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Abstract 

Theoretical and experimental studies on helicopter 

rotor-fuselage interactional aerodynamics are conducted al 

ONERA. Wind tunnel unsteady pressure measurements on the 

fuselage of a helicopter powered model (Dauphin, scaled at 

1(7 .7) are presented. The flow unsteadiness, mostly 

dominated by a frequency corresponding to the blade 

passage, is clearly apparent on these experimental results 

even for high advance ratios, when rotor-fuselage interaction 

is often supposed to be weaker than at low speed. Unsteady 

pressure signatures depend on the advance ratio variations if 

the transducer is located ncar the edge of the rotor wake, and 

on the rotor lift variations when the transducer is located 

inside the rotor wake "tube'', A code based on the iterative 

coupling between a 3-D low order panel code with doublet 

and source distribution for the fuselage and a lifting line 

method for the rotor with a free wake modelization has been 

devclope<i. An unsteady pressure computation module has 

been elaborated by writing explicitly the temporal potential 

variation. Comparisons between the cx:pcrimcntal (unsteady 

pressure and instantaneous velocity field measurements) and 

analytical results arc. generally fairly good, showing that the 

computational method presented can predict complex: and 

realistic helicopter configurations. Nevertheless the remaining 

discrepancies in the correlation show that the effort has to be 

pursued especially in the unsteady pressure computations as 

well as on the experimental deterroination of the rotor wake 

geometry. 

This research was supported by the French Ministry of Defence (STPA 

"Service Technique des Programmes ACronautiques" and DRET 

"Direction des Recherches et Etudes Techniques") 

2 Ph. D. Student, ENSAM (Ecole SupCrieure d'Arts et MCtiers), Paris. 

1 Introduction 

The development of efficient aerodynamic methods to 

compute the flowfield around helicopters, taking into account 

all their componems (fuselage, rotors, lifting surfaces, etc .. ) is 

still facing a huge challenge. 

On the one hand, the aerodynamic phenomena involved cover 

a large spectrum of problems such as unsteadiness, dynamic 

stall, blade vortex interaction, transonic flow and viscous 

crrects. If some of these basic aerodynamics problems are well 

understood, and thus can be efficiently simulated, a robust 

technique which can be easily and accurately used when all 

these phenomena occur concurrently is sti!! missing. 

Moreover the resolution of the cornplcte Navicr-Stokcs 

equations with adequate grid density lo obtain reliable resu!L<;, 

which will be the final st.age of rotorcraft CFD, is still suffering 

from a lack of computational performance (both memory a11d 

speed) and "know-how". Nevertheless, awaiting t.his future 

designers, researchers and manufacturers need aerodynann~o 

informations on the whole helicopter configuratHHl 

Consequently, assumptions have to be make when numcrK.tl 

methods dealing with complete helicopters arc develor>~:d 

These hypotheses can have a physical nature, for instance t--~ 

neglecting the fluid viscosity, or by simplifying ttl{' 

configuration itself (calculations of helicopter aerodynam1o 

without tail rotor). Anyway these approaches indul.:c 

necessarily limitations, and a critical analysis of the numerical 

results is mandatory. 

On the other hand, experimental studies on helicopter 

powered model in wind tunnels or flight tests require 

sophisticated equipment and the constitution of a useful data 

base for the validation of the methods is a very time 

consuming process and is therefore costly. 

At the Aerodynamics Department of ONERA, expcrimcmal 
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and Lhcorct.ical studies on the helicopter rotor-fu$c!age 

aerodynamics have been undertaken in order to improve the 

understanding of the phenomena involved, as well as to 

develop and validate accurate and efficiem compul<Hional 

methods. 

A coupled mctlwd for helicopter rotor-fuselage configurations 

is under development by coupling two singularity codes. The 

first code, developed at ONERA, computes the fuselage by 

using a classical low order panel fonnulation wit11 source and 

doublet distribution. The second one, simulating the rotor, 

was initia!ly developed by Eurocopter france: it is a lifting 

line method with a prescribed vortex wake. A free rotor wake 

version of this code has been developed at ONERA. The 

iterative coupling between the fuselage and the rotor codes 

(either with or without a free rotor wake) is based on a 

quasi-steady approach and is achieved by an azimuthal 

marching technique. After the process convergence, a fuselage 

unsteady pressure computation is completed. 

From the experimental point of view, tests have been 

conducted at the S2 Chalais-Mcudon subsonic wind tunnel on 

a helicopter powered modeL Unsteady pressure measurements 

on the fuselage surface of a realistic Dauphin model (scaled at 

1n.?) were performed for different advance ratios and 

simulated masses. The presem tests complete t.hc previous 

ones which consisted in the instantaneous measurement of the 

velocity field around the powered model by a Laser Doppler 

Vclocimeter technique {1\. 

