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Abstract
Theaoretical and experimental studics on helicopler
rotor~fusclage  interactional  acrodynamics are conducled al

ONERA. Wind wnnel unstcady pressure measurements on the

fusclage of a helicopler powered model (Dauphin, scaled at

/7.7y are  presented. The flow  unsteadiness, mostly
dominated by a frequency comresponding 1o 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 near the edge of the rotor wake, and
on the rotor lift variations when the transducer is located
inside the rotor wake "ube'. A code based on the iterative
coupling between a 3-D low order panet code with doublet
and source distribution for the fuselage and a lifting line
method for the rotor with a free wake modelization has been
developed. An  unsteady pressurc computation  module  has
been elaborated by writing explicilly the temporal potential
variation. Comparisons between  the  experimental  {unstcady
pressure  and instantancous vejocity ficld measurcrens} and
analytcal resuits are. penerally fairly good, showing that the
computational mcthod presented  can  predict  complex  and
realistic helicopter configurations. Nevertheless the remaining
discrepancies in the corrclation show that the effort has t0 be
pursued especially in the unsteady pressure computations as
well as on the experimental determination of the rotor wake

geometry,

1 This research was supporied by the French Ministry of Defence (S3TPA
“Service Technique des Programmes Aédronautigues” and  DRET
"Direction des Recherches et Etedes Techniques")

2 Ph. D. Smdent, ENSAM (Ecale Supérieure d'Ants et Métiers), Paris.

France

1 Introduction

The development of efficient acrodynamic methods 1o

compute the flowfield around helicopters, taking into account
all their components (fusclage, rotors, lifﬁné surfaces, etc,} is

still facing a huge challenge.

On the one hand, the acrodynamic phenomena involved cover
¢ large spectrum of problems such as unsteadiness, dynamic

stall, blade vortex interaction, transonic flow and  viscous

effects. If some of these basic aerodynamics problems are well
undersiood, and thus can be efficiently simulated, a robust
technique which can be ecasily and accuratcly used when all
these is  stil

occur  concurrently

the

phenomena missing.

Morcover  the  resolution  of cemplete  Navier-Stokes

equations with adequate grid density to obtain ecliable resuits,
which will be the final stage of rotorcraft CFD, is still suffering
frem a lack of computational performance (both memory and

speed) and  "know-how". Nevertheless, awaiting  this  Tuwure.

designers, rescarchers  and  manufacturers need  aerodynams,

informations  on  the  whole  helicopter  configuration

Conscquently, assumptions have to be make when numercsl

methods  dealing  with complete  helicopters  arc  developed

These hypotheses can have a physical nature, for instance 8

neglecting  the  fluid  viscosity, or by simplifying the
configuration itself (calculations of helicopter aerodynamscs
withost  tail  yotor).  Anyway these approaches  induce

necessarily limitations, and a critical analysis of the numerical

results is mandatory.

On
powered  model

the other hand, experimental studies

flight
sophisticated equipment and the constitution of a useful dawm

the methods

on helicoper

in  wind tunnels or tests  require

base for the validation of is a very lime

consuming process and is therefore costly.

Al the Acrodynamics Department of ONERA, experimental
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and theorctical  studies on  the  helicopler  rotor—fuselage
acrodynamics have been undertaken in order to improve the
undersianding  of  the phenomeoa  invelved, as well as
develop and validate accurae  and  efficient  computational

methods,

A coupled methed for helicopter rotor—fusclage conligurations
is under development by coupling two singularity codes. The
first code, devcloped at ONERA, computes the fusclage by
using a classical low order panel formulation with source and

doublet distripution. The second one, simulating the rotor,
was initially developed by Eurocopter France; it is a lifting

line method with 2 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—sicady appreach and is  achicved by an  azimuthal
marching technique. Afler the process convergence, a fuselage

unsieady pressure  computation is  compicted.

From the cxperimental point of view, ftests have been
conducted at the S2 Chalais—-Meudon subsonic wind tunnel on
a belicopter powered model. Unsteady pressure  measurements
on the fusclage surface of a realistic Dauphin medel (scaled at
/1.7y were

simulated masscs. The present  tests complete  the  previous

performed  for  differemt  advance  ratios  and
ones which consisted in the instantancous measurement of the
velocity field around the powered model by a Laser Doppler

Velocimeter  echnigue  {11].

