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Abstract

Noise production in the vicinity of (military)
airports is of continued concern, especially for
aircraft during the (high thrust) take-off phase.
Many airports are operated under law enforced
noise contour limitations. In an attempt to cope
with this, noise abatement flight procedures are
being considered.

A noise prediction environment is
presented that combines the simulation of
aircraft trajectory, attitude, speed and thrust
with a smulation of the corresponding noise
characteristics of the engine. The method
couples a flight simulation method with the NLR
Gas Turbine Smulation Program (GSP) and a
noise prediction model.

In the present paper the developed
simulation tool has been applied to several
flight conditions of the F-16 fighter. Straight
and turning level flights and parametric take-off
simulations are being considered. It is shown
that significant noise reductions can be
obtained in the climb-out region around the
airport by adapted take-off procedures.

1 Introduction

aircraft case, for which jet mixing noise is
considered to be the major noise source. A brief
description of the simulation method is given in
the next subsections.

1.1 Flight simulation method

For the present application a Matlab-Simulink
based flight simulation model (see [1], [3]) for
the prediction of aircraft trajectory, aircraft
attitude and required thrust (or throttle setting)
is used. It contains a 6-Degree Of Freedom (6-
DOF) flight mechanics model for the F-16
aircraft. Force and moment coefficients are
prescribed by tabulated data. E.g. lift and drag
coefficients are tabulated as function of Mach
number, angle of attack and side slip and as
function of control surface deflections (rudder,
aileron, trailing edge and leading edge flaps).
Either a low or a high fidelity representation of
the aerodynamic coefficients can be used. The
low fidelity model [1] uses a simplified
aerodynamic model, in which the effect of the
leading edge flap (LEF) is implicitly taken into
account. In the more accurate high fidelity
model [2], used in the present study, the LEF
deflection is explicitly taken into account. The
leading edge flap deflection is automatically

A combined flight mechanics, gas turbine controlled depending on angle of attawkand
simulation and noise prediction tool (E-NOISE Mach number. The LEF improves the lift over
Engine Noise Simulation Environment) has drag ratio at high angles of attack. In the present
been developed. The three elements of this tool study mainly symmetric flight conditions are
are displayed in Figure 1. The current tool takes considered, for which the flight mechanics
into account jet mixing noise only. This is seen model is effectively reduced to a 3-DOF model.

as a first step, since the method can be extended

The original flight mechanics model was

with fan-noise and airframe-noise prediction augmented with a flap extension model,

models, which will certainly be needed for civil

necessary to simulate take-off's, and adapted to

aircraft noise predictions. In the present paper enable simulations for non-ISA atmospheric
the tool has been applied to a military fighter conditions (including headwinds). Dedicated
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auto-pilot models were developed for the
acceleration phase on the ground, the initial
climb phase at constant pitch angleand the
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2 up to 5 parameters defined by component
maps and thermodynamic equations. These
parameters are air or gas properties and other

continued climb at constant calibrated airspeed parameters such as rotor speeds and efficiencies

(KCAS). Figure 2 shows, as an example, the
Pitch Attitude Hold (PAH) auto-pilot model for
the second climb segment at a given throttle
setting. The parameterized take-off flight
scenario is controlled by user input. In the
simulations throttle settinth is used to control

determining the component operating point.
Here an existing and well validated model for
the double spool F100-PW-220 turbofan engine
of the F-16 is used. The GSP modular model is
shown in Figure 3. Engine properties are
computed at a given thruBt or power setting

the engine. In the present simulations the engine (Power Lever Angle, PLA).

throttle settingth was less than 0.74, so below
the military power throttle setting of 0.77. Note
that full After Burner (AB) power setting
corresponds to a throttle setting of 1.00.

An output file is produced that contains for
each time step a line with the following data:
time (), aircraft positionsy, y, 2), airspeed\(;),
roll, pitch and yaw angleg &6 ¢), angle of
attack and side-slipa( £), angular velocitiesp(

g, r) and the engine thrust forcéd. For non-
ISA conditions static pressure)(and static
temperature T) are also added. Horizontal
headwindVy can also be taken into account. In
this paper all calculations were made for a
typical training configuration of the F-16 fighter
aircraft (m=11190 kg) and zero wind ISA
(International Standard Atmosphere)
atmospheric conditions, unless stated otherwise.