The thcorct.ical met110ds used prcscmly arc briefly described, 

and then the main results of the unsteady pressure 

measurements arc presented. Comparisons between t11coretical 

and experimental results on the velocity field as well as on the 

fuselage unsteady pressure arc shown and commented. 

2 Description of the computational method 

(PEIRF code) 

Tile PElRF code (stands for "Programme d'Etudc d'lnteraction 

Rotor Fuselage") is based on an iterative coupling between 

two codes, one modeling the fuselage, the other one the rotor 

and its wake. The mat11ematical formulation of these two codes 

arc briefly presented below, before describing the PEIRF code 

itself. 

2.1 Fuselage code 

A low order pane! method (constant source and doubkt) used 

for helicopter fuselage cnlculations has been dcvclopt:d at 

ONERA (2j, The fluid is assumed to be in\'iscid. 

incompressible and irrolational over the whole flowfield 

around the fuselage (tx>tentiat Oow) and is thus governed by 

the Laplace's cquat.ion: 

(I) 

where <p is the velocity potent.ial (V = V <p ). The solution <p of 

the linear equation (1) depends on the boundary conditions of 

the problem which include the two physical boundaries 

namely the fuselage surface and the "infinity" surface: 

- a Neumann condition on the fuselage surface (zero 

normal velocity com{X)nent): 

aq> 
=-= 0 

an 
(2) 

- the fluid is undisturbed far away from the fuselage: 

tp ~ cp"" al infinity (3) 

Using the linearity of the Laplace equation and Green's 

theorem, solution of (I) can be expressed; in an integrJl form, 

by the summation of clcrnenlary singularity (sources cr and 

doublets~) distributions over the fuselage surface: 

I r r q> =- l !ln 
4n J 

fuselage 

(4) 

Nevertheless equation (4) does not represent a unique 

solution of (1), since an infinity of combinations of source and 

doublet distributions can be used. Considering a Dirichlet 

condition for the inner potential (i.e. inside the body) or, 

which is equivalent, that there is no flux across the solid 

boundary of the fuselage, the inner potential cp. is then 
m 

constant 
acpin 
(-- = 0, sec for instance [3]) and we can choose in 

an 
particular 
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crin = cr 00 
(5) 

Using this new boundary condilion in equation (4), the 

p<.:rturbation potentia! q> = fi'· - <p can be now cxprcssr.:d, at 
r m """' 

the surface of the fuselage by: 

2n ~ = I 
p J 

fuselage 

(6) 

with an explicit form for the source teml, using the slip 

condition (2): 

a~ a~ 
-cr = --2!2 = ____.: = n · V (7) 

an an 

TI1e initial problem is now completely solvable and the 

knowledge of the singularity distributions, J.l and cr, on the 

fuselage surface allows to compute the velocity on the 

fuselage surface: 

v = v + crn -V
5 
~ 

fuselage 
(8) 

where V 5 is the gradient operator on the fuselage surface 

( V 5 J..l is the fuselage's tangential component of the 

perturbation velocity while crn ""-(n · V 
00

) • n is the normal 

component). Velocity at any point x around the fuselage is 

·computed by differencing the potential: 

V(x)=Voo+ 4~ "[f [~n v[~)-o[~)]cts) (9) 

fuselage 

Numerically, the fuselage surface is discretizcd with N 

quadrilateral or triangular panels and the singularities are 

supposed constant by panel. Equation (6) 

is discretized at each panel center and can be written as a 

linear system of N equations for N unknown values (doublet 

strength )..l): 

N 

l:AijJ..lj::: bi 
j=l 

(I 0) 
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with A.. = 21t 
" 

A .. =-f .i.l _I_Jds.; *i 
IJ dn.l r .. 

j\ !J 
r 

J 

N 
b =-I v 
' . nJI fds ,, 

r. 
J 

Integration of A .. and b. arc performed analytically using the 
'l ' 

Hess and Smith formulation [4). The linear system (10) is then 

solved by classical techniques LU decomposition or 

iterative methods - depending on the type of computer and the 

number N of fuselage panels. 