The theoretical methods used presently are briefly described,

and then  the main results of the wunsteady  pressure
measurcments are  presented. Comparisons  between  theoretical
and experimenial results on the velocity ficld as well as on the

fuselage unsteady pressure are shown and commented.

2 Description of the computational method

{PEIRF code)

The PEIRF code (stands for "Programme d'Etude d'Interaction
Rotor Fuselagc') is based om an iterative coupling between
two codes, one modeling the fuselage, the other one the rotor
and its wake. The mathematical formulation of these twe codes
arc bricfly presented below, before describing the PEIRF code

itself.

2.1 Fuselage code

A low order panel method (constant source and doublet) uscd
for helicoper fesclage  calculations  has  been  devcloped
ONERA (2}, The fluid s

assumed  to be  mviseid.

incompressible  and  trrotational  over  the  whole  flowlcld
around the fusclage (potential flow) and is thus governed by

the Laplace’s eguaton:

where @ is the velocily potential (¥ = V). The solution ¢ of
the linear equation (1) depends on the boundary conditions of
boundaries

the problem  which include the two physical

namely the fusclage surface and the "infinity" surface:

- a Neumann condition on the fuselage surface ({zero

normat  velocity component):

ch-n=a—¢'=0 {2)

n
— the fluid is undiswrbed far away from the fuselage:

¢ - ¢ at infinity <)

Using the lincarity of the Laplace equation and Creen's
theorem, solution of (1) can be expressed, in an integral {ocm,
by the summation of clementary  singularity (sources ¢ and

doublets p) distributions over the fuselage surlace:

q):;]; ( [un-V(ﬂ—o(i—HdS @

fuselage

Nevertheless  equation  (4) does not represent a  unique
solution of (1), since an infinity of combinations of source and
doublet distdbutions can be used. Considering a Dirichlet
condition for the inmer potential (fe. inside the body) or,

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

boundary of the fuselage, the inncr potential ¢, is then
a(pin
consiant (3% = (), see for instance [3]) and we can choose in
n
particular
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(5

Using this new boendary condition in  equation (4}, the

can be now expressed, at

o«

pertarbation  potentiaf Pn = e

the surface of the fusclage by:

[ 1 1"
21‘!({):[ un - V| = [ -0 ~1{dS 6}
p {. r r J
fusclage
with an explicit form for the source term, using the slip
condition (2):
do. o
Gzt —Z=p -V 0,
dn dn °
The initial problem is now compiciely solvable and the

knowledge of the singularity distributions, § and ¢, on the

fusclage surface allows to compute the velocity on the

fusclage surface:

=V _+on -Vsu 6]

fuselage

where VS is the gradicnt operator on the fuselage surface
(Vsp. is

pertarbation  velocity  while on = —{n -Vm) -n is the normal

the fusclage’s tangential  component. of the

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

“compuied by differencing the  potential:

| L] o

fusclage

Vix)=V +w1-V
= 4r

Numerically, the (usclage surface is discreized with N

or triangular panels and the singularities arc

by (6)
is discretized at each panel center and can be writien as a

quadrilatcral

supposed constant panel. Equation

lircar system of N equatons for N unknown valucs (doublet

strength p):

(%)

1403

Circulation I’

with A.. = 2n
A =- -?—(l s, i #j
U an,kr“
AN
r.
j
N
by==2. Vv n | —as
i=1 i

Intcgration of Aij and hi arc performed  analylically osing Uhe
Hess and Smith Jormulation (4], The lincar systern (10) is then
solved by classical techniques - LU decomposition  or
iterative methods — depending on the type of computer and the

number N of fusclage panels.

2.2 Rotor code

The lifting line method used for the simulation of the rotor and
its  wake
(METAR code,

initially  developed by Eurocopter France

"Modile d’ETude de

was
P’ Aérodynamique du
Rotor"} {5]. The blades are repiaced by lifting lines located on
thetr mecan chord and the actual continuous circulation
distribution along the blade span is discretized by a step
function (see figurc 1), Despite these simplifications, METAR

can take ini¢ account the real paramcters of the blade such as

- -~ Actual circulation (continuous)
—— Discretized circulation

1/4 chord line

Fig. 1 -~ Rotor code ~ Blade discretization



evolutive chord, 1wist, anhedral, sweep, etc,, The rotor wake is
represented by a  lattice of longitudinal and  radial lincar
vortex  segments (figure 2) with a prescribed geometry. The
vortex strength of a segment is related 1o the circulation of the
lifting ling at the time siep (or azimuthal rotor position) and the
span position where it was cmiticd. The rotor  acrodynamic
sofution 15 carricd out by an iicrative process initialized by a
mean  Mcijer-Drees  induced  velocity: the Eft is  obtained
through 2-D  cxperimenwal  airfoil tables with the computed
local angle of incidence and Mach number, and the
circulation is derivated [rom the Joukowski law. The new
velocity distribution induced by the rotor wake at the rotor
collocation points is given by the Biot & Savart formula.

