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1. Abstract 
For the prediction of the impact of BVI on the elastic deformation of the 

rotor-blade the new CFD code SOFIA was developed. SOFIA is based on the well 
known code INFLEX for the computation of unsteady, transonic flows about airfoils 
and the new method ODISA for the calculation of the structural deformations. The 
major aim of the investigation is the prediction of the impact of BVI loads on the 
rotor-blade structure and the analysis of appropriate active control systems. With 
a view to the design of Higher Harmonic Pitch Control Systems or Individual Blade 
Control Systems the knowledge of the time history of the blade's deformation is 
indispensable. Therefore emphasis was put on the correct treatment of the propagation 
of stress waves and the related deformations during the development of ODISA. 

2. List of Symbols 
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acceleration 
tension stiffness 
bending stiffness matrix 
shear stiffness matrix 
torsional stiffness 
Riemann invariant 
moment 
normal force 
transverse load per unit length 
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Coordinate Systems: 
o· x' inertial reference frame, e'i 
0 x rotating reference frame ( 0 A), e i 

0 ~ material reference system, e5i 
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3. Introduction 
The interactions of the rotor-blade with the tip vortices of the preceding 

blades <BVD can cause a significant increase in noise and vibration. Especially during 
descent flight conditions at advance ratios of 0.1 +- 0.2 BVI is the major source of 
noise and has a tremendous effect on vibratory airloads because of the small vertical 
distance between the tip vortex of the previous blade and the rotor-blade itself. In 
the past many efforts to enlighten the BVI mechanism have been undertaken. Experi­
ments were carried out by Meier et a! /1/, Caradonna et a! /2/, Bershader et a! /3/, 
and Galbraith et a! /4/ . Numerical methods were applied by Caradonna et a! /5/, 
McCroskey et a! /6/ and Ballmann et a! /7/, /8/. These investigations show that the 
fundamental BVI phenomenon is understood fairly well. 

During the last two decades active control systems like Higher Harmonic Pitch 
Control /9/ and Individual Blade Control /10/ have been developed. The control 
movements of the active control devices are additional pitch motions which influence 
the angle of attack in an appropriate way to minimize vibration and to reduce BVI 
noise. As experiments with rotor-blade models which fulfill all the required similarity 
laws. are almost impossible, wind tunnel tests are usually only performed with very 
stiff models of the actual blade. Aeroelastic effects are therefore neglected during 
these investigations. But because of the torsional and bending flexibility of realistic 
blades the rotor-blade deforms during the blade-vortex interaction. Of course this 
deformation has a feedback on the airloads and the pressure distribution. Especially 
the "compressibility" wave and the "transonic" wave which are of major importance 
conceming BVI noise are changed significantly. In this connection the additional 
control movements from the active control devices need to be mentioned. As the 
blade is flexible a time lag between the control movement at the blade's root and the 
desired change of the angle of attack at the blade's tip to reduce BVI noise occurs. 

The present paper describes the new method SOFIA (Solid-Fluid-Interaction) 
which was developed to model and analyze aeroelastic phenomena. A brief description 
of the two modules - INFLEX for the flow analysis and ODISA (One-Dimensional 
Structural Analysis) for the structural analysis - that are required to accomplish BVI 
computations for rigid and especially elastic rotor-blades is provided. The well-known 
code INFLEX was developed by Eberle and Bn2nneis /11/. A comprehensive evaluation 
was carried out based on the Two- and Three-dimensional AGARD Standard-Confi­
gurations /12/. The computations shown here represent the first efforts to compute 
aeroelastic phenomena during BVI. They demonstrate the feasibility of SOFIA to take 
blade motions due to cyclic pitch variations, active control and blade deformation 
into account. 

4. Solution Procedures 
SOFIA is a code to model and analyze aeroelastic phenomena. A schematic of 

the SOFIA solution procedure is shown in Figure 1. It can be seen that during each 

time step several different subiterations conceming the flow analysis part (]NFLEX) 

and the structural analysis part (ODISA) have to be performed. Once the flow solution 
at iteration level "( (see Chapter 4.1) is obtained, the airloads are input for the structural 

loop. Due to the unsteady airloads the blade deforms. The deformation is defined by 
the torsional angle, two bending angles and three displacements if the structure is 
assumed to be one-dimensional. As a consequence the deformation velocities of the 
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blade have to be taken into account in addition to the prescribed blade motions 
(cyclic pitch, rotation of the main rotor-axis and active control). 

