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Abstract

The aerodynamic characteristics of three fuselage configura-
tions, typical for the current generation of helicopters, are
evaluated on the basis of a wind tunnel study.

A l:7-scale model fuselage with variable rear end was used to
generate a streamline, upswept rear-end and flat back rear-
end helicopter fuselage. Wind tunnel tests were c¢onducted at
60 m/s. Rotor flow was not simulated.

The analysis is based on six-component force measurements,
surface pressure measurements and flow field survey in the
wake. Emphasis is placed on the flight cruise condition of
incidence @ = -5° and zero yaw.

l.Introduction

The increasing attention being paid by the manufacturers to
the aerodynamics of helicopter fuselages is prompted by the
need to reduce drag and vibration, increase flight speed and
fuel efficiency, and improve the flying qualities of modern
helicopters. In the past helicopters were designed mainly to
hover so that rotor aerodynamics was the main concern. With
forward speeds approaching 300 km/h and above, fuselage aero-
dynamics start playing a decisive rocle in defining the per-
formance of a helicopter.

Although flight tests are crucial to helicopter development,
due to the costs involved they are seldom used for basic
research 1in fuselage aerodynamics. Wind tunnel tests play
here the fundamental role for project studies and basic re-
search. Besides low costs, ease of test procedures etc., many
dangerous flight cconditions, otherwise impossible to be in-
vestigated, can be simulated in the wind tunnel. Since the
fuselage flow for conventional helicopter designs is practi-
cally incompressible, Mach-number similarity between model
and full-scale need not be rigorously imposed. However, if
large differences exist in the f£light test and wind tunnel
Reynolds-number, discrepancies especially in drag behaviour
occur.

The fuselage of a helicopter underlies operational require-
ments which impose unfavourable geometric constraints on the
afterbody geometry. The bluff aft-fuselage shape creates an
extensive region of separation in the rear, resulting in a
large pressure drag. An upswept rear end, unfavourably de-
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signed, 1leads to strong longitudinal vortices emanating at
the side/rear end slant edge which may adversely effect drag,
flight stability and fin effectiveness, [1], [2]. Streamlined
fuselage configurations in which there is a graduval transi-
ticn from main body to tail boom exhibit for negative inci-
dences unstable behaviour caused by alternate vortex shedding
off the aft portion. A critical parameter for fuselage drag
and stability is thus the aft body shape. a1l three fuselage
configurations mentioned above are represented in the current
generation of helicopters and thus their aerodynamic perform-—
ance is of interest.

2. Experimental Set-up and Test Procedure

The model investigated was a 1:7 scale helicopter fuselage

with interchangeable rear ends, Fig. 1. Front and middle part

of the model remained common to all configurations. Through

change o¢f the rear part a streamline, upswept and flat back

model version could be realized. The upswept rear-end model

has been the subject of earlier studies [1], [2] where be-
sides wake surveys also pressure and force measurements were

conducted.

Wind tunnel tests were performed in the open test section of
the DFVLR low speed wind tunnel in GO8ttingen. This facility,
described in [3], is an open test section closed return wind
tunnel with 3 m x 3 m cross section and a test section length
cf 5.86 m. The streamline and flat back models were mounted
in the tunnel via a sting through the tail boom Fig. 2a. On
the other hand, the swept back rear end model was mounted
upside down on a vertical mast as shown in Fig. 2b. A strain
gauge balance, arranged inside the model was used to measure
the aerodynamic forces.

One half of the model (including the rear end) was instru-
mented with pressure taps distributed over the periphery of
various sections indicated in Fig. 1. 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 acguisition were installed within the model.

Flow field survey was done with a ten hole directicnal probe,
Fig 3, ([4], [5]) which has four orifices on the conical tip
arranged such as to make the pressure difference between one
opposing pair sensitive primarily to incidence and the other
to flow yaw. Incidence rotations are imposed until the pres-
sure 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 ori=
fice and mean of pressures in four orifices on the cylindri-
cal sleeve is a function of local total and static pressures
respectively. Thus magnitude and direction of the local velo-
city vector and local pressure could be determined. The ori-
fice on the rear-end of the probe serves to indicate flow re-
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versal. 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 ratio of model front to tunnel nozzle area was about 1 %.
The moment reference point for the three configurations is
shown in Fig. 1, whereby these c¢oordinates are same for the
streamline and flat back versions.

Force measurements were done in the angle of incidence range

of a = 230° in increments of 1°, 2° and 5°; angle of yaw was
varied between B = 5° to -20° in 5° steps. Surface pressure
measurements covered an angle of incidence range of g = -9°
to 20° and yaw angle values B = +20°, Flow field surveys (in

planes perpendicular to free stream) for some of these inci-
dence and vaw angle values were obtained for the streamline
and flat back models at stations 980. mm and 1305. mm down-
stream from model nose, For the upswept rear end configura-
tion such stations were located at 1070. mm, 1645. mm and
2130. mm downstream of the model nosgse. Tailboom mounting of
the other two models prevented the location of field survey
planes at the last two locations.

