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Abstract

Computational methods developed or in use at ONERA,
Westland Helicopters Ltd., Aerospatiale and NLR have been ap-
plied to predict the surface pressure, rotor-plane velocity
distribution and boundary layer development on three Ffuselage
configurations which are typical of current generation of heli-
copters. Rotor flow was not simulated.

Basis for validation of the computer codes was an exten-—
sive experimental study by DFVLR, conducted with a 1l:7-scale
wind tunnel model with variable rear end. Configurations gener-
ated were streamline, upswept- and flat back rear-end helicop-
ter fuselages.

1. Introduction

Aerodynamics of the helicopter fuselage and its interac-
tion with main and tail rotor can have a dramatic effect on the
performance of high speed helicopters. Reduction of drag and
vibration, increase in flight speed, fuel efficiency, and bet-
ter flying qualities etc. are the payoff resulting from improv-
ed fuselage aerodynamics.

The fuselage of a helicopter underlies operational re-
guirements which impose unfavourable geometric constraints on
the afterbody geometry. The bluff aft-fuselage creates an ex-
tensive region of separation in the rear, leading to a large a-
mount of pressure drag. An upswept rear-end, unfavourably de-
signed, generates strong longitudinal wvortices in the wake
adversely affecting drag, flight stability and fin effective-
ness [1], [2]. Streamlined fuselages with a gradual transition
from main body to tail may exhibit under incidence unstable
behaviour caused by alternate vortex shedding off the tail
boom. Since the pressure and velocity field around the fuselage
is the spatial environment in which the main and tail rotor
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operate, any means to achieve flow uniformity here leads to
improved aerodynamic, structural and acoustic performance [3],

From a formal wviewpoint, the physics of these complex
flows can be adequately described by the time dependent Navier-
Stokes equations. If fuselage alone is considered and a time
averaged flow description is aimed at, the time averaged Na-
vier-Stokes equations together with <losure equations for the
turbulent stresses are needed. Due to the large computational
effort involved, this approach is at present feasible only for
simple basic shapes. For iterative design studies in an indus-
trial environment, the classical inviscid flow methods coupled
with boundary layer and wake modelling are favoured to provide
quick decision making results at modest cost.

This paper describes the validation results of computer
codes developed or in use at ONERA, Westland Helicopters Ltd.,
bderospatiale and NLR to calculate the flow around a helicopter
fuselage. Three fuselage configurations differing in the com-
plexity of numerical simulation and which are typical of cur-
rent generation of helicopters, were studied. All the computer
codes employed are based on 3-D Panel Methods with the option
to simulate boundary layer growth either by providing for an
cutflow over the body surface or by coupling a boundary layer
code to the inviscid code. Although wake simulation option is
provided in all the codes, only in one code was this option
(for a rigid wake) used. With the inviscid flow pressure dis-
tribution as input, the development of boundary layer over the
fuselage was evaluated with an integral and a finite difference
computation scheme.

Data for the wvalidation was provided by an extensive
wind tunnel investigation with a l:7~scale model fuselage with
interchangeable rear-end. Configurations created were: a
streamline model with 1little or no separation in its wake, an
upswept rear—-end model with a 'separation bubble' and strong
longitudinal vortices and finally, a flat rear-end fuselage
with flow separating at the periphery of the base. Rotor flow
was not simulated in the theoretical and experimental investi-
gations.

The wind tunnel model was equlpped with pressure taps on
body surface and rear-end. Although six component force meas-
urements and wake surveys were also done, mainly surface press-
ure and rotor-plane velocity distribution was used for the code
validation. Also some flow visualization, to determine the
separation line on body surface was performed. Experimental
data was obtained at a wind velocity of 60 m/s which corres-
ponds to a model length based Reynolds number of four million.

2. Brief Description of the Theoretical Methods

2.1 ONERA Code and Computations

At ONERA a 3-D inviscid, incompressible steady flow code
has been developed incorporating a rigid, prescribed geometry
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wake [6]. The wake is modelled by a semi-infinite prismatic
region with its bounding surface (vortex sheet) aligned with
the onset flow. The magnitude of the velocity inside the wake,
determined by a kinetic energy minimization hypothesis, turns
out to be very small. Consequently the wake interior can be
considered as an eguipressure zone.

The total potential & is set as the sum of the perturba-
tion potential of the body @y, wake induced potentialc?w and
onset flow potential Q..