4.1 Flow Analysis 
The major task during the investigation of BVI is the prediction of the unsteady 

flow phenomena on the advancing side of the rotor. The blade-vortex interactions are 
usually most intense at azimuthal angles between '¥ = 20° and 70° degrees. At '¥ = 
90° the relative flow velocity reaches its maximum and supersonic pockets occur at 
the blade's tip (see Figure 2). Due to the cyclic pitch variation the angle of attack on 
the advancing side is kept small to balance the lift distribution. In contrast to the 
retreating side of the rotor where separation occurs the flow on the advancing side is 
attached and the assumption of an inviscid flow is justified as long as the tip vortices 
of the preceding blades do not collide with the blade. In the present investigation a 

clockwise rotating vortex passing the underside of the rotor is considered (see Figure 
3). For the computation of the unsteady, compressible, inviscid flow about the rotor­
blade the well known code INFLEX based on the Euler equations is used. 

With respect to an inertial reference system and for time dependent boundary 
conditions, the balance equations of mass (1), momentum (2) and energy (3) are: 

A r pd v + f p ( v - 1\) . ndS = 0 
d t Jv<t> av<t> 

d~f pvdV+ f v[p(v-/\) 
V(t) C>V(t) 

ddt f edV + f e (v- /\) · ndS 
V(t) C>V(t) 

The velocity of the grid is denoted /\. 

n] dS = - f pndS 
C>V(t) 

=-r p(v·n)cts 
Jav<t> 

( 1 ) 

( 2 ) 

( 3 ) 

Applying GauB' theorem, the surface integrals in the balance equations can be 
transformed into volume integrals. Assuming that the flow variables are constant 
throughout a small finite volume, a strong conservation form of the partial differential 
equations (PDE's) is obtained from the transformation into the space of coordinates 
used in the numerical calculation: 

q,T = (p, pu, pv, pw, e) J ( 4 ) 

with J, the Jacobian of the transformation, and the fluxes 

E = J (E~. + F~. + <k ) , 
X Y Z 

F = J (EJ1, + FJ1, + GJ1, ) 
X y Z 

G = J (E (, + F (, + G (, ) 
X y Z 

( s ) 

where 

··[ 
p (u - x) 

•v] F·[ 
p(v-y) 

V[ 
p (w - z) 

l pu (u - x) pu(v-y) pu(w-z) 
pv (u - x) pv (v - y) + p pv (w - z) 
pw(u-x) pw ( v - y) pw(w - z) + p 

e (u - x) + pu e(v-y) + pv e (w - z) + pw 
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The corresponding first order time-discretized implicit equations 

q,n+t _ q,n oEn+t C>Fn+t oGn+t 
L'IT + o~ + o~ + oC ~ 0 ( 6 ) 

are nonlinear and therefore solved iteratively by constructing a sequence of approxi­
mations, such that 

( 7 ) 

Linearizing the fluxes in ( 6 ) the Newton-method reads: 

( 8 ) 

with the Jacobians ;4. 73, C of the fluxes. The flux differences E,~, F,n and G, (, 
appearing on the right hand side (/?..+iS>. are calculated by means of a characte­
ristic extrapolation with third order accuracy in domains with smooth solution beha­
viour and first order accuracy in the proximity of shocks /13/. This method is based 
on a dimensional splitting yielding locally one-dimensional Riemann problems. By 
using a characteristic variables splitting technique, the flux differences appearing on 
the left hand side <t.+iSl, are divided up into a part which is related to the positive 
eigenvalue and into another part that is related to the negative eigenvalues. An upwind 
scheme of first order is employed. 

Since the direct solution of the Newton iteration is very time-consuming, a 
relaxation technique is used /14/: The off-diagonal elements ODDflt1 of the left 
hand side coefficient matrix are shifted to the right hand side. Thus, an equation of 
the form 

( 9 ) 

is obtained. Here, v is the point GauB-Seidel iteration index. During a Gauss-Seidel 
iteration, '/?..+iS and 'DDfltj remain at the (!-level. Applying a so-called checker­
board scheme, O'DDfltj is calculated partly from the previous and partly from the 
present values of 1'14>. Thus, a compromise between a high degree of vectorization (by 
using the previous values of 1'1 4>) and a high rate of convergence (by using the present 
values of 1'14>) has been made. The underrelaxation factor w compensates the error 
that arises from the different spatial order of accuracy on the '/?..+iS and t.+iS. 