A computerized data acgisition and reduction system enabled
rapid flow field surveys. The continuously recorded probe
data was integrated over 0.2 s to arrive at the average val-
ues finally recorded. Force and pressure measurement data was
processed in a similar manner whereby surface pressure values
were averaged over 2 s and force values over 0.6 s. Choice of
these integration times is based on a calibration analysis of
the system.

3. Discussion of experimental results

In what follows only a representative set of results are
presented from the large amount of data generated during the
tests. Main and tail rotor flow was not simulated. An analy-
sis of the aerodynamic qualities of the three fuselage shapes
is attempted on the basis of six-component force measure-
ments, pressure distribution and flow field survey in the
wake.

3.1 Force measurements

The effect of incidence on the drag behaviour of the three
fuselage configurations is seen in Fig. 4a. Highest values of
drag in the range of incidence a = 2° to =-25° are obtained
for the upswept rear-end configuration. The upswept rear-end
model contains in its flow two physical phenomena in the aft
region which generate significant pressure drag. The wake
region may, depending upon the angle of incidence, contain a
'dead water' type of 'separation bubble' or a smaller separa-
tion bubble with two longitudinal vortices at its edge with
their axis following the upswept edges and tail boom. The

2.10.3



vortices emanate at the slanted side face/upswept rear-end
edge 11, [2].

The kinetic energy content of the vortices, or in other words
the low pressure peaks created as a conseguence on the up-
swept rear end generate the higher values of drag, especially
in the negative incidence range as seen in Fig. 4 (see also
[6]1 ). For still lower values of incidence the side/bottom
face edges become progressively more slanted to the free
stream so that these too generate vortices. Since the projec-
ted frontal area also increases causing an increase in the
net drag force, the effects cumulate te exhibit the drag rise
demonstrated. Positive incidence angles have the effect of
lowering the slant angle of the upswept rear end, so that the
longitudinal vortices dissipate. The breakdown of this vortex
structure apparently lowers the drag value. This phenomenon
has been observed in the case of fastback automobiles [5] ,
where the base slant angle was varied.

With increasing positive incidence, the role of vortex gene-
ration is taken up gradually by the edges of side/top face.
However as these are well rounded, a significant effect is
conjectured to be present at angles of incidence larger than
those measured in Fig. 4a. The stagnation of C, values in the
range of a = 5 to 20° indicates the influence of these
compensating effects and absence of a well defined wake
structure.

The almost symmetric variation of the drag curve for the flat
back fuselage configuration is primarily the result of the
sharply defined separation line of the flow. The wake emana-
tes, for the incidence range investigated, at the periphery
of the base and a significant change in the wake cross sec-—
tion with incidence is not present. Since the drag coeffi-
cient value shown in Fig. 4a is based on the model cross sec-
tion, and the net drag value increases with incidence due to
increase of projected frontal area, the drag rise noticed is
apparently caused by the increased frontal area exposed to
the onset flow.

Inhibition of pressure drag through a smooth transition from
the main body to the tail boom, as effected in the 'stream-
line' model shows the payoff achieved in Fig. 4a. For the
cruise condition of a = -5°, this configuration has a drag
value amounting to 1/4 to 1/3 of that for the upswept rear-
end or flat back models respectively. Over the incidence
angle range of o = -5° to +10° this favourable low value of
drag is practically maintained.

All three fuselage models experience a negative lift force in
the negative incidence range; for the upswept rear end model
this range extends upto about 7° as seen 1in Fig. 4b. This is
mainly caused by the pressure distribution generated in front
region of the fuselage (as to be seen later in Fig. 8).

The almost same gradient of the Cp-a curves of all configura-
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tions in the negative incidence range indicates that the lift
behaviour is governed by the pressure distribution generated
on the front part of the fuselage. The streamline model exhi-
bits here also the favourable low negative 1lift values in the
range of g = -5° to 10°, High values of negative 1lift seen in
Fig. 4b for the upswept rear-end model are due to the low
pressures created on the upswept rear-end surface.

Streamline bodies with little or no separation in their flow
field are more susceptible to changes in direction ¢f onset
flow. This is borne out by the pitching moment curves plotted
in Fig. 4c. With little or no separation on the body surface,
as is the case for the streamline model fuselage, the pres-
sure at each surface point is mutually dependent without the
damping effect of a region of separation which, for example,
is present in the form of a wake in the flow field of the
other two models studied. Due to this the streamline fuselage
curve exhibits a relatively steep gradient for the pitching
moment.

