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Abstract f Hz frequency
Experimental investigations on the un- 1 m nacelle length, local chord
steady aerodynamic forces were performed
on an ejector engine model and a wing/ 1p m reference chord
engine combination in the subsonic and
transonic flow regimes. The experimental M Nm pitch moment
results were compared to theoretical re-
sults. The aim was to determine how well m kg/s mass flow
the commonly used mathematical aerodynamic
models for flutter calculations correspond Mo free stream Mach number
to the actual relationships observed on
engines. N N normal force
The investigations on the ejector engine o} Pa static pressure
demonstrated that linear 1ifting surface
theory provides quite accurate unsteady Py Pa engine model driving pressure
aerodynamic forces. The effects of Mach
number and reduced frequency are described q Pa dynamic pressure
correctly. For the wing/engine combina-
tion, the unsteady interference effect for Re Reynolds number
engine oscillation on the lower side of
the wing is strongly influenced by flow s m? wing area
separation at the wing/pylon connection.
In general, the unsteady aerodynamic for- U m/s free stream velocity
ces on the wing are small and, at this
order of magnitude, can be correctly cal- X,¥,Z m cartesian coordinates, pa-
culated with linear 1ifting surface theo- ratliel to the fuselage
ry.
X,¥,Z m cartesian coordinates, pa-
List of Symbols rallel to the fuselage
A m? cross section area %,¥,Z m cartesian coordinates, swept
a m/s speed of sound a angle of incidence
Cq local pitch moment coeffi- ¥ damping ratio
cient referred to 1/4
4 mass flow coefficient
Cu pitch moment coefficient
A taper ratio
Cn local normal force coeffi-
cient A aspect ratio
Cy normal force coefficient v m?/s kKinematic viscosity
<, pressure coefficient 9 kg/m density
Acp pressure difference Yo sweep angle of 1/4-1line
(= Cp,'lower_cp,upper) .
w 1/s circutar freguency
d m engine inlet diameter
wX reduced frequency

Copyrﬁght(}1990 by German Ministry of
Transport. Published by the American In-
stitute of Aeronautics and Astronautics,
Inc. with permission.
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Indices and Abbreviations

lower lower surface

upper upper surface

a guasisteady quantity

. free stream conditions

1 engine pressure supply

2 engine inlet cross section

5 engine exhaust nozzle cross
section

re () real part of compiex gquantity

imaginary part of complex
quantity

To improve the efficiency of aircraft en-
gines and to reduce the noise emission,
the bypass ratio of the engines has been
increased in the past and will be further
increased in the future. Future aircraft
engines, for example the projected General
Electric GE 90, or the CRISP project
(counter rotating integrated shrouded
propeller), will have a bypass ratio of 10
to 20. High bypass ratio engines result in
a large engine diameter. Fig., 1 shows an
Airbus A 300. The figure gives an impres-
sion of the engines dimensions in compari-
son to the aircraft.

Flutter calculations on aircraft with two
large engines, located far in front of the
wing leading edge, as shown in Fig. 1,
have shown that above the wing bending
frequency an engine pitch mode with a si-~
gnificant torsion of the outer wing
exists, see Fig, 2. With increasing air-
speed the frequencies of these two vibra-
tion modes come closer together and the
damping curve passes the zero line. A
flutter instability occures. Additionally,
Fig. 2 shows the influence of the engine
airforces on the flutter behaviour. The
engine airforces reduce the generalized
stiffness of the vibration modes with en-
gine vibration constituents, by which the
frequencies become smaller with increasing
airspeed. The damping of the vibration
modes with engine vibration constituents
is increasing. The coupling terms of the
generalized airloads are increased, by
which the loss of damping is increased.
The sum of these effects leads to a stron-
ger flutter situation and to a flutter
point at larger airspeed; see [1].

Present state of the art in the calcula-
tion of the engine-airforces is to ideal-
ize the engine by a thicknessliess flown
through circular cylinder; see [2], [3].
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Not represented are

the nacelle profile,

the cowling geometry,

nonlinear interference effects due to
flow separation in the connection areas
between engine, pylon and wing,

o the fan jet and

o the primary jet.