2.2 Rotor code 

1l1e lifting line method used for the simulation of the rotor and 

its wake was initially developed by Eurocopter France 

(METAR code, "Modele d'ETude de I'Aerodynamique du 

Rotor") [5]. The blades are replaced by lifting lines located on 

their mean chord and the actual continuous circulation 

distribution along the blade span is discretizcd by a step 

function (sec figure I), Despite these simplifications, METAR 

can take into account the real parameters of the blade such as 

Actual circulation (continuous) 
-+- Discretized circulation 

/r, 
I 

I 
I ' '' '' '' 

Fig. 1 - Rotor code - Blade discretization 



evolutive chord, twist, anhedral, sweep, etc .. The rotor wake is 

represented by a lattice of longitudinal and radial linear 

vortex segments (figure 2) with a prescribed geometry. The 

vortex strength of a segment is related to the circulation of the 

lifling line at the time step (or azimuthal rotor position) and the 

span position where it was emitted. The rotor aerodynamic 

solution is carried out by an iterative process initialized by a 

mean Meijer-Drees induced velocity: the lift is obtained 

through 2-D experimenr.al airfoil r.ablcs wilh the computed 

local angle of incidence and Mach num!x:r, and the 

circulation is derivatcd from the Joukowski Jaw. TI1e new 

velocity distribution induced by the rotor wake at the rotor 

collocation points is given by the Biot & Savart formula, 

Because the airfoil tables come from expcrimenlal results, real 
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Fig. 2 - Rotor code - Rotor wake modelling 
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effects as dynamic stall, transonic flow, compressibility, are 

implicitly taken into account. The criterion of convergence of 

this process is based on the variation of the induced velocity 

distribution at the rotor control points between two successive 

iterations. Note that in this formulation, the Kelvin's theorem 

(conservation of the total angular momentum): 

nr = 0 
Dt 

(II) 

is implicitly verified since the voncx segments keep !.heir 

strength while they arc convected. Tile wake discretization 

covers only three rotor revolutions, which is sufficient for 

current applications, 

ONERA has developed a free wake version of the METAR 

code called MES!R ("Mise en Equi!ibre du Sll!age Rotor"). 

1llC initial prescribed METAR rotor wake is distoncd hy 

laking into account the velocity induced by the rotor wake on 

itself [6]. For each .rotor azimuth, the vortex segmems arc 

moved taking into account the velocity induced by the blades 

and the rotor wake itself instead of using a uniform inOow as is 

done in the METAR code. In this azimuthal marching 

technique, the strength of the vortex filaments arc computed 

again at a frequency corresponding to the blade-to-blade 

interval. The criterion of convergence is based on the stability 

of the rotor wake geometry and for current applications, three 

rotor revolutio11.~ achieve a good convergence level. 

2.3 Coupled method - PEIRF code 

The iterative coupling procedure is based on a quasi-steady 

approach and is achieved by an azimuthal marching 

technique (sec figure 3). Rotor and fuselage compur.ations, 

considering tl1cse two clements as isolated, arc used to 

initialize tl1e process. Then two overlapped loops arc started. 

For each azirnutl1al position of the rotor 'Vi' the most internal 

loop computes, at the rotor wake points, tllC velocity induced 

by the rotor and its wake V rotor+wake and by tllc fuselage 

V fuselage· These rotor wake points arc then moved and the new 

rotor wake geometry xi+l is given by: 

X,.1 = X(1jl + 61j1} = 

X ( "-'!' i + V rotor+wakc ('V) + V fuselage ('V) + V oo) .Q (12} 
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I Initialization I 
l 

llteration ~ 
l 

-l Azimuth'!' I 
l 

Wake distortion under the influence of 
Vfuse!age and Vrotor+wake 

l 
Calculation of velocities induced by the rotor 

and its wake on the fuselage (Vwf) 

r 
lr= I+ t I 

Calculation of new singularities intensities 
on the fuselage (eq.(10)) 

l 
I Azimuth '!'='!'+A'!' I 

~ 
Calculation of induced velocities 
at the rotor control points 

l 
Calculation of the new circulation distribution 

~ No 
I Convergence on rotor induced velocities ? 

~ Yes 

Fuselage unsteady pressures computation 

~ 
I Output of results I 

Fig. 3 PEIRF code - Flow chart 

The fuselage is then immersed in this new rotor wake geometry 

and a fuselage calculation is performed in order to update the 

singularity strength, taking into account the velocity V wf 

induced by the rotor wake on the fuselage. These velocities 

are computed, using the Biot and Savart formula, on the center 

of the fuselage panels. The new boundary condition (7) 

becomes: 

-O(IV + 61V) = n · ( V + V (IV+ 61V)) 
- wf 

( 13) 

Only the right hand side of the linear system (10) is modified 

(the Aij terms only depend on the fuselage geometry). The 

resolution of this new linear system is straightforw<Jrd and 

very quick wit.h a LU method because the inverse influence 

matrix is computed once, stored and the solution of (10) is 

therefore a simple matrix-vector producL If an iterative method 

is u~~d. the resolution of (10) is not very time consuming too 

OCcausc the process can be initi<J!izcd hy the solution found at 

a previous itcr.1tion. Anyway, the resolution of equation (10) 

gives the doublet intensity distribution on the fusci<Jgc and the 

process is repeated for the new azimuthal position. It is not 

necessary to perform this inner loop for a whole rotor 

revolution, since the periodicity of this problem is limited to 

the blade-to-blade interval. The outer loop computes the new 

circulation due to the new rotor wake geometry. This is 

obtained, as in the METAR or MESIR codes, by the recursive 

process which links the induced velocities at the rotor control 

points and the rotor wake circulation via the airfoils tables, the 

local lift and the Joukowski law. Other code architccturcs 

have been tested, for instance inversion between the two loops 

(i .c. convergence first on the circulations for each azimuth), 

but the one presented here is the quicker and the more stable. 