An H -type grid with a high resolution in the proximity of the convecting vortex 
was chosen. It rotates about the helicopter's main rotor axis. Additional motion 
caused by elastic wing deformation and cyclic pitch variation is taken into account by 
moving the inner boundary of the grid which represents the blade's surface while the 
outer boundary of the rotor-blade fixed grid remains unchanged. Therefore, the grid 
needs to be renewed at each time step. This is done iteratively by solv.ing an appropriate 
Poisson equation /15/. Since each new grid deviates only slightly from the grid at the 
preceding time step, only few iterations are necessary. 
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4.2 Structural Analysis 

During the development of the new method ODISA emphasis was put on the 

correct treatment of the propagation of stress waves and the related deformations 
/16/. At the first glance this kind of structural model seems to be unusual compared 

to other methods which mainly originate from Euler-Bernoulli-beam theory and use 
modal analysis for the description of the unsteady deformations. However, modal 

analysis is based on the assumption that the wave propagation speed of tranverse, 
torsional and longitudinal waves is large compared to the ratio of the rotor-blade 

span and the relevant time scales. But in case of rotor-blades torsional stress waves 

propagate at a slow speed so that the time period to establish a well developed 
oscillation is longer than the physical relevant time (e.g. duration of BY!). Therefore 

another model with a different mathematical background is needed: 
It turns out that rotor-blades have a torsional wave speed of only about 500 

m/s (comparison: speed of the torsional wave in steel is approximately 3000 m/s). 
During a parallel blade-vortex-interaction which takes place within 10 degrees azimuth 
(5 milliseconds) a torsional wave can travel only about 2.5 m (Jess than the rotor­
blade's span). Therefore it is necessary to simulate the wave propagation process 

correctly in order to estimate the dynamical behaviour of the blade. 
Due to the 6 DOF (rotation, translation) of a beam's cross section, the governing 

equations are the following: 
Equation of momentum 

pAa'c = at (N + Q) + q ( 10 ) 

where a c is the acceleration of the centre of gravity of a material cross-section 

a·c = a~ + ac + ~c"' w 1\ e"' + ~1 w A 1\ ( w A 1\ e 1) 

with 

WA = WRA + WcA 

Equation of moment of momentum for wRA = 0 

<X = 2, 3 

piC (<p + wcA) = at (MT + MB) + m- wAI\ [p!c(wA + cp)] 

a 
+ a~1 (~CDot esot/\ Q + ~CBot es"'/\ N) 

+ [ e + ,a, (~ e + u)] 1\ (N + Q) 
1 u st CBcx sex 

<X = 2, 3 ( 11 ) 

The kinematical approximation for the deformation part of the blade motion is given by 

u = u + <P /\~ e D Dcx o:: 
<X = 2, 3 

( 12 ) 

Constitutive equations within the scope of Timoshenko's approximation are 

Bl - 5 



Equations (10) to (13) can be transformed into a system of 12 linear, first order, 
partiell differential equations which is of hyperbolic type. Due to Timoshenko and 
F!Ugge the effects of shear flexibility and rotatory inertia are included. This is impor­
tant if phenomena where short wavelengths occur (e.g. BVI, active control) are consi­
dered. Using a matrix notation the system of differential equations reads 

( 14 ) 

The canonical form of the linear, hyperbolic set of differential equations /20/ 
is given by 

f - '13 f = Cf + d 
;r ,1;1 

( 15 ) 

with the definitions 

'13 := A = f'<-v ,4<-1> -B r 
c := f'<-1> ,4<-1) cr - A f'<-1) r + f'<-1) r 

.~1 .~ 
( 16 ) 

'V "'(-1) ....... "'(-1) ....... 
f = f f are the Riemann invariants. The real eigenvalues of ,4 '13 form the main 

diagonal of the spectral matrix A and the eigenvectors of ;4<-1> 13 are the columns of 
~ 

the modal matrix f. The time derivative of the Riemann invariants along their associated 
characteristic !index (j)) is defined by 

D <i> fl = f - )c f 
D-r j,-r j j,/;1 

j = 1, 2, ... , 12 

and the characteristic directions are found using 

D<i>~1 
--- -A Dt - i j = 1, 2, ... , 12 

Along the characteristic directions the so-called compatibility relations hold: 

D<i>f. 12 
.!::___!.L = :z:: c f + d 

Dt k= 1 ik k i 
j = 1, 2, ... , 12 

( 17 ) 

( 18 ) 

( 19 ) 

For the numerical integration of the compatibility relations the method of Heun is 
used (*indicates values at the new time level, o defines the values at the old time 

level of the j-th characteristic) 

