [16] and 
Yang et al. [17].  

 
Table 1. Control and flapping angles of AH-1G rotor 

Blade Motion 
0θ  s1θ  c1θ  s1β  c1β  

Flight Test [Ref. 15] 6.0 -5.5 1.7 -0.15 2.13 
Yang et al., after trim 8.0 -6.5 2.5 -0.15 2.13 
Present Prediction, after trim 6.1 -5.6 1.4 -0.15 2.13 
 
In the present prediction, the collective pitch is 

adjusted to match the measured overall thrust. To 
eliminate the rolling and pitching moment, the lateral and 
longitudinal cyclic pitch angles were also trimmed 
automatically. The trimmed first blade harmonics (in 
degrees) are given in Table 1. In Table 1, the predicted 
trim condition shows good agreements with those of 
flight test although a fuselage, hub, and blade elastic 
deformation effects are not considered. 

Figure 4 compares the present computed normal load 
data with the measured airloads [15] and previous studies 
[16-17]. The present predicted results agree very well 
with flight test data. Therefore, the present numerical 
scheme, i.e. time-marching free wake method with trim 
routine is working very well even in forward flight 
condition. 
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Figure 4. Sectional thrust coefficient comparisons for 

AH-1G rotor 
 
Prediction of Inflow in Forward Flight 
 

To validate the time averaged inflow prediction 
capability of the present method, the same experiment 
condition as Elliott et al.[18] is simulated. The 
experimental data were measured one chord above the 
rotor disk by using a laser Doppler velocimetry system. 
The rotor was trimmed such that the TPP(Tip Path Plane) 
was perpendicular to the rotor shaft, with a forward shaft 
tilt of -3 degrees. The conditions of the simulation 
are  and o

sTC 3,008.0 −== α 15.0=µ . 
Figure 5 shows the comparisons of inflow ratio 

between those of Drees linear inflow model [9], the 
experimental data [18], Mangler & Squire model [9], and 
the predicted result that is simulated by using the present 
scheme. In case of Mangler & Squire model, the average 
value of Type I and Type III is used as recommended in 
Ref. 9. Because the model of experiment is not employed 
with an isolated rotor but a rotor with fuselage, the 
calculated results cannot be considered in entire 
attributes of experimental data. 

The predicted result shows reasonably good 
agreements with the experimental data. In Fig. 5(a), 
some discrepancies of longitudinal inflow near the 
leading edge region of the rotor disk (negative x/R in Fig. 
5 (a)) may be caused by upwash due to a fuselage effect. 
Lateral inflow is predicted with better agreement as 
shown in Fig. 5(b). 
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(a) Longitudinal inflow 
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(b) Lateral inflow 

Figure 5. Comparisons of inflow ratio across the disk in 
forward flight( 15.0=µ ) 

 
Results 

 
 The rotor used in this BVI noise prediction is a 1/7 
scale model of AH-1 helicopter main rotor [20]. These 
rotor blades are rectangular with  of twist from root 
to tip and have a precone angle of . The rotor has a 
radius, R, equal to 9.22 chord lengths with a blade root 
cut at 0.182R. The aerodynamic conditions are set to a 
hover-tip Mach number of 0.664, an advance ratio of 
0.164, and a thrust coefficient of 0.0054. The shaft angle 
is , however the rotor tip-path plan is tilted back by 

o2.8
o5.0

o0
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o1 using longitudinal flap control. 
Numerical simulation for a forward flight requires the 

complete blade motions. Table 2 shows trimmed first 
blade harmonics (in degrees). 
 
Table 2. Control and flapping angles of AH-1 1/7 scale 

model rotor for BVI condition 

Blade Motion 0θ  s1θ  c1θ  0β  s1β  c1β  
Experiment 
 [Ref. 20] 6.14 -1.39 0.9 0.5 0.0 -1.0 

Present 
Prediction,  
after trim 

6.07 -2.37 1.2 0.5 0.0 -1.0 

 
The blade is modeled using 12 chordwise panels and 40 

spanwise panels. 180 time-steps are taken per blade 
revolution and the vortex core radius is taken as 10% of 
the chord length that is commonly used in rotor wake 
simulation. 