00O

Recently a cooperative programme between
Deutsche Airbus GmbH and the German Aero-
nautical Research Establishment was car-
ried out. Wind tunnel tests were performed
in the Gdttingen Tow speed wind tunnel and
in the ONERA S2 transonic wind tunnel on
an isolated engine model and in the Gbt-
tingen low speed wind tunnel on a wing/
engine combination. The aim was to deter-
mine how well the commonly used mathemati-
cal aerodynamic models for flutter calcu-
lations correspond to -the actual relation-
ships on engines and wing/engine combina-
tions. The present paper gives a view

of the results. Some more details are dis-
cussed in [4] and [51].

2 Experimental Investigations _on the Iso-
lated Engine Model

2.1 Test Arrangement

Present state of the art of engine simula-
tion in wind tunnel are the turbine powe-
red simulator modeis, by which the aerody-
namic parameters like the inlet mass filow
coefficient and the exhaust nozzle impuls
are well approximated. The TPS-models,
however, are very sensitive against vibra-
tions so that they could not be used for
investigations on harmonically oscillating
engine models. Therefore the conventional
ejector principle was used for jet simuyla-
tion.

The wind tunhnel model and the principle of
the test arrangement are shown in Fig. 3.
The engine model is a 1:13 scaled General
Electric CF6-50 engine. Pressurised air
{(m;) is led into the engine model with a
pressure of up to 20 bar and is blowing
out through taval nozzels. The pressurised
air entering the bypass channel sweeps
away the air entering the engine through
the inlet and increases in this way the
mass flow through the inlet m,. The mass
flow at the bypass exhaust nozzle becomes

ms = 1y + My 1)

The engine model is also designed to gene-
rate a primary jet. In this case the pri-
mary stream exhaust nozzle mass flow was
added to the bypass exhaust nozzie mass
flow (fs = My, + Mg ). The bypass ratio

fis 0/Mg ¢ results to about § and is about
the value of the real engine.

The engine model is fixed by a sting 1n an
electro-hydraulic exciter. The model can
be driven to harmonical pitch vibrations.



The engine model is instrumented with a
piezo-electrical balance, which is mounted
between sting and engine. Piezo-electrical
balances recently were used successfully
by G. Schewe [6], [7], especially for the
measurement of unsteady airloads. A total
of 33 pressure transducers are mounted in
three nacelle sections (see Fig. 3). The
engine model vibrations are measured by
four accelerometers in addition to a rota-
tion angle pick-up.

To determine the mass flows through the
engine model, calibration measurements
were performed in the Géttingen cali-
bration tank. Fig. 4 shows the dimension-
less mass flow coefficients

= L S 2a
62 Poo Qoo My Az ( )
at the engine inlet and
- s

at the exhaust nozzle versus the free
stream Mach number M, and for different
driving pressures p,. 9, is the free
stream density, a. 1s the speed of sound
and A, is the inlet cross section area.
With increasing Mach number the effec-
tiveness of the ejector decreases. At Mach
numbers M, > 0,6 the inlet mass flow is no
more increased by increasing driving pres-
sure. Whilst the inlet mass flow coeffi~
cient §, of the aircraft is not reached
for low Mach numbers and is crude approxi-
mated for cuise conditions, the exhaust
nozzle mass flow coefficient I, is well
approximated.

First, the steady airloads will be discus-
sed. Fig. 5 shows the measured pressure
distribution C, (x/1) of section 2 for dif-
ferent mass fWow coefficients L, and ¢
and for different Mach numbers M, .

The pressure coefficient is defined as
p(z/) — p
/) = 2D = Pe )
oo

with the static pressure p(x/1), the free
stream static pressure p, and the free
stream dynamic pressure q,. The pressure
distributions of the undriven engine

(py = 0 bar) at subsonic Mach numbers

Mw < 0,8 are characterised by a suction
peak at the nacelle leading edge. A se-~
cond, smaller suction peak at x/1 = 0,2 is
caused by a discontinuity of the nacelle
profile. The pressures on the nacelle in-
ner side are relatively high. This is due
to the throttling caused by the necessary
installations in the bypass channel.