+ (C f )(o) J + d(•) + d(o)} 
jk k j j 

in matrix notation: 

( 20 ) 
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The application of a series expansion 

( 21 ) 

leads to the finite difference equation for interior grid points 

( 22 ) 

Each wave is traced in its own grid so that numerical dissipation usually caused by 
interpolation errors is minimized. At the left and right boundaries of the one-dimen­
sional structure six boundary conditions have to be fulfilled. In case of a hingeless 
rotor-blade all the kinematic variables like torsional angle, bending angles, shear 
angles and displacements are specified at the blade's root. At the tip of the blade the 
dynamic variables (moments, forces) are given. 

4.3 Aeroelastic Analysis 
For a fully coupled analysis of the flow part and the structural part the following 
equations have to be solved simultaneously: 

1. Step Computation of the actual structural deformation 

( 23 ) 

2. Step Computation of the actual flow and calculation of the airloads 

<l? +E +F +G =0 
·' .~ .n ,( 

q:,n+1 - ( 24 ) 

The schematic (see Figure 1) shows an additional subiteration within one time step. 
During this iteration the airloads dare updated by averaging between the old and the 
new time level 

d = a · Jn + (1 - a) Jn+! ( 25 ) 

This process is repeated until the relative changes in the solution disappear. 

S. Results 
Various unsteady test cases have been calculated /12/, 1171 to evaluate SOFIA. The 
computation of the Standard AGARD-Test-Cases for pitching and plunging airfoils/ 

wings with INFLEX shows good agreement with experiments and results from other 
authors. As mentioned above the parallel blade-vortex-interaction has been investigated 

by many researchers and a lot of computational /8/ and experimental results /4/ are 
available to compare with. Here a test case with freestream Mach number M= = 0.73, 
vertical distance between vortex and airfoil at infinity Yw==-0.26, circulation of the 
vortex f = 0.4 is considered. The computation is initialized by computing a steady 
state solution and introducing the vortex 4 chord lenghts in front of the airfoil's 

leading edge. A Lamb type model is used to describe the initial structure of the 
vortex. Figure 4 shows the feasibility of SOFIA to predict the relevant flow phenomena 
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like "compressibility" and "transonic" waves. The unsteady lift distribution is given in 
Figure S. A comparison with other methods shows good agreement. 

Based on these preliminary computations to evaluate SOFIA, computational 
studies taking the elasticity of the rotor-blade into account have been performed. In 
case elastic deformations occur the rotor-blade deforms. Figur 6 shows the results 
for a test case with two degrees of freedom (pitch: w1 = 1 , plunge: w2 = 1.2 ). Depen­
ding on the distance between the shear centre and the centre of gravity the time 
histories change significantly. Obviously energy is transferred from plunge to pitch. 
The comparison of the lift and moment distribution with a rigid blade solution shows 
that the elastic deformations have a tremendous effect on the airloads. 

An analysis of a complete three-dimensional interaction of a vortex with an 
elastic rotor-blade (Figure 7) was performed. The rotor-blade is linearly twisted and 
has an aspect ratio of 10. The grid consists of 80 points in azimuthal direction, 40 
points in axial direction and 40 points in radial direction. In opposite to a full analysis 
of a helicopter rotor in forward flight where a fully converged periodic solution of 
the flowfield is calculated /18/, /19/ here only one BVI phenomenon is numerically 
simulated. gure 8 shows the angle of attack as a function of time. In case of a 
rigid-rotor- olade the angle of attack remains constant. In Figures 9 and 10 a comparison 
of the airloads for an elastic and a rigid blade is given. 

6. Conclusions and Perspectives 
SOFIA has been applied to compute blade deformations during BVI and their impact 
on the pressure distribution about the rotor-blade. For the prediction of the three­
dimensional, compressible (transonic) flow a modification of the well-known INFLEX 
code is used. The structural analysis is done using ODISA - a code based on TIMO­
SHENKO-beam theory. An aeroelastic analysis of a rotor-blade undergoing a blade­
vortex interaction has been performed to demonstrate the feasibility of SOFIA to 
treat this highly complex phenomenon. The computations are promising and show 
that the full coupling of CFD and structural analysis can indeed be used to make a 
significant contribution to the understanding of vibratory loads and acoustics. Further­
more SOFIA offers the opportunity to study the impact of control movements from 

active control devices on the rotor blade's flowfield. 
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Figure 8: Angle of attack versus time 
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