Convergence of the algorithm is controlled looking at the 

evolution of the rotor wake geometry and of the induced 

velocities at the rotor control points. 

Previous work has been already rx:rfortncd using this basic 

procedure [7 ); however, significant improvements have been 

added to this original method. 

First of all, the whole code architecture was rebuilt, some 

subroutines hcing completely rewritten,' and validated on 

simple cases, in order to obtain a modular program. The 

present PEIRF version runs on various computer types (Cray 

YMP, Allianl, Sun, IRIS). This allows to have the same code 

for basics research (such as convergence tests, close 

interaction models, ... ) on simple rotor-fuselage interaction test 

cases with coarse rotor wake and fuselage discrcti7.ations, and 

for more realistic configurations where the fuselage can 

have up to several thousand panels. 

Another important improvement of the method is the free rotor 

wake approach. The previous method coupled the fuselage 

code with lhe METAR code (prescribed rotor wake) while the 

PEIRF code couples the fuselage code with the MESIR code 
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(free wake metlwd). It can be seen from equation (12) that the 

rotor wake geometry is deformed using U1e total local 

velocity, 

Computations using singularity methods can be very tirnc 

consuming when a good resolution is required, and thus the 

discreti7.ation is augmcmed. In parlicular, the induced 

velocities at the rotor wake points by the fuselage singularities 

can take more Lhan 50 % of the total time. Several previous 

works (theoretical and expcriment.al), [4], [7], [R] and [91. 

show that the fuselage effect l:x:co1m~s very weak, compared 

wit.h the rotor wake effect, when the point considered is "far 

enough" from U1e fuselage. It was so natural, to save 

computational resources, to consider a far ficld and a ncar 

field in U1e computation of the induced velocity by the 

fusc\age at the rotor wake points (equation (12)). The 

difficulty is to precise what "far enough" nwst be and titUs to 

carry out an efficient and general algorithm. [4] presents the 

Hess and Smith formula considering a ncar field where the 

complete formulation is used and a far field where the 

quadrilateral constant source and doublet singularities are 

replaced by a point source and normal axis doublet located at 

the center of the pancl.s. The second formulation (far field) is a 

very fast and accurate way to compute the velocity induced by 

a singularity panel when U1e distance between the point of 

interest and the panel center is more 1.han 4-pancl diagonals: in 

U1is case, the difference between the results given by the two 

formulations is less than I %. This far field formulation is of 

course wrong, even diverging, when the distance becomes 

small. Taking U1is above definition of "far", it can be sec that 

very few rotor wake poinL~ arc really "ncar" (i.e. at a dislance 

less than 4-pancl diagonals) of a panel center and when U1is 

occurs, U1is particular rotor wake point is ncar only of the few 

neighbouring panels and not of the whole panels composing 

UlC discrctizcd fuselage. Therefore U1c following procedure 

has been devclopC(l for the computation of the velocity 

induced by Lhe fuselage at Lhe rotor points: 

I. Computation of Ute induced velocity by each source and 

doublet panel at the rotor wake points, using the far field 

formulation. A cut-off is applied when the rotor wake is 

too close to a panel. 

2. Computation of the distance r.. between each couple of 
•J 

panel j and rotor wake point i. Comparison of this 

r .. 
determination of the couples (i,j) for which ~ $ CRIT, 

d. 
J 

where CRIT is the criterion of transition "ncar field-far 

field" (usually set between 2 and 4). 

3. For the (i,j) couples computed at the step 2, subtraction 

at t.hc rotor wake point i of the contribution of the 

velocity induced by the panel j computed at step I. 

4. For the (i,j) couples computed at the step 2, 

computation, using the exact ncar field formula, of the 

contribution of panel j at the rotor point i. 

This procedure S<:-cms quite complicated and time consuming 

because some contributions arc computed three times. 

However, it should be noted that steps I, 2 and 3 arc very faq 

(they usc only two overlapped loops) and that steps 3 and 4 

arc performed only for a linlc fraction of couples (i.j) 

depending of the criterion CRIT. For our current applications 

this fraction varies between 5 % and less than 1% of the total 

number of couples. This fonnulation allowed to decrease from 

a third up to a half of the computational time depending on the 

computational case and the type of computer used. 