1.2 Engine simulation model

For the analysis of (off-line) propulsion system
performance, NLR has developed the Gas
turbine Simulation Program (GSP, see [6]). This
tool is capable of calculating both steady-state

In the current application the output file
from the flight simulation is used as input to
GSP in order to compute the physical properties
of the engine exhaust jet (velocity, temperature,
Mach number and cross sectional area of the
jet), for given thrust forc&, at discrete points
along the flight track.

1.3 Noise prediction model

The combined results of the flight simulation
and GSP method provide the necessary inputs
for the noise computation. The noise modeling
has been integrated into GSP environment (see
figure 3). The emitted jet mixing noise is
computed with the updated version [4] of the
method that was originally developed by Stone
and Montegani [5]. It takes account of the
aircraft velocity, jet velocity, jet Mach number,
jet cross sectional area, the distance between the
observer and the noise source, the angle
between the jet axis and the position vector to
the observer and the movement of the noise-
source with respect to the observer.
Atmospheric  attenuation [7], acoustic

and transient gas turbine performance using areflections with the ground [8] and [9] and

user-friendly drag & drop interface with on-line
help running under MS-Windows. GSP has a

modular set-up, each engine component is

primarily based on OD-modelling of the flow

impedance modeling [10] are also taken into
account.

For each time-step the computed
instantaneous noise levels are stored on a user-

properties, averaged over the flow cross section defined grid below the flight path, here taken at
areas at the interface surfaces of the componentl.2 m above the ground. From these data

models (inlet and exit). GSP utilizes component
model stacking to create the thermodynamic
cycle of the engine of interest. The exit gas
condition of a component forms the inlet gas
condition for the next component in the
configuration. Processes in gas turbine

various results can be computed, d.gmax Or
Lagen- AlSO noise spectra can be computed at
dedicated (or all) grid points.

In this paper results are presented, either as
A-weighted Overall Sound Pressure Level
(OASPL) LA at a certain noise emission time, or

components are determined by relations among @SLamax noise levels.
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the aircraft at the time of the instantaneous noise
contour is indicated with a blue dot. Only half
o _ of the symmetric noise footprint is shown. The
2 Application to level flights jet noise directivity is clearly visible in these

Steady level flights, either straight or turning, figures. Corresponding to the thrust demand at
pose a significant part of normal day-to-day the different speeds, shown in figure 6,
operations. Noise contours will depend on the relatively high noise levels are found both for
flight altitude and on aircraft speed, because the low and high speed case. The lowest noise
aircraft speed defines the required thrust and levels are obtained for the/150 m/s case, a
aircraft pitch angle. Trimmed steady level condition close toC/Cpmx and thus near
straight and turning flight conditions were minimum thrust.Lamx Values for the different
simulated, using dedicated trim routines, in aircraft speeds are shown as function of the
order to show the effect of aircraft Speed on lateral distance to the f|lght path in Figure 10.
noise contours. Trailing edge flaps and Depending on aircraft speed, differences up to
undercarriage were retracted during these flight 10 dBA are observed.
simulations.

2.2 Level coordinated turns

2.1 Straight level flights As an example, steady level coordinated turning

As an example, trimmed straight steady level flights (meaning zero lateral acceleration in the
flight conditions were computed at an altitude of aircraft coordinate system) with a centripetal
1500 m for true aircraft speeds between 70  acceleration @ of 1g (9.8065 mA are
and 250 m/s. For horizontal flight, the pitch considered here. These correspond with an
angle is equal to the angle of attack and dependsaircraft bank angle of about 45 deg. The turn
on the flight speed, as shown in Figure 4. The radius is proportional t¥;’. Forac = 1 the turn

