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1. Introduction —

Noise requirements more and more influence the perfor-
mance of take-off and landing of commercial airplanes, As a
measure for the acoustic situation in the vicinity of airports,
noise regions can be determined, which are enclosed by a curve
of constant noise annovance. The German aircraft noise law of
1971[1] uses the mean annoyance level, which is called the
noise index §, and which can be obtained by taking the inte-
gral mean value of the instantaneous noise levels of all
fiights during a long time, and defines as the noise protection
area that area, in which the noise Index § is greater than
67 dBA. Herein the spectral content and the long time effects
of the noises are considered, but more important characteristic

aﬁameters are missing, e.g. the maximum perceived noise level
2 -

In the following, the noise protection area correspon-
ding to the German law against aircraft noise is computed for
the take-off of VIOL-aireraft. Moreover, the noise protection
areas are computed taking into consideration the maximum per-
ceived noise level; the noise proftection area is now defined
as that area, in which either the noise index § is greater
than 67 dBA or the maximum perceived noise level Qmax is
greater than 95 dBN or both is the case. Besides, the effect
of different flight path profiles {height of the vertical
agscent, transition flight path angle) on the noise protection
area is investigated with the aim to determine noise optimal
VIOL-flight paths. An important effect is the engine noise
characteristic, Therefore it is investigated how far the
noise optimal flight trajectories are effected by a more or
less simplification of the engine noise characteristics.

2, Calculation of the take-off flight nrofile

In this study, calculations are performed for a typical
VIOL-aircraft with seperate 1lift and cruise engines. The take-
off weight 1is Wa550 000 N and the thrust/weight ratio is
Tmax/W=1i.1. Since the emphasis-is on performance the pitching
degree of freedom is disregarded. The longitudinal motion can
then be discribed by the following equations:

=4

%SV2-WsinX'+;;[T(V,h)cos(G}QQ-N(V,h)sinGT+M)]e (1)
mV?u-CL(a,n)%SVQ—Wcosy'—;:[T(V,h)sin(G+M)+N(V,h)cos@5+a)]e (2)
The drag and 1ift coefficient Cp and Cj, are prescribed depen-
dent on the angle of attack « and the flap angle™ . The thrust
T of the engines is the net thrust, which decreases with
increasing forward speed V because of the increasing ram drag,
and which decreases proportional to air density with increasing
height. That component of the ram drag which is perpendicular
to the engine axis acts as an external force on the aircraft.
E denotes the number of engines and & is the angle of rotation
of the thrust vector. The motion of the aircraft is controllable
by the variables T,¢ ,« and 7. :

In the following three equations, representing the
integral VTOL flight performances, the tangential acceleration
V is the essential variable:

m¢=-CD0¥.n)
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Therefore the VIOL take-off is considered then optimal, when
the control variables of the aircraft mentioned above, at any
time or at any rate of speed are chosen so that the tangential
acceleration is a maximum. The control variables as well as
their first derivative with respect to time are restricted,
because of constructional reasons and passenger comfort. The
integrals are to be taken for the total VTOL section of the
take-off, beginning at V=0 and ending with the speed Vqp at

the end of the transition.

To simplify the problem, the trajectories are seperated
into two parts: the vertical ascent to a certain height hy and
the transition on a flight path with constant angle yp (see
figure 2). The demand for maximum acceleration means, that the
vertical ascent has to be flown with maximum thrust. The
acceleration during this ascent decreases because of the
decreasing thrust with inereasing height and because of the
increasing ram drag. This ram drag acts as a damping factor
which increases with decreasimng jetvelocity. To caleculate the
optimal acceleration during the transition flight, the control
variables in discrete straight flight path segments of constant
time duration are combined so, that the equations (1) and (2)
are satisfied and the demanded acceleration is at its maximum
value, The climbing flight following the end of the transition
is flown on the steepest possible flight path with regard to
flight performance with maximum continous thrust of the cruise
engines and with the 1ift engines off. '