? = 9o tPp tPy (1)

The following formulation {see [6]) is used to determine Pg and

(Pw, Fig- la:

Agqy =0 in domain Q'

0y

.B.—nB PB = -ch *n ' and { 2)
Py » O as |x}] » =

And similarly

Apes = 0 1in domain Q', except on I'y
op
ﬁﬁﬂ- Iy = 0 . and (3)

Pw > O as |x| > e

Hereby is: A the Laplace operator, IP the value at surface I', n
the unit outward normal vector and [x] the absolute value of
the distance vector x. Solutions to equations {(2) and (3) are
sought so that the jump in the value of the potential @y across
the wake surface T'y (= &PW],PWJ is such that the magnitude of

velocity in the wake domain Qy, namely IV(UPm +¥p +<Pw)l ¢ 1is
a minimum. A coupling of the potentials g and Py follows from
the condition that across surface Ty

[WB*"¢w]lrh = [Qw]l (4)

T'w
0 .

1

since [?B] lFW

Both the body and wake surface are discretized by a
finite number of plane guadrilateral panels (see Fig. 1b*) and
the procedure follows the conventional low order Panel Method
approach leading to iterative solution of a system of linear
algebralc equations. Velocity on the body and wake surface are:

* In the actual computational model the wake surface sgtarts
from the separation line; between this 1line and line C the
wake surface is removed in Fig. 1lb to show the panelling of
rear-end, which is wetted by 'dead air'.

13-

(V3



evaluated from the resulting singularity distribution with a
second order finite difference scheme. Using Green's functions,
velocity in the field, e.g. in the rotor-plane, can also be
evaluated. Newly developed Input/Output techniques and iterati-
ve solvers for CRAY XMP computer 7] were employed for the
computations.

Only two of the studied fuselage configurations, namely
the streamline and flatback, were computed using the ONERA
code. For the streamline configuration little or no separation
was anticipated, so that the wake model was not included in the
computations. For the flatback, a wake emanating at the peri-
meter of the base was simulated. The line of flow separation,
which can be the result of a boundary layer computation or wind
tunnel experiment, needs to be known for the computations.

2.2 Westland Helicopters Ltd. Code and Computations

The method employed at Westland is based on the WBAERO
code developed by AMI Inc., U.S.A.. It is a low order panel
method describing steady, inviscid incompressible flow about
arbitrary three dimensional bodies. A boundary layer can be
simulated by adding an outflow at each panel to take account of
the boundary layer growth. Other features include: wake flow
modelling by emitting vortex sheets from a set of panel edges,
computation of flow streamlines, evaluation of flow quantities
at off-body points, etc.. Solution algorithm follows the con-
vential steps of surface discretization and iterative solution
of a system of linear algebraic eguations to determine singula-
rity strengths.

Using the WBAERO code, computation of flow around the
streamline configuration was performed and rotor-plane veloci-
ties evaluated. Options of boundary layer and wake simulation
were not taken in the data presented.

2.3 Aerospatiale Code and Computations

The computational approach of Aerospatiale is to evalu-
ate the flow around the fuselage with the help of a 3-D low
order Panel Method and using this as input, perform a subse-~
gquent calculation of the boundary layer growth. Aerospatiale
uses for its potential flow calculations also the WBAERO code
of AMI, Inc., U.S.A. without boundary layer or wake simula-
tion.

The three dimensional boundary layer method employed by
Aerospatiale 1s of the integral type; 1its code was developed by
B. Aupoix and J. Cousteix at ONERA/CERT [8]. The method is
based on the solution of integral egquations for longitudinal
and transversal momentum thickness together with an equation
for the kinetic energy. Laminar and turbulent boundary layers
as well as the transition laminar/turbulent can be treated.
Typical results of practical interest are, the displacement and
momentum thickness, skin friction coefficient and direction of
skin friction lines. Boundary conditions for the code are ob-
tained from a previous run of the Panel Method and imposed at
the outer edge of the boundary layer.
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The 3~D Panel code at Aerospatiale {(without subsequent
boundary laver computations) was used to evaluate the flow
around the upswept rear-end fuselage configuration at high
angle of attack and yaw. The streamline fuselage configuration,
without wake gimulation, was employed to study the boundary
layer growth.

2.4 NLR-Boundary Layer Code and Computations

NLR contribution to the present computations consisted
in evaluating Pboundary layer growth on the streamline fuselage
configuration with the NLR three-dimensional boundary layer
code BOLA, whose main features are detailed in [9] and [10].
Compressible laminar or turbulent boundary layers on arbitrary
three-dimensional bodies can be computed with this method.