Effect of yaw on the Lift, Drag and Pitching moment characte-
ristics of the fuselages are shown in Fig 5. Interesting to
note 1ig the simularity in drag behaviour with yaw for the
streamline and the flat back models (Fig. 5a). Whereas in the
case of the streamline model the afore mentioned intense
depending of surface pressure on onset flow variation appears
to be the cause of the drag sensitivity to yaw, the drag
change for the flat back model can be explained to be effec-
ted by base pressure changes in the strongly coupled attached
flow and wake flow of this short fuselage. Lift and Pitching
moment values remain almost stagnant, Fig. 5b and ¢, over the
yaw angle range investigated.

Characteristic results for the side force, rolling moment and
yawing moment variation with the angle of yaw in the range of
B = ~5° to 20° are shown in Figs. 6a, b and c. While the
streamline and upswept rear end models show similar side
force variation behaviour over B wvalues between -5° to 10°,
the flat back version exhibits a linear variation with a
steeper gradient over the whole range of yaw angles investi-
gated, Fig. 6a. Difference in rolling moment behaviour with
vaw 1is demonstrated by the streamline configuration in
Fig. 6b, whereby its low values stand in contrast to the
almost same type of change for the other two configurations
(for values of B between 0° and 12°). Significant difference
in yawing moment curves of the three configurations, as seen
in Fig. 6c¢c, can not be observed.

3.2 Pressure distribution on fuselage surface

An isometric view of the pressure distribution in various
cross sections of the fuselage configurations studied is
depicted in Fig. 7. From low drag point of view, it is desi-
rable to achieve a pressure distribution as uniform as possi-
ble over the c¢ross section contour. In the front part of the
fuselage, a deviation from this condition 1is tolerable as
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flow is accelerating and boundary layer is comparatively
thin. In the rear portion of the fuselage this condition is
however important to attain a low drag value.

A look at Fig. 7a bears out this explanation for the low drag
behaviour of the streamline fuselage configuration. In con-
trast, the aft portion of the upswept fuselage configuration
(Fig. 7b) exhibits pressure peaks at the slant edge caused by
the longitudinal vortices generated. These pressure peaks are
noticeable also along the tail boom.

Another interesting feature of the pressure results is the
similarity of the pressure distribution in front portion of
all three fuselage configurations. This observation is decep-
tive, since the differences, even though small, create
through the integral effect over the body surface the differ-
ences in the aerodynamic behaviour. Fig. 7 also indicates
validity of these observations for the yaw angle § = -15°. In
Fig. 8 the pressure distribution along the top and bottom
centre line of the three fuselage configqurations is shown. As
noted above, the pressure wvalues on the front part of the
fuselages, are almost identical and start deviating in the
rear. Negative values of Lift, as noted earlier in Fig. 4,
are primarily caused by the contribution of the front fuse-
lage portion.

3.3 Flow field survey in wake

To gain an insight into the structure of the flow field,
especially in the wake region, the cross flow velocity dis-
tribution vector plots) was determined in selected
planes perpen&&cular to the onset flow. Experimental con-
straints prevented the identical location of these planes for
all three fuselage configurations studied.

Fig. 9 showg the flow field survey results in an iscometric
view for the cruise condition, g = -5° and B = 0°. As expec-
ted from previous observations, the strongest cross flow is
seen in the flow field of the upswept rear end fuselage
(Fig. 9b), which clearly indicates a pair of strong upwash
creating and counter rotating votices, with their axis align-
ed along the tail boom. This vortex structure is present at
the tail rotor location and persists further downstream, (see
[2]). Filling up of the wake proceeds, as seen in Fig. 9a and
¢, for the streamline and flat back fuselage versions,
through inflow mainly from the sides and below. This does not
lead to the characteristic strong vortex formation as men-
tioned above.

In Fig. 10 the effect of yaw on the cross flow in wake is
investigated. View seen is downstream, in planes perpendicu-
lar to onset flow. Surprisingly, all three fuselage configu-
rations show similar cross flow structures in the yawed con-
dition (p = -15°). Under vaw, the front fuselage portion
appears to generate a similar cross flow in the wake as ob-
gserved earlier for the upswept rear-end fuselage. A conclu-

2,10.6



sive result as to whether this leads to formation of vortices

als

o for the streamline and flat back fuselages which persist

further downstream is not to be inferred from data available.

Conclusions

A major portion of aerodynamic drag of conventional heli-
copter fuselages stems from pressure drag.

The pressure drag is essentially created by either a 'dead
water' type of separation and/or strong longitudinal vor-
tices in the wake.

A drastic reduction of the drag by an amount two thirds to
three fourths of the wvalue for other fuselage configura-
tions was obtained by a gradual transition of the cross
section of the main body to the tail boom.

The streamlining through gradual transition of the cross
section from main body to the tail boom resulted in an
overall improvement with regard to Lift, Pitching-, Roll-
ing=- and Yawing moments.
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