For each of the take-off flight trajectories, which are
prescribed by the parameters hy and ¥'7 now exist optimal states
of the control variables with regard to flight performance, and
resulting forward speed and acceleration throughout the
trajectory. From the manifold of this flight trajectories, that
trajectory is selected, which gives the minimum value for the
noise protection area. To compute the noise protection areas,

a VTPOL airport is assumed, which has an annual transport
capacity of 4.5 Mill. passengers and 30.000 t of freight, half
of which is transported by the departing aircraft, each of
which can carry maximal 100 passengers or 10 t of freight. The
load factor is assumed to be 80 %. To calculate the effective
number of flights per time unit, it is considered that the
annoyance of flight movements during daytime hours, from 0600
to 2200 hours, 1s weighted with the facior 1 and for flight
movemenis during the nighttime hours the annoyance is weighted
with the factor 5. Moreover it is assumed, that the frequency
of the flight movements during the nighttime hours 1s reduced
inversely proportional to the weighting factor,

7. The acoustic assumptions

The aircraft used in the study is propelled by 12 1ift
engines with a bypass ratio of 10, and 2 cruise engines with
a bypass ratio of 6.5. For each of the two types of engines a
different noise characteristic is used which are computed by
procedures described in Ref. [3]. Figure 3 shows the noise
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characteristic of one 1ift engine. For a cruise engine a
corresponding noise characteristic is valid with the
difference, that the low frequent jet noise is little more
emphasized compared with the fan noise because of the lower
bypass ratio. The essential features of jet noise and fan
noise referring to spectral characteristics, directivity
charcteristies and thrust reduction can be seen in figure 3.

To study the effect of a more or less simplified engine noise
characteristic, the following cases are defined:

Case 1: This 1s the case, which includes the complete noise
characteristic shown in figure 3, that is directivity
characteristic in relation to the engine axis, different
spectral characteristics in different directions, and the
effect of thrust reduction on the spectral characteristics.
Case 28: The directivity characteristic is taken into account,
that 18, each engine produces in different directions

different overall sound pressure levels. The spectral
characteristic however is disregarded. The atmospheric ab-
sorption rated 1is assumed to be 0.001 dB/m corresponding to
the frequency 0f the maximal jet noise emission. This case

is lateron called "with directivity, without spectral
characteristics, jet noise", :

Case 2b: Like in case 2a, however is the atmospheric absorption
Tate ¢ assumed to be § = 0.016 dB/m, which corresponds to the
fundamental fan blade passage frequency. This case is lateron
called "with directivity, without spectral characteristics,

fan noise®.

Case Ja: The directivity characteristic is disregarded but the
spectral characteristic is taken into account, i.e. each engine
produces in any direction noise with the same spectral content.
The characteristic frequency spectrum of the engine is assumed
to be that of the direction of maximum jet noise. This case is
called "without directivity, with spectral characteristies,

jet noise", ‘
Case 3b: Like in case 3a, however is the characteristic fre-
quency spectrum of each engine assumed to be that of the
direction of maximum fan noise emission. This case is called
"without directivity, with spectral characteristics, fan noise".
Case 4a: Directivity and spectral characteristics are dis-
Tegarded. Each 1ift engine (cruise engine) produces an overall
sound pressure level of 113 dB (118 dB) in a distance of 45.7 m,
which corresponds to the overall sound pressure level of the
maximum jet noise. The atmospheric absorption rated is that
of case 1a. This case 4a 1s called "without directivity, with-
out spectral characteristic, jet noise”.