Because the airfeil tables come from experimental results, reat

Fig.2 — Rotor code — Rotor wake modelling

cffects as dynamic salf, tmansonic flow, compressibility, are
implicitly taken into account. The criterion of convergence of
this process is based on the varation 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):

br_ (13

Dt

is implicidy wverified since the voriex segments keep their
strength  white they are convected. The wake discretization
covers only three rotor revolutions, which is sufficient for
current  applicatiens,

ONERA has developed & free wake version of the METAR
code called MESIR ("Mise cn Equilibre du Slllage Roler™)
The initial prescribed METAR rotor wake is  distoried by
taking into account the velocity induced by the rower wake on
itself [6]. For cach rotor azimuth, the wvortex scgments are
moved taking into account the velocity induced by the blades
and the rotor wake itself instead of using a uniform inflow as is
dong in the METAR code. In this azimuthal marching

technique, the strength of the vortex filaments are computed
again at a frequency corresponding to the blade-to-blade

interval. The criterion of convergence is based on the slability
of the rotor wake geometry and for current applications, three

rotor revolutions achieve a good convergence level.

2.3 Coupled method — PEIRF code

The ierative coupling procedure is based on a quasi-sicady

approach and is achicved by an  azimuthal marching

technique (sce figurc 3). Rotor and fuselage computations,
considering  these two clements as isolated, are used 1o
initialize the process. Then two overlapped loops are started.
For cach azimuthal position of the rotor W, the most internal
loop computes, at the rotor wake points, the velocity induced

by the rotor and s wake V and by the (usclage

relor+wake

Vrusclagc. These rotor wake points are then moved and the new

rotor wake gcometry Xi+1 is given by

Xm = Xy + Ay =

Ay
X i +( M rolor+wakc(v) Vv fusclagc(w} +V oo) _EI— a2
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Initialization

1

iteration 1

A

= Azimuth W

X

Wake distortion under the influence of
Viuselage and Vrotor+wake

Caleulation of velocities induced by the rotor
and its wake on the fuselage {Vwf)

Calculation of new singularities intensities

on the fuselage (eq.{10))

v
Azimuth W=W+ AY

L

Calculation of induced velocities
at the rotor controd points

1

Calculation of the new circulation distribution

J

Convergence on rotor induced velocities 7

No

Yes

Fuselage unsteady pressures computation

k.

Cuiput of resulls

Fig. 3 PEIRF code - Flow char!

The fusclage is then immersed in this new rotor wake geometry
and a fuselage calculation is performed in order to update the
singularity strength, taking inte account the velocity wa
induced by the rotor wake on the fuselage. These velocities
are compuled, using the Biot and Savart formula, on the center
of the fusclage panels. The new boundary condition (7)

becomes:

—-o{y + Ay)=n -(Vm+ Vwr(q,r+ Aw)) (13

Only the right band side of the lincar sysiem (10) is modified
{thc Aij terms only depend on the fusclage geomelry). The
resofution of this new  lincar system is  straightforward  and
very quick with a LU method because the inverse influence
matrix is computed once, slored and the solution of (10} is
therefore a simple matrix—vector product. If an ilerative method
is used, the resolution of (10) s not very lime consuming oo
because the process can be initiadized by (he selution found at
a4 previous ieralion. Anyway, the resolution of cquation (1)
gives the doublet intensity distribution on the fusclage and the
process is repeated for the new azimuthal position. It is not
nccessary to  perform  this inner loop for a whole rotor
revetution, since the periodicity of this problem is limited to
the blade—to-blade intcrval, The outer loop computes the new
circulation due to the new rolor wake geometry. This is
oblained, 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
tocal lift and the Joukowski faw. Other code architecturcs
have been tested, for instance inversion between the two loops
(i.c. convergence [irst on the circulations for each azimuth},
but the onc presented here is the quicker and the more stable.
Convergence of the algorithm is contrelled looking at the
cvolution of the rotor wake geometry and of the induced

velocitics at the rotor control points.