Finally, the last improvement presented here is the unsteady 

pressure computation on the fuselage. Because the PEIRF 

code is based on a quasi-steady approach, a specific 

algorithm has been developed. The unsteady pressure 

calculation occurs at the end of a PEIRF computation when the 

process is fully converged. The fol!owing paragraph presents 

the development of this calculation. 

2.4 Fuselage unsteady pressure cilculation 

This calculation is based on the unsteady Bcmou!li Lhcorcm: 

a~ v2 r 
- + - + constant on a streamline 
dl 2 p 

(14) 

Where <P is the potential, Y U1e total velocity and P tl1c static 

pressure. 

Using (14) between the frcestream and a point M on the 

fuselage surface, the unsteady pressure coefficient Cp can 
u 

distance r.. and the diagonal d. of the panel j and be defined as: • • 
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V(M,t)
2 

2 o<p(M,t) 
Cp(Mt)-1-------- (15) 

u ' - y2 y2 Ot 
~ 

The total velocity V(M,l) is computed iteratively at each 

azimuth on the panel centers (sec section 2.3). The main 

difficulty is then the calculation of the unsteady term 

o<p(M,t) 
The potential on the fuselage surface has three 

at 

contributions: 

<p(M,t) = <p k (M,t) + 'P~ -~(M,t) 
rotor+wa c 

( 1<\) 

where ~ is the doublet intensity dctcnnincd by equation (0). 

Note that !J.(M,t) represents the difference between the 

fuselage inner and Lhc outer potential. !p mtor+wakc (M,t) is the 

potential induced by the rolOr and its wake. Derivation of 

(16) gives: 

( 17) 

The time derivative of doublets 1.1 is computed at each 

azimuth by finite difference, while the derivation of 

<protor+wake is analytically calculated by separating lltis 

potential into two potentials q> rotor (blade potential) and 

4'wakc' 

The rOlor blades arc modclized by lifting lines on which the 

circulation distribution is discretized by a step function (sec 

section 2.2 and figure 1). To compute the potential induced by 

the blades lprotor' each segment of the llfting Jines is replaced 

by a plane surfacic doublet of intensity llrotor = rrotor (figure 

4). Every point M on the fuselage is far enough from the bludcs 

to assimilate the surfacic doublet distribution to a doublet 

point located at the center of the blade panels. The time 

derivative of the potential induced by a doublet is therefore : 

o<p (M,t) 
rotor 

dt 

s d 
0

J.trotor _!_ i . n + 11
rotor 5 [ -2 Oro i . n J (IS) 

4n ot 2 ° 0 4n d 3 ilt 0 0 
r 0 r 0 

ln-1 rotor 

~rotor 

a) ••-+n-+-. - ~ rotor = ~ rotor 

b) 

~ ~-1 rotor = ln-1 rotor 

~ : W Iii! ~-.~r,_ 
~rotor ......... ~ n-1 rotor ~rotor 

J-y 
X 

Fig. 4 - PE!RF code - Blade discretization for fuselage 

unsteady pressure compwations 

where n 
0 

is the normal to blade panels, r
0 

= MP 
0 

with P 0 

MP0 
doublet, io =-- and sd 

MP
0 

center of the is the doublet surface. 

The first term on the right hand side of equation ( 18) is 

proportional to the blade circulation changes and the second 

term corresponds to the blade velocity at point P 
0

. 
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The wake is simulated by a vortex sheet !railing from the 

lifting lines and constituted by a network of quadrilateral 

doublets (figures 2 and 4.b). The surfacic expression of the 

potential induced by each doublet can be transformed into a 

contour integral [ 10): 

!p wake (M) = 

_r w•ko [ \1 (~) n ds = r w•ko 

4n .V P r P 4n 

r l A r 4 dl (19) 
) r (r+ l . r) 

s, c 

with r = MP, z is the vertical axis and C is the contour of a 

quadrilateral doublet P 1P ll4 (figure 4.b). Since the 

intensity of each doublet r wake is conserved with time (see 

section 2.2), the time derivative gives: 

A 
where 

a~ , <M.<J w• o 

r[~) ... r[~) .. 
P. P. 

r ' 
wake L 

47t i"' I. 

' ' 

7./\r 7./\U 
and r = r · u 

r(r+z·r) l+z·u r 

(20) 

On the right hand side of equation (20), the first term takes 

into account the doublet convection effect and the second term 

the doublet distonion effc-et. 