Case 4b: Like in case 4a, however the overall sound pressure
Tevels of the engines are these of the maximum fan nolse;

for the lift engine 103.9 dB and for the cruise engine 105.1 dB
in a distance of 45.7 m. The atmospheric absorption rated is
that of case 1b. Case 4b is called "without directivity, with-
out speciral characteristics, fan noise",

The energy and intensity of the noise decrease with
inereasing distance r from the noise source because of the
spherical spreading and the atmospheric absorption. The
atmospheric absorption rate & depends on the noise frequency
and the atmosperic conditions. In this study a relative
humidity of the air of 75 % and an air temperatur of 30°C on
the ground as well as a gradient of the humidity of -10 % and
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a temperatur gradient of -4 .59¢ per km of inecreasing height
is assumed. The sound pressure level of one frequency band
J in one direction i in the distance r is:

Qij=Qrefij*kij log(T/Tref)-201Og(r/rref)-éij(T'rref) (4)

In this, Qrefj; is the noise level of the j-th frequency band
in the i-th di%ection at the reference distance rref for
reference thrust Tyef. The factor kij describes the noise
attenuation due to thrust reduction, which has different
values depending on direction and frequency. By summing up
n frequency bands on an energy basis {(in this study n=8
octave bands are used), one can compute the overall sound
pressure level in many points in the surroundings of the
airport.

To include the time behaviour of the noise in the
calculation of the ajircraft nceise annoyance, and with this
the duration and the number of the noise events during a
reference time the mean ananoyance level is used in Germany
called the noise index § [4], [5]. This noise index § is
generally defined as follows:

3 = 13.310g {%35 Zﬂ 10 9(t)/13.3 dt} - (5)

In this, Q(t) is the time dependend overall noise level in
@BA (or ABN) and to is the total time of observation. The
factor 13.3 means, that the noise index § is increased by

4 dB per dubling of the noise duration. Because the flight
trajectories are given in time discrete segments (m segments
of Aty duration), the noise index § was discretized with
reference to the flight path and computed plecewise:

t
Q= 13.310g{%§ A/k[ i’ 1091 Qij(t)]10/13‘.3 dt} (6)
= 0

=1

In this, N denctes the number of take-offs during the reference
time tg. Qij4{(t) is the momentary overall noise level corres-
ponding to equation (4), which includes the levels of all
engines of the aircraft.

Having computed the noise annoyance in many points
around the airport by using the noise index § or the maximum
perceived noise level Qmax, one can get by interpolation a
curve of constant noise annovance, which is the boundary of
the noise protection area. ‘

4, The noise protection areas

As mentioned above, two different definitions of the
noise protection area are used in this study. On the one hand,
the noise index § is the boundary of the noise protection area,
which corresponds to the German law against aircraft noise.
This noise protection area is called the simple noise protec-
tion area. On the other hand, the noise protection area is
that area, in which either the noise index § or the maximum
perceived noise level Qmax exceed given wvalues. That noise
protection area is called the extended noise protection area.
The value for the maximum perceived noise level i8 Qmax =
95 dBN and for the noise index § = 67 dBA. All areas are
shown as relative areas, i1.e, in each case the respective
areas are referred to that areas, which result from the flight
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trajectory with hy =Om and ¥p = 0% for the simple noise
protection area (3 = 67 dBA).

Figure 4 shows the results of the systematic
computations for the relative noise protection areas in
dependence of the vertical ascent hy and the transition
flight path angle y'qm for the different, in chapter 3 des-
cribed simplifications of the engine noise characteristics.

In case 1, that is the case which considers all the
noise features of figure 3, it can be seen, that ilncreasing
vertical ascent hy results in almost linearly increasing
of the simple noise protection area. This at first astonish-
ing fact has the following reasons: The formation of the
simple noise protection area is essentially affected by the
low frequent jet noise. Since the atmospheric absorption rate
is very small for low Ifrequencies, an increasing distance
from the noise source to the ground with increasing height h,
gives a small decreasing of the noise level - however mainly
along the ground track of the c¢limbout path -, on the other
hand, the duration of the noise integration increases., The
integral mean value of ithe nolse level, which is the noise
index §, contains a strong effect of the vertical ascent hy,
Within the considered values of hy, this effect increases with
increasing hy. This is valid for the transition flight path
angley p = Oz as well as for ¥Y'p = 120, The noise protection
areas for yp = 12° are about 70 % larger than for Yp = 09,
because of the increasing horizontal distance until reaching
th; end of transition, i.e. until the 1ift engines are turned
off. '