Peevious work has been alrcady performed using  this hasic
procedure (7], however, significant improvements have heen

added o this ofiginal method,

First ol al, the whole code architeclure was rcbuilt, some

subroutines  being  compielely  rewritien,” and  validated  on
simple cascs, in order to obtain a modulas program. The
present PEIRF version runs on various computer lypes (Cray
YMP, Alliant, Sun, IRIS). This aliows to have the same code
for  basics rescarch (such as  convergence tests, close
interaction models,..) on simple rotor~fuselage interaction test
cascs with coarse rotor wake and fusclage discrotizations, and
for more realistic configurations where the fuselage can

have up to several thowsand pancls.

Another important improvement of the method is the free rotor
wake approach. The previous method coupted the fusclage
code with the METAR code (prescribed rotor wake) while the
PEIRF code couples the fuselage code with the MESIR code
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(frce wake method). It can be scen from cquation (i2) that the
rotor wake geomelry is  deformed using  the total  local

velocity,

Computations using  singularity methods can be very umc
consuming when a good resolution is reguired, and thus the
discrelization  is  augmented. o particufar,  the  induced
velocitics at the rotor wake points by the Tusclage singularities
can take more than 50 % of the tolal tme. Scveral previous
works (theorctical and  experimental),  [4), (7], (8] and [9],
show that the fusclage cffect becomes very weak, compared
with the rotor wake clfect, when the point considered is "far
cnosgh” from the fusclage. It was 50 natwral, o  save
compulational resources, to consider a far ficld and a ncar
ficld in the computation of the induccd vclocity by the
fusclage at the rotor wake points (cquation (12)). The
difficulty is to precise what "far enough” must be and thus to
carry out an efficiemt and general algorithm. {4] presents the
Hess and Smith formula considering a near ficld where the
complete formulation is used and a far ficld where the
quadrilatecral constant source and doublel singularities are
repiaced by a point source and normal axis doublet located at
the center of the pancls. The sccond formulation (far field) is a
very fast and accurate way to compuie the velocity induced by
a singularity pancl when the distance between the point of
interest and the pancl center is more than 4-panel diagonals; in
this case, the difference between the results given by the two
formulations is less than 1 %. This far ficld formulation is of
cours¢ wrong, cven diverging, when the distance becomes

"

small, Taking this above definition of "far”, it can be sce that
very few rolor wake points are really "near” (ic. at a distance
less than 4-panel diagonals) of a pancl center and when this
oceurs, this particular rotor wake point is ncar only of the few
neighbouring pancls and not of e whole panels composing
the discretized fusclage. Thercfore the following  procedure
has been developed  for the computation of the  velocity

induced by the fusclage at the rotor points:

1. Computation of the induced vclocity by each source and
doublet pancl at the rotor wake points, using the far field
(ormufation. A cut-off is applied when the rotor wake is

too close o a pancl.

2. Computation of the distance % between ecach couple of
pancl j and rotor wake point i. Comparison of this

distance T and the diagonal di of the panel j and

determination of the couples (i,j) for which r—ijs CRIT,
dj

where CRIT i the criterion of tansition “near ficld—far

ficid” (usually set between 2 ang 4).

3. For the (3,)) couples computed al the sicp 2, subtraction
at the rotor wake point 1 of the contribulion of the
velocity induced by the panel j computed at step 1.

4. For the (i,)) ceouples compued at  the swep 2,

computation, using the exact near field formuly, of w

contribution of panel j at the rotor point i

This procedurc stems quite complicated and time  consuming

hecause  seme  contributions  wre computed  three  times.
Howgever, it should be noted that sieps |, 2 and 3 arc very fast
(they use only (wo overlapped leops) and that steps 3 and 4
arc performed  only for a  Hule [raction of couples  (ij)
depending of the criterion CRIT. For our current applications
this fraction varics between 5 % and less than 1% of the total
number of couples. This formulation allowed to decrease from
& third up to a haif 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  cemputation on the fuselage. Because the PEIRF
code is based om a quasi-sieady approach, a specific

algorithm  has becen developed. The unsteady  pressure
calculation occurs at the end of a PEIRF computation when the
process is fully converged. The following paragraph prescnts

the development of this calculation.