In order to simplify the calculalions, the unit vector u is 

replaced by a mean direction u0 between M and the middle of 

the segment P ti+ 1. This allows to put the expression 

z /\u
0 

A
0 

= ---'-- out of the integrals. 
1+ z . uo 

After an analytical integration, we have 

{ cocf1(i) V"g [ ~~ · A0J + 
iJ!p wak/M,t) = f wake ~ 

at 47t i::t 

+ cocf2(i) [gradU] [ ~: · A 0)} 
(21) 

with cocf
1 
(i) = 

v stems from the time derivation of A and is the mean 
seg 

velocity of the segment Pi Pi+! when [grad U] term is the 

velocity gradient along a segment 

(V P - V P) L 
hi 1 I 

L. L. 
' ' 

Finally, the contribution of each doublet is added at each 

azimuth. 

3 Experiment 

Tests on an helicopter powered model have been performed in 

the ONERA S2 Chalais-Meudon wind tunnel. Unsteady 

pressure measurements on lhe fuselage have been done for 

different advance ratios (0.1 ~ ~ S 0.3) and simulated masses, 

The powered model was composed of a very detailed and 

realistic Dauphin fuselage (scaled at tn.7, about 1.5 meter 

long) and of a fully articulated hub with a four-bladed rotor 

The rotor blades were rectangular with a constant OA209 (9'1 

thick) airfoil of 0.05-meter constant chord, a -12° linear tvo~\l 

and a tip speed of 100 m/s for a diameter of 1.5 meter cnn r.: 

= 21.2 Hz). The collcct..ive and cyclic pitch angles v.l'n: 

controlled by three electrical actuators acting on a 

conventional swashplate. The flapping motion is measurl'd 

and decomposed in Fourier series. Figure 5 shows the 

locations of the 44 unsteady pressure transducers (± 2 PSI D 

measurement range). Each transducer was temperature 

compensated and calibrated individually before their 

installation in the fuselage shell. 

Results presented in this paper were obtained on a full rotor 

revolution with a sampling frequency of 1.35 KHz (64 

samples by revolution or .1.\j.l = ~.6"). For a given Oight test 

condition, the records were performed simultaneously on 24 

transducers; two groups of 24 transducers were enough to 
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obLJin a complete acquisition. 1l1crefore 4 transducers 

allowed a crosschecking of the infonnations between the two 

groups. The transducer signals were recorded, for the 64 

azimuthal positions, during 10 SUC(.;essivc rotor revolutions, 

and an arithmetical average was then pcrfonncd for each 

chunncl. 

Figure 6 shows t.he mean static pressure coefficient C for 
p 

transducers located on the upper longitudinal line for diffcrem 

advance ratios. For these cases, the mean pressure distribution 

is very similar as soon as the advance ratio is greater than 11 = 

0.2. For the lowest advance ratio (jJ. = 0.1), the pressure' 

distribution and specially the pressure coefficient greater than 

unity, suggest severe rotor wake - fuselage interaction. The 

behaviour of these pressure distributions looks as if the rotor -

fuselage interaction disappears or at least remains constant for 

advance ratios greater than ~ = 0.15. Nevertheless the 

classical pressure coefficient c is not very suitable for 
p 

helicopter analyses since it is difficult to separate clearly the 

effect of the advance ratio variations and the effect of the rotor 

• 
wake interaction. A more appropriate pressure coefficient C 

p 

is defined, normalized with the blade tip velocity which 

remains constant for all the tests, instead of using the 

frccstream velocity (sec for example [ 11 j). Figure 7 presents 

the same data shown in figure 6 with the blade tip velocity 

norlllalization cc* = 100 ~ 2 c ). Tile decreasing interactional 
p p 

effect is not so strong as figure 6 would indicate. 

Figure 8 shows the time history signals for transducers located 

on a upper longitudinal line for diffcrclll advance ratios (~ = 

0.1-0.15-0.2-0.3). At locations 4, 34 and 38 the unsteady 

rl!sponscs are in phase, quite regular with a •n 
quasi-sinusoidal shape and the advance ratio variations 

produce only amplitude changes. 1l1ese behaviours can be 

interpreted as the blade passage effect. The transducers no. 

11, 20 and 27 do not present the same regularity; for the low 

advance ratio (J..t $ 0.2), the signals are also not very sensitive 

to the 1.1 variations but for a high advance ratio (j.t = 0.3), the 

unsteady responses become more chaotic. Transducers 11 and 

20 present not only a 40. frequency response but also higher 

frequencies, when transducer 27 presenlS a complete 

disorganized response. These signatures are characteristic of a 

rotor wake-fuselage interaction. Nai-Pei Bi and G. Leishman 

[ 12] have described four characteristic unsteady pressure 

signatures on their unsteady pressure measurements for their 

helicopter powered model tests performed at the University of 
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Maryland. Their relevant analysis proposes a classificalion of 

lhcse signatures: one is representative of the blade passage 

when the other three are typical of a direct or indirect rotor 

wake fuselage interaction (close wake-body interaction, rOLOI 

wake-body impingement and postwake impingement). In our 

Dauphin mcasuremcnL<>, the blade pass<Jge effc\.:L'> arc clearly 

apparent when the three types of rotor wake-fuselage 

interactions arc not as recognizable as in the Maryland tests. 