Based on a finite difference scheme, the method solves
the equations of momentum and continuity on a general curvi-li-
near surface oriented mesh, whose third coordinate is taken as
normal to the wall. Turbulence model employed is a simple mix-
ing length type with a van Driest damping term.

Input to the BOLA code is the surface geometry, its
curvature and derivatives as well as the pressure coefficient
and 1ts derivatives along the mesh. The pressure coefficient
values used here were supplied by Aerospatiale from their panel
method computations described in sec. 2.3. .

3. Experimental Investigations

Wind tunnel tests were performed in the open test sec-—
tion of the DFVLR low speed wind tunnel in Gdttingen. This
facility is an open test section closed return wind tunnel with
3m X 3m cross section and a test section length of 5.86 m.

The model investigated was a 1:7 scale helicopter fuse-
lage with interchangeable rear-ends, Fig. 2. DFVLR, MBB and
Westland were involved in the conception and manufacture of the
models. Front and middle part of the model remained common to
all configurations. Through change of the rear part a stream-
line, upswept and flat back model version could be realized.
The upswept rear-end wodel has been the subject of earlier
studies [1], [2] and [11] where besides wake surveys alsoc pres-
sure and force measurements were conducted. Rotor flow was not
simulated.

One half of the model (including the rear-end) was in-
strumented with pressure taps distributed over the periphery of
various sections indicated in PFig. 2. The streamline model has
a total of 190, the upswept rear-end model 218 and the- flat
back model 143 pressure taps. Scanivalves for pressure data
acquisition were installed within the model.

Flow field survey in the rotor-plane was done with a ten
hole directional probe which has four orifices on the conical
tip arranged such as to make the pressure difference bhetween
one opposing pair sensitive primarily to incidence and the
other to flow yaw. Incidence rotations are imposed until the
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pressure in the opposing pair of orifices is equalized; in this
condition the probe tip points nominally in the direction of
local incidence. Calibration curves are used to compute the
local yaw angle from the pressure difference shown by the other
pair of orifices. The pressure in the central tip orifice and
mean of pressures in four orifices on the cylindrical sleeve is
a function of local total and static pressures respectively.
Thus magnitude and direction of the local velocity vector and
local pressure could be determined. The orifice on the rear-end
of the probe serves to indicate flow reversal. The probe was
mounted on a carriage providing remote controlled rectangular
cartesian translation in the test section.

Wind tunnel tests were conducted at a wind speed of 60
m/s. The ratico of model front area to tunnel nozzle area was
about 1%. Surface pressure measurements covered an angle of in-
cidence range of ¢ = -9° to 20° and vaw angle values B = *20°.
Rotor-plane velocities were measured in planes located 30 mm,
80 mm and 130 mm above fuselage upper surface. In these planes
lateral traverses were done. Only streamline model was investi-
gated.

A computerized data acguisition and reduction system
enabled rapid flow f£ield surveys. The c¢ontinuously recorded
probe data was integrated over 0.2 s to arrive at the average
values finally recorded. Pressure measurement data was process-—
ed in a similar manner whereby values were averaged over 2 s.
Choice of these integration time is based on a calibration
analysis of the system.

4., Comparison of Theoretical and Experimental Results

4.1 Surface Pressure

Prediction of surface pressure with the codes employed
allowed a detailed comparison with experimental results and to
study the effect of flow separation and wake modelling. The
good agreement between inviscid theory and experiment for low
incidence and sideslip angles (in the region of attached flow)
is well established. To put the code through a more severe
test, a high incidence a and sideslip B angle situation (a=10°,
8=15°) was chosen. The configuration studied was the upswept
rear—end fuselage which is further characterized, even for low
incidence, through presence of strong longitudinal vortices in
its wake [11].

Panel Method results, obtained by Aerospatiale, without
boundary layer and wake modelling are given in Fig. 3 for vari-
ous streamwise stations*. The pressure coefficient Cp is plot-
ted over the fuselage section contour.

In the nose reglion (Fig. 3a and b), the pressures on the
windward side are over- and on the leeward side under predic-
ted. Possible reasons for this discrepancy can be the low panel

* For clarity of representation different scales have been used
in Figs. 3a to h.
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density, development of the boundary layer, laminar separation
bubbles or vortices. The boundary layer was not tripped in the
experiments.