2.4 Fuselage unsteady pressure cilculation

This caleulation is based on the unsicady Bemoulli theorem:

ag viop .
ek omee = ogOnslant on a streamling (14)
a2 p

Where ¢ is the potential, V the wtal velocity and P the siatic
pressurc.

Using (14) between the frecswream and a poimt M on the
fusclage surface, the unmsteady pressure coefficient Cpu can

be defined as:

14-06



I_r|1-1 rotor

|_1n rotor

V(M.:}z_ 2 dp(M,1)

VERRVE R

(15} lifting line

R rotor

Cp MO =1~

The tolal velocity V(M) is computed iteratively at cach a) o ﬁrotor = |1 rotor

azimuth on the panel c¢eniers (sce  seclion 2.3). The main : i

difficulty is then the calculation of the wnsicady term

§ H’&-? rotor =|—1.1 rotor
BQ(M,l)‘ The potential on the fusclage surface has three : % "
o P ; i : : é H} rotor = l—‘n rotor
contributions: o rrressersarrensesne ' -
R
.y I
CER R L P S Y Py 00 a
M, = (MU + @ —p{M,1) (16}
oMb =0 relor+wake ¢ H rotor T an rotor rﬁ rotor

where [Lis the doublel intensity determined by cquation (6).
Notwe that p{M,) represents the  difference belween e
(M, is Lhe

fusclage inner and the outer potenuat. @ . .

potential induced by the rotor and s wake, Derivation ol

(16) gives:

lifting line

z
3‘P(M,t)__ a(pmlonwake(M‘[)_a;,L{M,t) an
ot gt at
Yy
b X
The time derivative of doublets 1t is computed at cach )
azimuth by finite difference, while the derivation of
Protorswake 1S anaiytically calculated by scparating this I—Iwake
potential into  two  polentials Protor {blade potential) and
®wake: : M
fuselage surface |
The rotor blades are modclized by lifting lines on which the
circulation distribution is discrctized by a step funclion (sce
section 2.2 and figure 1). To compute the potential induced by
the blades @ . . cach segment of the lifling lines is replaced
. . . . Fig. 4 — PEIRF code - Blade discretization for fuselage
by a planc surfacic doublet of intensity Hooor = I"wlor {figure
. . teady essure  compuiations
4). Every point M on the {usclage is far encugh from the blades unsieady.  press comp
w assimilatc the surfacic doublet disiribution 10 a doublel
point located at the center of the blade pancis. The time
derivative of the potential induced by a doublet is therefore :
30 M. where ng s the nommal to biade pancls, Iy = MPO with Py
rator -
dt center of the doublet, io — and Sd is the doublet surface.
MP,
Sd aumm ) otor 5 aro The first term on the right hand side of equaton (I8) is
- —i mn +——8§ [——i n (18) roportional to the blade circulation changes and the sccond
am 9t 2 0 0 am 43 g0 0 0 prope &
0 0 term corresponds to the blade velocity at peint PO.
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The wake is simulated by a vorlex sheet wailing from the
lifting lines and constiwted by a nctwork of guadrilaicral
doublets (figures 2 and 4.b). The surlacic expression of the
potential induced 'by cach deublet can be transformed into a

contour tntegral  [10]:

9 M) =

wake

r ro.
w_‘iﬁifﬂv N as= ““““I AT g a9
Ply) P 47 t(r+7.71)

N C

with 1 = MP, z is the vertical axis and C is the contour of a
doublet PP P P, (figure 4.b).

1"2°3 4
intensity of cach doublet Fw is conserved with time (sce

quadrilateral Since  the

ake
scction 2.2), the time derivative gives:

a(pwakc(M’a) -
a1

P,u] . Pi+l

r 4 A

L ake 5 LA Al al 20)

an .0 r r
P P
1 1
A LTAT T Al i
where - = = = and r=r-u

r rf{r+z-¢) I+z7z-u 1

On the right hand side of cquation (20), the first term takes
into account the doublet convection cffect and the second term

the doublet distordon ¢ffect.