Figure 6 shows the geometries of the rotor and the 
trailed wakes computed by time-marching free-wake 
method. Form figure 6, It can be check again that some 
trailed wakes located outboard rotate with each others 
and form tip-vortex and this tip-vortex interact with 
blade. Due to this BVI, the air loading of a blade varies 
versus azimuthal rotation as shown in figure 7. 
 
 

 
Figure 6. Computed rotor and wake geometries 

 
Figure 7 shows the BVI location on the rotor disk. 

Figure 7 (a) is the sectional thrust coefficient of present 
freewake result and figure 7 (b) is the BVI locations of 
previous research [21]. In the top-view, BVI location 
calculated by present method is almost same with 
previous research results as shown in figure 7. 
The predicted blade loads at several spanwise locations 

are shown in figure 8. From these plots, a few points can 
be observed. First, present free-wake predicts lower 
between 270 degree and 90 degree and predicts 
intermediate value between 90 degree and 270 degree. 
Secondly, the present free-wake and DLR code predict 
multiple interactions, while the other two codes predict a 
single strong interaction. Thirdly, predicted occurrence of 
interaction peakes by present free-wake are located 
between AFDD and DLR.  

 

 
(a) Sectional thrust distribution (present freewake) 

 
(b) BVI trajectories of previous researches [21] 

Figure 7. BVI location on the rotor disk (top view) 
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(a) OLS local blade loading (r/R=0.91) 
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(c) OLS local blade loading (r/R=0.955) 

Figure 8. Comparisons of predicted results for BVI air 

loadings (AFDD, DLR, ONERA data from [21]) 
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Figure 9 shows the time history of thrust coefficient. 
After 2 revolutions, thrust coefficient goes to periodic 
state. Therefore, air loadings after 2 revolutions are used 
to calculate the BVI loading noise as input to acoustic 
solver. 
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Figure 9. Time history of thrust coefficient 

 
Noise signals are calculated at the location that is apart 
from rotor as 1.72D, longitudinally  below the 
rotor plane, and laterally . Figure 10 shows the 
BVI noise signals in time domain of various predicted 
results and experiment. Figure 10 (a), (b), and (c) show 
the noise signals predicted by the present method, AFDD 
[21] and Roger C. Strawn et al’s CFD [22] results. The 
noise signal predicted by the present free-wake can 
capture the higher first and second peaks than those by 
AFDD and is more similar to experiment data. But the 
present free-wake can’t capture well the peak drop near 
blade azimuth 70 degree as like Roger C. Strawn et al’s 
CFD result. 
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(a) Present result vs. experimental data [20] 
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(b) AFDD result [21] vs. experimental data [20] 
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(c) CFD result [22] vs. experimental data [20] 

Figure 10. Comparisons of BVI noise time histories. 
 

Conclusion 
 

In this study, the truly unsteady time-marching free-
wake method, which is able to capture the tip vortices 
instability in hover and axial flights, is expanded with the 
rotor flapping motion and trim routine to predict airloads 
in forward and descent flights. And the generalized 
Farassat formulation based on the FW-H equation is 
applied for noise prediction considering the blade 
flapping motion. At first, the time-marching free- wake 
method with trim routine is validated in AH-1G forward 
flight condition. Then the descent flight condition of AH-
1 OLS(Operational Load Survey) configuration is 
analyzed using newly developed prediction tools. 

The following conclusions have been drawn from this 
study: 

 
1. The time-marching free-wake method with trim 

routine is able to predict the forward flight air-load quite 
accurately. 
 
2. The comparisons of time averaged inflow 

distribution show the present scheme is able to predict 
the inflow well especially in the main lifting region 
(50%R~85%R) than the other vortex method. 
 
3. The predicted sectional thrust distribution in descent 

flight condition of AH-1 OLS configuration shows the 
present scheme is able to capture well the unsteady air-
load caused by a parallel BVI with moderate sizes of 
chordwise, radial and azimuthal steps. 
 
4. The predicted noise data at 3.4 times of rotor radius 

far from the hub center is quite good agreements with the 
experimental data compared to the other results in terms 
of primary and secondary peak pressures. 
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