For the central part (Figs. 3c to f) the agreement bet~
ween theory and experiment is good. Discrepancy on top surface,
evident in Fig. 34 and e, is due to aerodynamic influence of a
support strut located between these stations, which was used
during experiments and not simulated in the computations.

Under side slip, the aerodynamic influence of the wake
is felt more at the leeward side, as seen in Fig. 3g. Here the
two sets of results differ. The experimental pressure distribu-
tion indicates through a soft peak, the presence of a vortex
off the lower contour edge.

In Fig. 4a the results of ONERA computations for the
streamline, and in Fig. 4b for the flat back fuselage configu-
ration are shown. Compared is the pressure distribution on the
lower surface contour in the plane of symmetry for incidence
angles a ©of 0° and =-5°. Wake modelling was provided only for
the flat back configuration. The prismatic wake with a 'dead
air' zone simulated in the theory is fairly representative of
the real flow.

Except for a discrepancy between the results at- the
junction main body/tail, the results agree closely for. the
streamline fuselage. Slight differences in geometry of experi-
mental and numerical model at this location are believed to be
the reason. The results seem to substantiate the approach ta-
ken, that for this streamline body, the flow for the incidence
range considered remains attached and wake effects can be ig-
nored.

Fig. 4b shows the effect of wake modelling on the pres-
sure prediciton of the flat back configuration. Both for the
¢ = 0° and -5° case, wake simulation improves the pressure pre-
diction, upstream and specially in the vicinity of the base.
The still present deviations here are reasoned to be due to
insufficient panel density employed for wake surface and the
assumed wake rigidity. Aligned with onset flow of -5° incidence
the lower wake surface forms a concave ramp, apparently causing
the pressure rise predicted by the theory.

Pressure distributions on model surface with and without
wake for a = -5° are depicted in Fig. 5. With wake simulated,
the stagnation flow at the flat base 1is replaced by a more
realistic equipressure zone.

4.2 Rotor-plane Velocity

The fuselage induced upwash and sidewash components of
the velocity in the rotor-plane were computed by Westland Heli-
copters Ltd. and ONERA by the codes outlined in section 2.1 and
2.2. Since both approaches are based on 3-D Panel Method and
the results obtained are without wake simulation, an almost
identical prediction of the rotor-plane velocities was antici-
pated. Configuration investigated was the streamline fuselage.
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Theoretical results for the upwash velocity component Vg
non-dimensiocnalized with the freestream velocity V,, are compa-
red with experimental data of DFVLR in Fig. 6. Three rotor-
plane heights are considered and data 1s compared at four
streamwise stations as indicated. The lateral distance y is
non—-dimensionalized with half of maximum body width.

As indicated above, the agreement of theoretical results
with each other is good. Minor discrepancies are probably due
to differences in the surface discretization employed. Agree-—
ment with experimental data, except for the underpredicted
values in the midregion at station x = 180 mm, is also very
close.

For the same lateral and downstream stations, Fig. 7
shows the distribution of the non-dimensionalized sidewash
velocity component V,,. The experimental data shows a non-zero
value of V,, in the plane of symmetry. This 1is apparently a
result of Bmall errors in flow symmetry or in alignment of
model/data acquisition probe. Also this set of results exhibits
a very close agreement between theory and experiment.

Strong upwash and sidewash velocities exist in the wind-
gcreen area. At the farthest downstream station x = 780 mm, the
fuselage tail induces a downwash and a sidewash directed to-
wards the plane of symmetry.

The significant influence of rotor-plane height on the
velocities induced is observed in the first column of the Figs.
6 and 7. The peak upwash and sidewash velocity is reduced to
about one third its value for the rotor-plane height z =
458,6mm. These results 1illustrate the fuselage induced non-
uniformity in the flow field in which the main rotor operates
causing an increase in vibratory loads, noise generation and
rotor power.

4.3 Boundary Laver

Extensive boundary layer computations were performed for
the streamline fuselage configuration by NLR and Aerospatiale
with their respective methods outlined in sections 2.3 and 2.4.
Flow situation considered was zero yaw and angle of incidence
a = 0° and -5°. For the sake of brevity only the negative inci-
dence results are presented.

As mentioned earlier, the pressure distribution on the
fuselage surface, which served as input for the boundary layer
calculations, was that cbtained by Aercspatiale from a three-
dimensional Panel Method computation. The panel model presumed
an attached flow over the entire body surface, so that a sepa-
ration and especially its location, predicted by the boundary
layer code, is subject to subsequent correction. This was, in
the present excercise, not done.