In order W simplify the calculations, the wunit vector u is

replaced by a mean direction u, between M and the middle of

the segment Pipm' This allows to put the expression
z Al
Ao = w————— put of the integrals.
I+ z- u,

After an analytical integration, we have !

dp My T 4 L.
weke Wy ooel DV, | —-A |+
at 4r o 1 g Liz
Li
+ coel (i) [gradU] | — - A (21)
2 L 1

i

with cocfl(i} =

! Lv e eyt
! &retan— !
2 2.2 2
) . Li =-(r, Li)

2
(l‘l l‘l)Li
— arclan
2.2
riLi —(ri Li)

o0
r?L?—(r L.,
i i

[(r_ L)+ J{Lf‘ R TR I B L?}
i i i Fodi i

rL o+ (r L)
i b

cocfz(i) =in

Li = PIPi+1 and r= MI’I

chg stems from the time derivation of A and is the mean

velocity of the scgment Pi ]-"i+l when (grad U] term is the

velocity gradient along a segment
(Vphl —Vpi) LI
PP, v [grad U) = —.
11+ L L

1 1

Finally, the contribution of cach doublet is added at cach

azimuth.

3 Experiment

Tests on an helicopter powered model have been performed in

the ONERA 52 Chalais=Meudon  wind twnnel.  Unsteady
pressure  measurcments on the fusclage have been done for
different advance ratios (0.1 € g € 0.3) and simuelated masses.
The powercd model was composed of a very detailed and
realistic Dauphin  fusclage (scaled at 1/7.7, about 1.5 meter
long) and of a fully articulatcd hub with a four—bladed rotor
The rotor blades were rectangular with a constant QA209 (973
thick) airfoil of 0.05-mcter constant chord, a —12° lincar twisl
and a tp speed of 100 mys for a diameter of 1.5 meter (2/2x
= 21.2 Hz). The collective and cyclic‘ pitch angles were
electrical acling  on 3

centrolicd by  three actualors

conventional  swashplate. The flapping motien is  measured

and decomposed in  Fourier serics. Figure 5 shows the

focations of the 44 unsteady pressure transducers (* 2 PSID
transducer  was

measurement  range).  Each

calibrated

lemperature

compensated  and individually  before  their

instatlation in the fuselage shell

Results presented in this paper were obtained on a [ull rotor

revelution  with a  sampling frequency of 135 KHz (64
samples by revelution or Ay = 5.6%. For a given flight test
condition, the records were performed simuliancously on 24

ransducers; two  groups of 24 wansducers were cnrough o
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oblain  a complete  acquisiion.  Therefore 4 transducers

altowed a crosschecking of the informations between the two

groups. The transducer signals  were recorded, Tor the 64

azimuthal  positions, during 10 successive  roter  revehutions,

arithmetical then perfommed for cach

and an averagc  was

channcl.

Figure 6 shows the mean stadc pressure cocfficient Cp for
ransducers localed on the upper longitudinal fine for dilferent
advance rativs. For these cascs, the mcan pressure distribution
15 very similar as soon as the advance ratio is greater than p =
0.2. For the lowest advance ratio (@ = 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 i the rotor —
fusefage interaction disappears or al least remains constant for
advance  ratios 0.15. Nevertheless  the

greater than p =

classical pressure  coefficient Cp is not very suitable for

helicopicr analyses since it is difficull to scparate clearly the
cffect of the advance ratic variations and the effect of the rotor

£
wake interacion. A morc appropriate pressure coofficient Cp

is defined, normalized with the biade tp wvelocity which

freestrcam velocity (see for cxampic [11]). Figure 7 presents

the same duta shown in figurce 6 with the blade tip velocity
Y

normalization (Cp = 100 u2 Cp). The decrcasing  interactional

effect is not so sirong as figure 6 would indicate.

Figurc 8 shows the time history signals [or transducers localed
on a upper longiwdinal line for different advance ratios (U =
0.1-0.15-0.2-0.3). At locations 4, 34 and 38 the unsteady

responses  are in phase, quitc  regular with & 40

quasi-sinusoidal  shapc  and the advance ratio  variations

produce only amplitude changes. These behaviours can be
interpreted as the blade passage effect. The transducers no.
11, 20 and 27 do notpresent the same regularity; for the low
advance ratic {t £ 0.2}, the signals are also not very sensitive
10 the B variations but for a high advance ratio (¢ = 0.3), the
unsteady responses become more chaotic, Transducers 11 and
20 present not only a 402 frequency response but also higher
frequencies, when  transducer 27 presents a complete
disorganized response. These signatures are characteristic of a
rolor wake~fuselage interaction. Nai-Pei Bi and G. Lcishman
[12} have described four characteristic  unstcady  pressure
signatures on their unsteady pressurc measurements for their

helicopler powcercd model tests performed al the University of

remains  constant for  all the tests, instcad of using the
10350
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Fig. 5 — Fuselage unsteady pressure measurements —
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Maryland. Their relevant analysis proposes a classificalion of
these signatures: one is representative of the blade passage
~when the other three are typical of a dircct or indircct rotor
wake fusclage inléraCLion (ctose wake-body interuction, retos
wake—body impingement and postwake impingement). [n our
Dauphin measurements, the blade passapge effects arc clearly
types  of

inleractions arc not as recognizable as in the 1\1;lryland';csls.