When the maximum perceived noise level is taken into
account to obtain the extended noise protection area described
above, this maximum perceived noise level is the defining
criterion for the noise protection area, when the vertical
ascent hy is small, because the curve of constant maximum per-
ceived noise level Qmgy = 95 dBN lies completely outside the
curve of constant noise index § = 67 dBA. With increasing ver-
tical ascent hy the extended noise protection area decreases
until reaching a minimum for a height of about hy = 80 m.
Further inereasing the vertical ascent hy results in increas-
ing of the extended noise protection area, because now the noise
index § is the defining criterion for the boundaries of the
extended noise protection area. Increasing the tramsition flight
path angle ¥ ¢ results in an increasing of the extended noise
protection area, again as an effect of the increasing horizon-
tal distance to the end of the transition, but the minimum
value is now at a height hy = 0, From the case 1 in figure 4
it can be concluded, that a vertical ascent to a height hy =
80 m and a subsequent transition flight on a flight path angle
of ¥Yp = 00 i8 noise optimal with respect to the extended noise
protection area, if the complete noise characteristics of
figure 3 are used,

.Case 2, which is also represented in figure 4, shows
the effect of neglected spectral characteristics of the engine
noise, If the nolse energy is concentrated in one frequency
band, corresponding to the frequency band of maximum jet noise,
the duration of the noise increases because of the very low
atmospheric absorption rate. This means, that the effect of the
duration is overestimated against the effect of the distance
from the noise source to the ground when computing the noise
index Q. Therefore the size of the simple noise protection area
is increasing stronger with increasing vertical ascent hy than
in case 1. That stronger increase results in shifting the

40-5



height hy of minimal extended noise protection area to hy = O.
An increase of the transition flight path angle ¥'p again re-
sults in increasing the noise protection areas, because of the
inereasing horizontal distance until the 1ift engines are
turned off. For case 2a it can be concluded, that a vertical
ascent of hy = 0 and a subsequent transition on a flight path
angle ¥'p = O is the noise optimal take-off trajectory.

In case 2b, the noise energy is concentrated in one
frequency band corresponding to the frequency band of maximum
fan noilse emission, Now the duration effect is underesgtimated
against the distance effect, because of the rather high
atmospheric absorption rate. Therefore, in case 2b, a vertical
ascent hy = 300 m and a subsequent transition with¥'p = 0 is
the noise optimal take-off trajectory with respect to the
extended noise protection area.

Case 3 shows the effect of neglected directivity
characteristics compared with case 1. If the jet noise is
assumed to he the characteristic noise for all directions,
(case 3a), this means, that the acoustic power of the engine is
overestimated, because in all directions exept one, the noise
level is actually lower. This results in too large computed
absolute noise protection areas (see Ap in figure 4, case 3a).
Since the distance from the flight path to the boundary of the
noise protection.area is now very great, the duratiom of the
noise increases to a large extend while the aircraft flies
along its flight path, so that the curve of constant noise
index § = 67 dBA on the ground lies completely outside the
curve of constant maximum perceived noise level Qpax = 95 dBN.
This is valid for all heights hy. Therefore, in case 3a, the
extended noise protection area is identical to the simple noise
protection area. Because of the low frequent noise in this
case 3a, the noise protection area increases with increas-
ing vertical ascent hy due to the increasing noise duration.
In this case, a take-off trajectory with hy = 0 and ¥'p = O
is the noise optimal trajectory.