lift and drag coefficients depend on angle of radius becomes 500 m¥{= 70 m/s and 6373
attacka. As shown in Figure 5, the maximum M atVi= 250 m/s. For a given airspeed, steady
lift to drag ratio is obtained near = 4 deg, level turns require a larger lift, and thus a large
which, at an altitude of 1500 m and for the a_ngle of attacl_< (see Figure 4), than s_traight level
chosen aircraft mass of 11190 kg, corresponds flights. The higher lift leads to a higher drag
to a true airspeed, of about 150 m/s (see figure value anc_i a higher thrust demand (see Flgur_e 6).
4). At this speed the required thrust for straight The leading edge flap and elevator deflections
level flight attains its minimum value, as shown &€ shown as function of angle of attack in
in figure 6. Note that at low speed, because of Figure 7 and Figure 8. The leading edge flap
the high pitch angle, a significant part of the @ngle is also a function of Mach numba.
vertical force that balances the weight comes FOr @ given value oy, the Mach numbers for
from the engine thrust. Leading edge flap and Straight and turning flight are different, leading
required elevator deflections are shown in to asmall difference in leading edge flap angle.
Figure 7 and Figure 8. At high angle of attack The computed.mx NOise contour for a
(low speeds) the leading edge flap is deflected Complete steady level turn (colored levels) and
up to its maximum value of 25 deg and the instantaneous noise contours (black lines) for
elevator needs to be deflected upwards to aboutthe aircraft at the blue dot position, flying in a

stationary horizontal flight. trajectory (indicated by the white line) wigly =
Because of the jet noise directivity, the 1 andVi= 250 m/s, are shown in Figure 11. A

pitch angle has a (minor) effect on the computed comparison ol amx values at different aircraft

noise contour. A comparison of instantaneous SPeeds is shown as function of the radial
noise footprints,La, for aircraft flying in x distance to the turn centre point in Figure 12. At

direction at true airspeed of 250, 200, 150 or  low speed the turn requires high thrust, leading
100 m/s, is given in Figure 9. The position of !0 @ higher noise level.



3 Application to take-off's

Relatively high thrust levels are needed during
take-off in order to accelerate the aircraft on the
runway and safely climb thereafter. Take-offs
contribute significantly to the total noise
produced around military airfields. Normally
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because of aircraft acceleration), the flaps and
undercarriage are retracted and the PAH
simulation is continued unt{CASis reached.

6) Now throttle setting is adapted to the user
prescribed value for the"2climb segment and
the aircraft pitch angle is changed to a trimmed
condition for climb at constanKCAS The
simulation is continued with auto pilot model
CASH for constanKCAS until final altitude is

the initial take-off phase is made at a constant reached.

high throttle setting (either at military or fullBA
power) and after rotation and take-off the flight
is continued at a fixed constant pitch angle.

When reaching a certain airspeed and/or altitude

it is possible to continue the climb with a
different climb strategy, e.g. by applying a
power cutback or switching to a steeper
approach at consta{CAS. In a first study,

parametric take-off simulations were made and
resulting take off trajectories and noise foot-

prints have been compared in order to devise

noise abatement take off procedures.

3.1 The take-off simulation model

For the parametric study of take-off’s, the
aircraft trajectory is build up by a series of
piecewise continuous simulations, allowing
discontinuous changes of some of the
parameters in between these phases.
organized as follows:

1) User input of take-off simulation parameters:
initial altitude; final altitude for level flight;
initial throttle setting; final throttle setting taf
reaching KCAS, pitch angle @ during initial
take-off; KCAS for the final climb segment and
the maximum simulation time.

2) Determination of lift-off velocity/, or at user
prescribed pitch anglé, for aircraft with flaps
deflected.

3) Ground acceleration phase @t &=0 until
reaching rotation spee¥, = 0.8% o (from
empirical fit). The friction with the ground is
taken into account.

4) Change to prescribed pitch angt and
continue the ground acceleration until reaching
Vior.

5) Initial climb with Pitch Attitude Hold (PAH)
auto-pilot model. If the difference betweeh
and a becomes more than 2 deg (lecreases

7) At the final altitude the aircraft is re-trimmed
for steady level flight with reduced throttle
setting.

3.2 Take-off simulation results

All take-off simulations were made with the
pitch angle for the PAH simulation on the first
climb segment set at 10 deg, the initial throttle
setting was just below that of military powdin (

= 0.74 instead of 0.77) and a final altitude of
1500 m was prescribed. Position x= 0 is at the
start of the ground acceleration phase. Three
sets of calculations were made.

In the first set of calculationsCAS on the
second climb segment was varied (250, 300 and
350 KCAS). Figure 13 shows the aircraft
trajectories. WheiKCASis low the (steeper)"2
climb segment starts earlier. Pitch angle and

It isangle of attack are shown as function of

distance x in Figure 14 and 15. Note that, with
the present aircraft weight, &#CAS= 250 the
angle of attack is close to 4 deg, the condition
for minimum drag which provides maximum
climb for a given throttle setting. Figure 16
shows the thrust as function of distancelhe
effect of the thrust cutback when reaching final
altitude, is clearly visible in the noise footpsnt
for La max that are shown in figure 17.