apparent  when  the  three rolor  wake-fusclage
This is probably due not only 10 the more compicx Dauphin
fusclage shape used in the ONERA tests, but also to the
reduced number of runs (both advance ratios and simulatcd
masses) performed at the 82 Chafais—Meudon wind unnch,

Figure 9 preserus the sensitivity of the unsteady response for
rotor lift vanations for a fixed advance ratio, For the locations
outside the rotor wake (ransducers 4 and 11}, there are no
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 cffects are 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 figurcs 8 and 9, some signals present also a strong
282 frequency (see for cxample figure 8, location 38 for 1 =
0.1). This low {rcquency origin might be due to different blade
characteristics  but  another

origin could be low frequencics

coming from the {usclage wake.

4 Comparison between calculation and experiment

Calculations were performed on the Dauphin powered model

configurations,

4,1 Velocity field around the helicopter

The unsteady velocity field was measured arcund the

Dauphin powered model using a three dimensiomal laser
velocimeter (LDV) in two transversal planes located at xR = 0
and x/R = 0.42 (figure 10) on the advancing side of the rowr
disc {7]. The advance ratio was 1 = 0.2 and the simulatcd

mass corresponds to a rotor lift of Crfo = 00725,
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Figures 11 and 12 show comparisons between (wo
computational methods and cxperiment on the mcan  lateral
velocity evolutions along the Y axis at different allitudes (7/R)
for the two  mecasurcment

plancs.  The first  coupled

rotor—fusclage compulation is  performed  with  the  previous
numcerical method (METAR model for the rotor wake) when
the second one is performed with the PEIRF code (MESIR free
wake model for the rotor wake). The free wake maodel
improves the comparison with cxperiment, v particular, [or
the more downswream plane, the velocity gradients, duc o the
mean cffect of the tip vortices are quite well predicted by the
PEIRF code, The f{ree wake approach (PEIRF code) gives
certainty a betier rotor wake geomctry than the prescribed rotor
wake method. Near the fusclage (Y/R-—0), the diffcrences
between free wake and prescribed wake models are visible
(0.42).

The lack of experimental points in this region does not allow

only in the more downstream measurement plane (x/R =

to draw further conclusions. Moreover, viscous cffects, which
are not accounted for by the potential code can also have a
preponderant influence {or these points located in the vicieity

of the fusclage.

Instantancous  velocitics (fateral and  vertical component) are

presented in figure 13 for points located in the more upstream
piane, ncar the blade tp. Azimuthal evolutions of vertical and
instantancous  velocities

latcral {amplitudes

PEIRF code. The

and phases) are

well  predicted by  the computational

impulsivencss ol the wvertical component, characteristic of the

blade  passuge effecct,  mawhes quite  successfully  the

cxperimental resuit (sce figure 13, v/R = 0.96).

4,2 Pressures on the fuselage surface

This paragraph presents the comparisons bctween

computation and experiment for a test configuration described

in scetion 3 (= 0.1, CT/G = 0.0725).
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Figure 14 shows thc unstcady pressure coefficient gvolution

for different sensors locaied on the Dauphin fuselage top line.

The quasi-steady computation only takes into account the
local velocity to calculate the pressure coefficient (eq. (15)
without the unstcady term 9¢/dt). The other computation takes
into account the unsteady term including the rotor+wake and
the fuselage influence (equation (17)). Figure 15 shows the
Same  §ensors Eocatic}ns,_ with the influence of the blade effect
only {dp,

(dg

wor 0L €quation  (18)) and of the total unsieady term

1oL+ 89, /3L cquation {18) and cquation (21)).

Tolor

Figure 14 shows that the amplitude levels are mainly due 1o
the unsicady term. Figure 15, shows that on sensor 4, the rotor
cffect is preponderant, because ncar the f{usclage nose, the
rotor wake is far and the main effect is due to blade passage.
The calculation gives a regular sinuseidal signal, similar 1o
with  an and @

cxperiment  but undercstimated  amplitude

shifted  phasc.