If the high frequent fan noise is the characteristie
spectrum - case 3b ~, the effect of increasing distance with
increasing vertical ascent hy 13 overestimated, especially
for the maximum perceived noise level Qmax = 95 dBN and ¢ =
129, so that the noise optimal take-off trajectory is a
vertical ascent to hy = 300 m and a subsequent transition
flight on a flight path angle ofyp = 129,

Finally, in ecase 4 the djirectivity as well as the spec-
tral characteristics are neglected. Looking on figure 4, it is
obvious, that the results for case 4 almost agree with the
results of case 3. The reason for this is, that for the low
frequent jet noise as well as for the high frequent fan noise
one respectively frequency band is dominant in the prescribed
engine noise characteristics. Therefore the omission of all
other frequency bands has no great effect,

5. Conclusions

The aim of the present study was to compute noise
optimal VTOL take-off trajectories with respect to the noise
protection area, and how far a simplification of the used
engine noise characteristics has an effect on the optimal
take-off trajectory. The investigation shows, that the "simple
noise protection area®", this i1s the noise protection area
which corresponds to the German law against aircraft noise
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with the noise index.§ = 67 dBA as the boundary, has a
minimum value, when the height of the vertical ascent h, =
0 m, and the flight path angle Yp of the subsequent transi-
tion is Y'q = 09, This is independend of each of the simpli-
fications made in this study.

However, far outside of the simple noise protection
area, maximum perceived noise levels of more than 95 dBN
can occur, Therefore the definition of the noise protection
-area 1s extended by the maximum perceived noise level in
the described manner. If now this "extended noise protection
area®” is computed, using a complete engine noise charac-
teristic, the take-off trajectory is noise optimal when the
aircrafi ascend vertically to a height of about hy = 80 m
and fly the subsequent transition on a flight path angleu*T=O°
However, it has to be emphasized, that a change in the num-
ber of flights per time unit results in changing the optimal
vertical ascent; that is increasing the frequency of the
flight movements decreases the noise optimal vertical ascent
hv- :
When the engine noise characteristic is simplified by
neglecting particular peculiarities, it is shown, that take-
off trajectories with different fliight path parameters hy
and Yo are determined as noise optimal, such as: hy = Om and
tp = 003 = 300 m and ¥p = 0%; hy = 350 m and ¥'7 = 129,
Hereby statements~concerning noise-optimal VTOL take-off
trajectories can be adulterated heavily. To get safe state-
ments, it is necessary to take into account complete engine
noise characteristiecs.
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characteristic of one 1lift engine. For a cruise engine a
corresponding noise characteristic is valid with the
difference, that the low frequent jet noise is little more
emphasized compared with the fan noise because of the lower
bypass ratio. The essential features of jet noise and fan
noise referring to spectral characteristics, directivity
charcteristics and thrust reduction can be seen in figure 3.

To study the effect of a more or less simplified engine noise
characteristic, the following cases are defined:

Case 1: This 1s the case, which includes the complete noise
characteristic shown in figure 3, that is directivity
characteristic in-relation to the engine axis, different
spectral characteristics in different directions, and the
effect of thrust reduction on the spectral characteristics.
Case 2a: The directivity characteristic is takem into account,
that 1s, each engine produces in different directions

different overall sound pressure levels. The spectral
characteristic however is disregarded. The atmospheric ab-
sorption rate d is assumed to be 0.001 dB/m corresponding to
the frequency of the maximal jet noise emission. This case

is lateron called "with directivity, without spectral
characteristics, Jjet noise®. :

Case 2h: Like in case 2a, however is the atmospheric absorption
rate ¢ assumed to be & = 0.016 dB/m, which corresponds to the
fundamental fan blade passage Irequency. This case is lateron
called "with directivity, without spectral characteristics,

fan noise”,

Case Ja: The directivity characteristic is disregarded but the
spectral characteristic is taken into account, i.e. each engine
produces in any direction noise with the same spectral content.
The characteristic frequency spectrum of the engine is assumed
to be that of the direction of maximum jet noise. This case is
called "without directivity, with spectral characteristics,

jet noise™, '
Case 3b: Like in case 3a, however is the characteristic fre~
guency spectrum of each engine assumed to be that of the
direction of maximum fan noise emission. This case is called
"without direetivity, with spectral characteristics, fan noise".
Case 4a: Directivity and spectral characteristics are dis-
Tegarded., Each 1ift engine (cruise engine) produces an overall
sound pressure level of 113 dB (118 dB) in a distance of 45.7 m,
which corresponds to the overall sound pressure level of the
maximum jet noise. The atmospheric absorption rated is that
of case 1a. This case %4a is called "without direetivity, with-
out spectral characteristic, jet noise™.