The increase of the Mach number from

Mw = 0,18 to Me = 0,5 leads to only a
small increase of the suction peaks on the
nacelle outer side and to an increase of
the pressures on the inner side. At Mach
number M, = 0,8 supersonic flow locally
occures.
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The 1ncrease of the inlet mass flow coef-
ficient ;2 at low Mach number M, = 0,18
results in a shift of the stagnat1on point
on the inner side of the nacelle towards
the leading edge. Consequently the suction
peak on the outer engine side is decreased
and now a suction peak on the innetr side
is built up.

At the larger Mach number M, = 0,5 the
inlet mass flow coefficient I, is nearly
unchanged with increasing driving pres-
sure. The pressure distribution is only
slightly influenced on the inner side of
the nacelle. The increasing exhaust nozzle
mass flow nearly does not influence the
nacelie pressure distribution.

At transonic Mach number M, = 0,8 the in-
creasing driving pressure causes a stron-
ger throttling of the flow through. This

results in a pressure increase on the na-
celle inner side and a slightly change of
the supersonic flow region.

The normal force coefficient siope ¢, , and
the pitch moment coefficient slope ¢y,
were calculated with a steady panel method
on the basis of potential flow theory [8&81].
The normal force coefficient slope is de-
fined as

Ne
9o do |

CNa =

(4)

with the normal force slope N,, the na-~
celle length 1 and the inlet diameter d,.
The pitch moment coefficient siope is

erpe = —Ma_
Me = 0 d P ®

with the pitch moment slope M, referred to
the engine model pitch axis. They are
plotted in Fig. 6 against the inlet mass
flow coefficient §,. The calculation
method [8] is able to consider the nacelle
profile, the inlet mass flow and the ex-
haust nozzle mass flow separately, and the
Jjet.

With increasing inlet mass flow coeffi-
cient 7, the normal force coefficient
slope' ¢, , and the pitch moment coefficient
slope ¢y , are increasing linearly. A sys-
temat1ca11y change of the exhaust nozzile
mass flow coefficient I, results in the
assessment that this parameter does not
affect the engine airloads significantly.
The normal force coefficient slope ¢y , and
the pitch moment coefficient slope ¢y,
were calculated with the doublet-lattice
method [2]. The engine model was idealized
by an approximated circual cylinder. The
calculated values are somewhat smaller
than the values calculated with the steady
panel method [8]. This is due to the sim-
plified engine geometry in the doublet-
lattice calculation.

The measured pressure distributions were
integrated to derive the normal force and
pitch moment coefficient slopes ¢, , and



Cu.a- Basis was only the cross section 2.
The pressure distribution in circumfencio-
nal direction was approximated by a simple
cosine distribution. Measurement and cal-
culation are in good coincidence.

Taking into account the interference ef-
fect of the engine sting in the doublet-
lattice calculation gives in particular a
larger normal force slope. The force mea-
surement, by use of the piezo balance,
which includes the interference effect,
gives corresponding larger normal force
and pitch moment coefficient slopes com-
pared to the integrated pressure distribu-
tion,

2.3 Unsteady Airloads

The unsteady airloads were measured on the
harmonically pitching engine model. The
unsteady pressurée distributions

re ¢, (z/l) + i im ¢, (z/1) = re p(z/!) +i (/Y (6)
9o oo
are plotted in Fig, 7 for different Mach
numbers M, and different mass flow coef-
ficients I, and 7. At subsonic Mach num-
bers M, = 0,18 and M, = 0,5 the unsteady
pressure distributions are characterised
by a marked suction peak near the nacelle
leading edge on the outer side. With in-
creasing inlet mass flow coefficient I,
the pressure peak on the inner side of the
nacelle increases, whilst the suction peak
on the outer side decreases. With increas-
ing Mach number the pressure peak on the
inner side increases, but this is an ef-
fect of the increased inlet mass flow co-
efficient §,, too. At transonic Mach num-
per M, = 0,8 a pronounced suction peak
occures at x/1 = 0,1, which corresponds to
the maximum pressure slope dcy/ax of the
steady pressure distribution (see Fig. 5).
The supersonic flow region is responding
sensitively to small changes of the mass
flow parameters gz, and g;.