On sensor 11, the wake interacls the fusclage and s thus

responsible for  an irregular computed  signal. The
experimental signature is alse characteristic of a wakce-bedy

intezaction as discussed in section 3. On scensors 20, 27 and

34 downstream the hub, the wake effect is preponderant in
The calculation

coemparison  with the blade passage elfcct

gives an opposite phase on sensor 20 which is probably duc
to scparated flow behind the fairings, which a potental 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 undcrestimated amplitude.

Figure 16 shows the pressure evolution on sensors located in a
scction near the empennages (section F). The wake effect is

still preponderant.  The unstcady wake effects computed by

the  PEIRF code improves the expermental correlation

cspecially on the amplitude. This shows that the unsicadiness

of the rotor wake must be tken into account in  the
compuiations, The shilted phase origin is not  yet still
completely understood; an  hypothesis  could be that  the
computed points  do  not coincide exactly with the reu
transducer  locations.  The  relatively  coarse  azimuthal

discretization  (AY = 15°) could be alse responsible for this

shificd phase,
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5 Conclusion

investigation  has  been  performed on a

model in the S2

An  cxperimental

Dauphin helicopter powered

Chalais—Mecudon and mean slatic

wind wnnel,  Unsteady
pressure measurements on 44 locations on the fuselage have
been achieved for different flight configurations. Mean static
pressure  coefficients greater than unity are cbserved on the
fuselage surface meaning that encrgy is added by the rotor to
the flow. The unsteady results show that the dominant
frequency is linked to the blade passage cffects; nevertheless
when  severe  rotor  wake—fuselage interactions occur, higher
[requencies can also be present in the unsteady response. The
unsteady pressure fluctuations are of the same magnitude or
cven can be greaier than the mean value showing thal unstcady
clfecls must be taken into account in the numerical models,
Two types of signatre are clearly visible: one is characteristic
of the blade passage effects, while the other one is dominated
by rotor wake-fusclage interaction. The fusclage unstcady
pressure signatures are sensitive 1o the rotor lift as well as w©
the advance ratio variations. Roter lift variations change the
fluciuation  amplitudes, especially for the transducers  located
inside the rotor wake whe. Advance ratio variations affect in a
highly nonlineac way the transducer responses, since al an
advance ralio variation induces a varigtion of the rotor wake
geometry and thus the locations of the rotor wake-luselage
inferactions can move very guickly on the fusclage. Thus
some transducers can have radical different responses  with
minor changes of the advance ratio, Conscquently, the rotor
wake geometry and the vortex filaments strength have 0 be
carefully  computed  for  accurate

unsteady  pressure

computations,

A singularity method has been developed in order to predict
the flow ficld around and on the helicopter fusclages. This
quasi-stcady method can  handle realistic and complex
configurations with litle pre-processing efforts (the code only
nceds the geometry, the dynamic tmotions, the blade airfoi
tables and a surfacic mesh for the fuselage). A module has
been added in order to compute the explicit unsteady term in
the Bemoulli cguation and thus to cvaluate the fusclage
snstcady pressurcs. An efficient algorithm for the computation
ol the fusclage induced velocitics at the rotor wake points has
been developed and validated. Based on the consideration of
a far ficld and a3 near ficld, this algorithm has alowed o save

between a third and a half of the computational ume,

14-16

Cormelation between  experimental and computed results show
that cven with the extremne complexity of the flowficld around
helicopter, potential  theory and  singularity methods  have a
large  range  of applications. Nevertheless, scparated  [ow
regions and close rowor wake interactions wilk the fusclage are
sull arcas for future works, The coupled methed with a free
wake computation (PEIRF code) improves the comparisons on
the experimental mean velocities, even if some discrepancics
are  still Correlations on the fuselage

present, 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 1o have
informations on the scparated flow regions with and withoul
the influence of the rotor wake. A spatiotemporal local time
step when severe rotor wake—fusclage intcractions occur s
prescntly under devclopment; this procedure which  increascs
locally both the wake and the fusclage discretization will

improve the convergence and the precision of the code,
Finalty, additional experimental investigation on  the  Dauphin

powered model will be camied out, partcularly in order 1o

have a betier knowledge ol the rotor wake geometry.
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