This is probably due not only to the more complex Dauphin 

fuselage shape used in the ONERA tests, but also to the 

reduced number of runs (both advance ratios and simulated 

masses) pcrfonncd at the $2 Chalais-Meudon wind tunnel. 

Figure 9 presents the sensitivity of the unsteady response for 

rotor lift variations for a fixed advance ratio. For the locations 

~=0.10 ---·-· ~=0.15 
1. Cp 

-1. 

1. Cp 

~=0.20 o--o ~=0.3C 
Transducer 4 

outside the rotor wake (transducers 4 and 11), there arc no -1. 

changes in the signatures when variations of the rotor lift 

occur. On the other hand, for transducers 20, 27, 34 and 38 

located inside the rotor wake, the fluctuations due to the blade 

passage effects arc greater when the rotor lift is increased. This 

is a confirmation of the added energy throughout the rotor disc 

and in the rotor wake "tube". 

Finally, in figures 8 and 9, some signals present also a strong 

2n frequency (sec for example figure 8, location 38 for ).l. = 

1. Cp 

-1. 

1. Cp 

Transducer 20 

Transducer 27 

0.1). This low frequency origin might be due to different blade 0. ~--!'ft-f-',1(;-""-'\:*;i\-1C-ii.--'\-;;'',j'-"''o::f-";;-T-:f'-":h'-'-" 

characteristics but another origin could be low frequencies 

coming from the fuselage wake. 

4 Comparison between calculation and experiment 

Calculations were pcrfonncd on the Dauphin powered model 

configurations. 

4.1 Velocity field around the helicopter 

TI1e unsteady velocity field was measured around the 

Dauphin powered model using a three dimensional laser 

velocimeter (LDV) in two transversal planes located at x!R = 0 

and x/R = 0.42 (figure 10) on the advancing side of the rotor 

disc [7]. The advance ratio was ~ = 0.2 and the simulated 

mass corresponds to a rotor lift of CT/cr = 0.0725. 
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the Dauplu'n powered model 

Figures 11 and 12 show comparisons tx:twcen two 

computational mct.hods and experiment on the mean lateral 

velocity evolutions along the Y axis at different altitudes (7./R) 

for the two measurement planes. The first coupled 

rotor-fuselage computation is performed with the previous 

numerical method (METAR model for the rotor wake) when 

l11c s<X:ond one is performed wirll the PElRF code (MES/R free 

wake model for the rotor wake). The free wake model 

improves the comparison wilh experiment, in particular, for 

the more downstream plane, the velocily gradienL<;, due to the 

mean effect of the tip vortices arc quite well predicted by the 

PE!RF code. The free wake approach (PEIRF code) gives 

certainly a better rotor wake geometry than the prescribed rotor 

wake method. Ncar the fuselage (YfR-,JoO), the differences 

between free wake and prescribed wake models arc visible 

only in the more downstream measurement plane (x!R = 0.42). 

The lack of experimental points in this region does not allow 

to draw further conclusions. Moreover, vJscous effects, which 

are not accounted for by the potential code can also have a 

preponderant influence for these points located in the vicinity 

of the fuselage. 

Instantaneous velocities (lateral and vertical component) arc 

presented in figure 13 for points located in the more upstream 

plane, ncar the blade tip. Azimuthal evolutions of vertical and 

lateral instantaneous velocities (amplitudes and phases) are 

well predicted by the PEIRF code. The computational 

impulsiveness of the vertical component. characteristic of the 

blade passage effect. matches quite successfully the 

experimental result (sec figure 13, y/R = 0.96). 

4.2 Pressures on the fuselage surface 

This paragraph presents the comparisons between 

computation and experiment for a test configuration described 

in section 3 (~ = 0.1, CT/cr = 0.0725). 
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Figure 14 shows the unsteady pressure coefficient evolution 

for different sensors located on the Dauphin fuselage top line. 

The quasi-steady computation only takes inlO account the 

local velocity to calculate the pressure coefficient (eq. (15) 

without the unsteady term Oq:~/Ot). The other computation takes 

into account the unsteady term including the rotor+wake and 

the fuselage inOuence (equation (17)). Figure 15 shows the 

same sensors locations, with the influence of the blade effect 

only (dq:~roto/Ot, equation (18)) and of the total unsteady term 

(Cl!f\oto/at + acpwak/dl, equation (18) and equation (21)). 

Figure 14 shows that the amplitude levels arc mainly due to 

the unsteady term. Figure 15, shows that on sensor 4, the rotor 

effect is preponderant, because ncar the fuselage nose, the 

rotor wake is far and the main effect is due to blade passage. 