In the same way as the steady pressure
distributions in Chapter 2.2 the unsteady
pressure distributions were integrated to
unsteady normal force coefficients ¢, , and
pitch moment coefficients c, ., which are
plotted in Fig. & against the reduced fre-
quency

7 @

for different mass flow coefficients

and r,. The Mach number is M, = 0,18. With
increasing reduced frequency wx the real
parts of the normal force coefficient and
the pitch moment coefficient increase
slightly. The normal force and pitch mo-~
ment coefficients increase in real and
imaginary part with increasing mass flow
coefficients is evident.

The unsteady airlcads of the engine model
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were calculated using a Kernel function-
method of J.J. Angelini [3]. The engine
model geometry was approximated by a
flowing through circular cylinder, this
having the mass flow parameters I, =15

= 1, The comparison of measurement and
calcuiation shows that the increase of the
real parts with increasing reduced fre-
quency are well approximated, but the real
parts are underpredicted as a whole.

The influence of the Mach number M, cn the
unsteady normal force and pitch moment
coefficients is plotted in Fig. 9. In this
case the forces and moments were measured
with the piezo balance. The inlet mass
flow coefficient is approximately constant
1, = 0,4, whilst the exhaust nozzle mass
flow coefficient changes with increasing
driving pressure pt.'w1th increasing Mach
number, the real part of the normal force
coefficient is slightly increasing. The
real part of the pitch moment coefficient
is nearly constant, but shows a certain
scatter at transonic Mach numbers.

The unsteady airloads were calculated by
use of the doublet-Tattice method. The
interference of the sting is included in
the calculation. The Mach number depen-
dence of the unsteady airloads is well
approximated by the calculation. The cal-
culated unsteady airloads in this case are
Targer than the measured one, because the
interference effect of the engine model
sting is overpredicted.

3 Experimental Investigations on the
wing/Engine Combination

3.1 Test Arrangement

After the steady and unsteady airloads
were investigated on the isolated engine,
now the wing will be introduced in the
considerations. Both the influence of the
wing on the steady and unsteady airloads
of the engine, and the influence of the
engine on the steady and unsteady airloads
of the wing will be discussed.

The test arrangement 1in the Gdttingen 3m X
3m Tow speed wind tunnel is shown 1in

Fig. 10. With an electro-hydraulic exciter
the engine can be driven to harmonical
pitch vibrations, whilst the wing is
resting. The engine alsoc can be fixed me-~
chanically, so that the wing/engine combi-
nation can be driven to harmonical pitch
vibrations around a swept rotation axis by
use” of a second hydraulic actuator at the
wing root. Fig. 11 gives an impression of
the test arrangement in the wind tunneil.

The instrumentation of the engine model
was nearly the same as for the measure-
ments on the isolated engine. The wing was
instrumented with a total of 120 pressure
transducers in four sections (see Fig.10),
six accelerometers and a piezo-balance at
the wing root.



3.2 Steady Airloads

Again the steady airloads will be consi-
dered first. 12

sure distribution ¢, (x/1) on the wing is
plotted for different mass flow coeffi-
cients ¢, and ;. For all mass flow coef-
ficients it can be noticed that the sta-
ghation point is shifted towards the wing
leading edge. passing the sections from
the root towards the tip. Due to the in-
fluence of increasing jet strength I,
the stagnation point is shifted towards
the leading edge in all sections consid-
ered. This results in a decrease of the
suction on the wing upper side. At the
same time the suction on the lower side is
increased. The total result is a decrease
of the normal force coefficient ¢, of the
wing and an increase of the nose-heavy
pitch moment coefficient c¢,, as plotted in

Fig. 13. The normal force coefficient of
the wing is defined as
N
cN = ——
70 S (8)

with the area of the half wing $. The
pitch moment coefficient referred to the
pitch axis is defined as

M

M = 4o S 1,

(9)

with the reference wing chord ]“
The influence of the engine on the guasi-
steady pressure distribution of the wing
Cpalx/1) is shown in Fig. 14. Due to the
influence of the jet strength . the qua-
sisteady pressure on the lower surface
increases signhificantly, whilst the auasi-
steady pressure distribution on the upper
surface is nearly unaffected. This results
in an increase of the loccal guasisteady
normal force coefficient ¢, (¥/s) and an
increase of the local tail-heavy pitch mo-
ment coefficient c, {¥/s) with increasing
Jet strength . as plotted in Fig. 15.
The comparison of the measurement with a
doublet-lattice calculation gives a well
coincidence.