A second set of calculations was made for
KCAS = 250, but now with reduced throttle
settings on the " climb segmentth = 0.40,
0.60 and 0.74). Figure 18 shows the aircraft
trajectories, figure 19 the pitch angle and figure
20 the engine thrust. Figure 21 shows the
correspondingLamax Noise footprints. Power
cut-back leads to a reduced climb rate, but less
thrust and therefore less produced noise during
the 2 climb phase. For a further explanation of
the results, figure 22 shows the aircraft
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trajectories for theh= 0.74 andh= 0.40 cases,
together with predictetamax values at position
y= 1000 m aside from the flight track. For the
case without power cutback the noise results of
the different flight phases are shown separately
The red line showsLanex for the ground
acceleration and initial climb phase. Due to
sound directivity the maximum jet noise is
radiated at about 135 deg from the flight
direction. With the aircraft still at low altitude,
at y= 1000 m aside from the track, the
maximum noise will thus be found at about
1000m aft of the aircraft. Indeed the maximum
noise level is observed at about 1300 m and not
at the end of the®iclimb segmentxc 2300 m).
The solid blue line showkamax until reaching
the final altitude. For lowx values, the noise
produced on the"2 climb segment apparently
dominates over the noise produced over the
initial climb phase. This can be understood,
because during the continued climb the angle
between the radiated noise and the ground
increases, which leads to reduced noise
absorption at the ground. The very low noise
produced during the level flight segment at 1500
m altitude is indicated by the magenta line and it
only starts to dominate almax beyondx= 11000

4 Concluding remarks

A simulation environment for predicting noise
contours, E-NoISE, was developed. It combines
flight mechanics, engine performance and noise
" prediction in a closely coupled simulation tool.
At present, only jet mixing noise is taken into
account, but this will be extended with shock
noise, fan noise and possibly also airframe noise
modules. Validation of the method against
flyover noise tests is in progress. With all prime
parameters taken into account the tool can be
used both for simulation of daily operations as
well as for studying noise abatement
procedures.

The method is demonstrated for straight
and turning level flights and with some
parametric take-off simulations for a fighter
aircraft.

The same modeling strategy can also be
applied to civil aircraft operations, provided a
tailored flight mechanics and GSP engine model
is available. Instead of MATLAB-Simulink
flight simulation results, it is possible to use
alternative input sources for the engine and
noise simulation with GSP. E.g. results from
piloted flight simulations or actual measured
flight data.

m.

For the case with power cutback only the
noise produced during the™2climb phase is
shown (broken blue line). Due to the power
cutback a stepwise change in produced noise ]
occurs. TotalLamax then follows as the max 2]
value from the ¥ and 29 climb segment (the
red line at low and the broken blue line at large
values ofx). These observations do well explain
the shape of the noise contours that were shown
in figure 21. (3]

Finally, additional simulations were made )
for a take-off scenario wittCAS=300 on the
2" climb segment, without and with a quite
strong headwind of 15 m/s at 10 m height. A [5]
simple power law scaling of headwind with
altitude was used in this example. Figure 23
compares the aircraft trajectory with- and
without headwind and figure 24 compares the
noise footprints. The main effect is that, with
headwind, the final altitude and related power
cut-back is reached at a lower x value, leading
to a somewhat “shorter” noise contour.

(6]

(7]
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segment. Case without power cutback shows coniwibut
of different flight segments separately: blue st for
complete climb until reaching final altitude, ré for
ground acceleration and initial climb phase onlggenta
line for level flight segment. The blue broken lisigows
contribution of the 2 climb phase for theén=0.4 case.
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Figure 23: Take-off trajectories for an F-16 aiftweith
and without headwindVg, 10 =15 m/s V= Vi 10 (W10,
th= 0.74 ancKCAS= 300 on ¥ climb segment.
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Figure 24: Comparison d&fy max NOise footprints for take-
off’'s with an F-16 aircraft, without and with strgn
headwind Vi 10= 15 M/SVu= Vi 10 (W10)"*%), th= 0.74
andKCAS= 300 on the % climb segment.
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