Tile calculation gives a regular sinusoidal signal, similar to 

cxrx;riment but with an underestimated amplitude and a 

shifted phase. 

On sensor II, the wake interacts the fuselage and is thus 

responsible for an irregular computed signal. The 

experimental signature is also characteristic of a wake-body 

interaction as discussed in section 3. On sensors 20, 27 and 

34 downstream the hub, the wake effect is preponderant in 

comparison with the blade passage effect. The calculation 

gives an opposite phase on sensor 20 which is probably due. 

to separated flow behind the fairings, which a potential code 

can not predict. On locations 27 and 34, where the fuselage 

has a smoother shape, the phase is then better predicted by 

calculation with an underestimated amplitude. 

Figure 16 shows the pressure evolution on sensors located in a 

section ncar the empennages (section F). The wake effect is 

still preponderant. 111e unsteady wake effects computed by 

the PEIRF code improves the experimental correlation 

especially on the amplitude. This shows that the unsteadiness 

of the rolOr wake must be taken into account in the 

computations. The shifted phase origin is not yet still 

completely understood; an hypothesis could be !hat the 

computed points tlo not coincide exactly with Ute real 

transducer locations. The relatively coarse azimuthal 

discreti7..ation (II 'I' !5°) could be also responsible for this 

shifted phase. 
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5 Conclusion 

An experimental investigation has been performed on a 

Dauphin helicopter jX)WCTcd model in the S2 

Chalais-Mcudon wind tunnel. Unsteady and mean Slatic 

pressure measurements on 44 locations on the fuselage have 

been achieved for different flight configurations. Mean static 

pressure coefficients greater than unity are observed on the 

fuselage surface meaning that energy is added by the rotor to 

the flow. The unsteady results show that the dominant 

frequency is linked to the blade passage effects; nevertheless 

when severe rotor wake-fuselage interactions occur, highct 

frequencies can also be present in the unsteady response. The 

unsteady pressure fluctuations arc of the same magnitude or 

even can be greater than the mean value showing t.hat unsteady 

cffccLS must be laken into account in the numerical models. 

Two types of signalUre arc clearly visible: one is characteristic 

of the blade passage effects, while the other one is dominated 

by rotor wake-fuselage interaction. The fuselage unsteady 

pressure signatures arc sensitive to the rotor lift as well as to 

the advance ratio variations. Rotor lift variations 1..'hangc the 

Ouctuation amplitudes, especially for the transducers located 

inside the rolOr wake tube. Advance ratio variations affect in a 

highly nonlinear way the transducer responses, since at an 

advance ratio variation induces a variation of the rotor wake 

geometry and thus the locations of the rotor wake-fuselage 

interactions can move very quickly on the fuselage. Thus 

some trans9ucers can have radical different responses with 

minor changes of the advance ratio. Consequently, the rotor 

wake geometry and the vortex filaments strength have to be 

carefully computed for accurate unsteady pressure 

computations. 

A singularity method has been developed in order to predict 

the flow field around and on the helicopter fuselages. This 

quasi-steady method can handle realistic and complex 

configurations with little pre-processing efforts (the code only 

needs the geometry, the dynamic motions, the blade airfoil 

tables and a surfacic mesh for Lhe fuselage). A module has 

been added in order to compute Lhe explicit unsteady tenn in 

the Bernoulli equation and thus to evaluate the fuselage 

unsteady pressures. An efficient algorithm for the computation 

of the fuselage induced velocities at the rotor wake points has 

been developed and validated. Based on the consideration of 

a far field and a ncar field, this algorithm has allowed to save 

between a third and a half of the comput.ational lime. 
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Correlation between cxpcrimcnt.al and computed results show 

that even with the extreme complexity of the flowficld around 

helicopter, potential theory and singularity methods have a 

large range of applications. Nevertheless, separated flow 

regions and close rotor wake interactions with the fuselage arc 

still areas for future works. The coupled method with a free 

wake computation (PEIRF code) improves the comparisons on 

the experimental mean velocities, even if some discrepancies 

are still present. Correlations on Lhe fuselage unsteady 

pressures show that quasi-steady computations are not 

sufficient and that the unsteady terms have to be evaluated. 

Future developments on the PEIRF code will include a 

fuselage boundary layer computations in order to have 

informations on the separated flow regions with and without 

the influence of the rotor wake. A spatiotemporal local time 

step when severe rotor wake-fuselage interactions occur is 

presently under development; this procedure which increases 

locally both the wake and the fuselage discretization will 

improve the convergence and the precision of the code. 

Finally, additional expcriment.al investigation on the Dauphin 

powered model will be carried out, particularly in order to 

have a better knowledge of the rotor wake geometry. 
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