In Fig. 16 the influence of the wing on
the guasisteady pressure distribution

Ac, ,(x/1) on the engine is plotted. The
1ift force., generated in section 6, is
decreased due toc the presence of the wing.
Systematical theoretical investigations
have shown that the influence of the wing
on the engine 1is strongly affected by the
location of the engine relative to the
wing. The doublet-lattice calculation of
the engine pressure distribution shows a
satisfactory coincidence with the measure-
ment.

3.

3 Unsteady Airlcads

The unsteady airloads were investigated on
the harmonically oscillating engine and
the wing in rest. The unsteady pressure
distributions re cp(x/1) and im c,{x/7) on
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:loads are nearly unchanged. With

the wing are plotted for two sections and
at different reduced freguencies wx 1in
Fig. 17. The unsteady pressure distributi-
on on the lower surface differs

from that onm the upper surface remarkebly.
Pronounced minima and maxima are investi-
gated at different locations inboard and
outboard of the pylon. The wave character
of the unsteady pressure distributions are
nearly unaffected by the reduced freguency
wx of the engine pitch vibration. Thus
the character of the unsteady pressure
distributions is not the result of the
harmonically osciliating engine downwash
area. A local flow separation cccures at
the connection between wing and pylon,
which is the reason for the odd unsteady
pressure distribution. Fig. 18 shows an
01l flow picture and the corresponding
wall streamlines. Flow separation is visi-
ble in the vicinity of the pylon, and is
coating the pressure measurement sections.

The integration of the unsteady pressure
distributions gives unsteady local normal
force coefficients re ¢ (¥/s) and im c,
(y/s) and unsteady local pitch moment co-
efficients re c,(¥/s) and im ¢, (y/s}), which
are plotted in Fig. 18. The infiuence of
the oscillating engine on the unsteady
airloads of the wing are not very pro-
nounced. The unsteady lccal normal force
coefficients and pitch moment coefficients
are very small. A cajcuiation of the un~
steady pressure distribution, using the
doublet-lattice method, can not, of cour-
se, represent the measured unsteady pres-
sures, as shown in Fig. 16. But the cal-
culated Tocal unsteady airioads are in the
same order than the measured one.

The unsteady pressures on the oscillating
engine are nearly unaffected by the pre-
sence of the wing at rest, because the
unsteady airloads on the wing are of smali
quantity.

4 Conclusion_and Qutlook

Experimental investigations of the un-
steady airloads on an engine model and a
wing/engine combination had been carried
out. The aim was to find out, whether the
usually used flown through circular cylin-
ders as mathematical modelsg n flutter
calculations are appropriate te describe
the real flow conditions or the engine and
the wing/engine combination.

The wind tunnel tests on the harmonicaliy
oscilliating iscolated engine have shown
that the pressure distributions are signi-
ficantly affected by compressibility ef-
fects like transonic flow, but the air-~
increa-
sing inlet mass fliow coefficient the un-
steady airloads increase, whereas the di-
rect influence of the jet strength 1is
small. The unsteady airloads increase with
increasing reduced frequency.

The calculated unsteady airlioads are smai-
ler than the measured ones at identical in-



let mass flow coefficient. This means that
the calculated unsteady airloads are in
well coincidence with the measurement,
when the inlet mass flow is throttled, as
it is the case 1A the cruise condition of
the aircraft.

The wind tunnel tests on the wing/engine
model with the engine in harmonically
pitch oscillation have shown that the un-
steady pressures on the wing lower side
are strongly affected by a complex flow
separation in the region of the wing/pylon
connection. The magnitudes of the unsteady
airloads are small, and they are calcu-
lated in the right order by the doubliet-
lattice method.

Finally, it can be concluded that the un-
steady airloads of a wing/engine combina-
tion, as they are necessary for flutter
calculations, are satisfactory predicted
by the usually used doublet-lattice me—
thod, provided that the engine is of pre-
sently used type with moderate bypass ra-
tio. Future engine developments will lead
to Targer engine diameters, so that the
influence of the engine asrodynamics on
the aircraft flutter behaviour will in-
crease. Conseguently the unsieady engine
airforces and their interference effects
on the wing have to be considered in the
flutter calculation with more accuracy.
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Fig. 10: Test arrangement, schematical
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