The Aerospatiale code is based on an integral formula-
tion of the boundary layer equations whereas the BOLA code of
NLR utilizes a finite difference solution scheme. Accordingly
the latter reguires a finer computational mesh which consisted
of 133 streamwise grid points and 40 grid points along the half
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circumference. Each boundary layer profile was described by 41
grid points. Due to this considerable flow details were reveal-
ed.

The applicability and validity limits of both approaches
are well documented in the literature and for identical input
and 1initial conditions, similar results are obtained. Even
though the input pressure distribution was identical, the point
of boundary layer transition for the NLR BOLA code was set at x
= 0.125 m. From this point downstream the boundary layer was
considered fully turbulent. Aerospatiale calculations were
performed with a free boundary layer transition from laminar to
turbulent.

Fig. 8a shows the computational grid employed for the
BOLA code. The computed wall streamlines from the BOLA and
Aerospatiale codes are shown in Figs. 8b and c¢. Both methods
predict a convergence of the streamlines on tail lower surface
indicating the development of an 'open' separation with genera-
tion of a free vortex layer.

The iso-contours of pressure coefficient Cp on the un-
folded fuselage surface, Fig. 9%a, indicate low pressure regions
'*A' and 'B' at the junction midbody/tail and forebody/midbody.
Whereas the low pressure region A assists flow separation ten-
dency on the tail lower surface, the region B generates a re-
gion of increased boundary layer displacement thickness (whose
trace is indicated in PFig. 9b through a broken line)} follows
right upto the fuselage/tail junction. Also this low skin fric-
tion boundary layer flow tends to separate. These numerical
results, obtained by NLR-BOLA code, suggest that through a
careful modification in fuselage geometry, the low pressure
regions, conducive to flow separation, can be eliminated or
thelr occurrence delayed to higher incidence angles.

The flow in the vicinity of reglon A, experiences further
downstream a decelaration due to taill upsweep. The resulting
low skin friction boundary layer is very susceptible to exis-
ting pressure gradients in the circumferential direction. As a
consequence, the wall streamlines deflect and converge as evi-
denced in the streamline plot of Fig. 9e¢.

An interesting result of the computations were the pre-
dicted drag values, which are reproduced in Table 1 below. The
BOLA code of NLR indicates an increase in drag with negative
incidence whereas the Aerospatiale results show a reduction
which is also evident from the DFVLR experimental data. -Even
though WNLR results are in better agreement with experiment
conclusions with regard to the effect of transition (free or
fixed) on forces predicted needs more substantiation. The expe-
rimental data was obtained without boundary layer tripping.
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x = 0° a = -5°
DATA SOURCE

c C

X X
BOLA (NLR) .003983 .003985
Cousteix (Aerospa- . 003590 .003530

tiale)

Experiment (DFVLR) . 004500 .004400

Note: C_, referenced to 1 m¢ (in model-scale)

Cx > 0 : downstream along fuselage axis

Tab. 1: Drag of Streamline Fuselage

Both c¢odes show that at low angles of attack, the drag
for this configuration is predominantly friction drag, accoun-
ting for 80% to 90% of the total drag.

Fffect of transition fixing can be observed in the re-
sults shown in Figs. 10 and 1l1l. Variation of skin friction
coefficient Cg along the upper and lower side of fuselage in
the plane of symmetry is compared in Figs. 10a and b for the
NLR and Aerospatiale computations. In Fig. 11 the Cg and dis-
placement thickness 6* wvariation over section contour at three
stations is plotted.

The two sets of results are in reasonable agreement;
observed differences are apparently due to the effect of the
assumed location of boundary layer transition. The BOLA code,
due to the finer resolution, is sensitive to small modifica-
tions in pressure gradients.

5. Conclusions

5.1 Provided no or little flow separation is present in the
real flow, Panel Methods predict the surface pressure accu-
rately. Adequate panel density in regions of flow accelera-
tion is required.

5.2 It is demonstrated that wake simulation significantly im-
proves the pressure prediction, specially when a region of
separated flow, as at fuselage rear-end, exists.

5.3 The predicted rotor-plane velocities, induced by the
streamline fuselage, agree closely with the experimental
data. Strong upwash and sidewash velocities occur in the
windscreen area.
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5.4 The boundary layer computations show that about 80% to 290%

of the total drag of the streamline fuselage stems from
skin friction. Flow details identify areas on fuselage
surface where geometryy modification may help avoid flow
separation.
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