Case 4b: Like in case 4a, however the overall sound pressure
levels of the engines are these of the maximum fan noise;

for the 1ift engine 103.9 dB and for the cruise engine 105.1 4B
in a distance of 45.7 m. The atmospheric absorption rated 1is
that of case 1b. Case 4b is called "without directivity, with-
out spectral characteristics, fan noise®.

‘The energy and intensity of the noise decrease with
increasing distance r from the noise source because of the
spherical spreading and the atmospheric absorption. The
atmospheric absorption rate d depends on the noise frequency
and the atmosperic conditions. In this study a relative
humidity of the air of 75 % and an air temperatur of 30°C on
the ground as well as a gradient of the humidity of -10 % and
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a temperatur gradient of -4.5°C per km of increasing height
is assumed. The sound pressure level of one frequency band
J in one direction i in the distance r is:

Qi j=Qres; j+K1j 108(T/Tret)-2010g(r/rret)-d; j(r-Trez) (%)

In this, Qrefj; is the noise level of the j-th frequency band
in the i-th digection at the reference distance rrefr for
reference thrust Trer. The factor kij describes the noise
attenuation due to thrust reduction, which has different
values depending on direction and frequency., By summing up
n frequency bands on an energy basis (in this study n=8
octave bands are used), one can compute the overall sound
pressure level in many points in the surroundings of the
airport.

To include the time behaviour of the noise in the
calculation of the alrcraft noise annoyance, and with this
the duration and the number of the noise events during a
reference time the mean annovance level is used in Germany
called the noise index § [4], [5]. This noise index § is
generally detined as follows:

Q = 13.310g {?16 /:0 10 Q(t)/13.3 dt} : (5)

In this, Q(t) is the time dependend overall noise level in
dBA {or dBN) and to is the total time of observation. The
factor 13.3 means, that the noise index § is increased by

4 dB per dubling of the noise duration. Because the flight
trajectories are given in time discrete segments (m segments
of aty duration), the noise index § was discretized with
reference to the flight path and computed piecewise:

t
d = 13.310g{%zm' 7k[ Ji; 1091 Qij(t)]10/13~.3 dt} (6)
0 -

k=1

In this, N denotes the number of take-offs during the reference
time tg. Qij(t) is the momentary overall noise level corres-~
ponding to equation (4), which includes the levels of all
engines of the aireraft.

Having computed the noise annoyance in many points
around the airport by using the noise index § or the maximum
perceived noise level Qmax, one can get by interpolation a
curve of constant noise annoyance, which is the boundary of
the noise protection area. )

4, The noise protection areas

As mentioned abhove, two different definitions of the
noise protection_area are used in this study. On the one hand,
the noise index Q@ is the boundary of the noise protection area,
which corresponds to the German law against aircraft noise.
This noise protection area is called the simple noise protec-
tion area. On the other hand, the noise protection area is
that area, in which either the noise index Q or the maximum
perceived noise level Qmax exceed given values. That noise
protection area is called the extended noise protection area.
The value for the maximum perceived noise level is Qmax =
95 dBN and for the noise index § = 67 dBA. All areas are
shown as relative areas, i.e. in each case the respective
areas are referred to that areas, which result from the flight
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trajectory with hy = 0m and ¥Yp = 0° for the simple noise
protection area (5 = 67 dBA).

Figure 4 shows the results of the systematic
computations for the relative noise protection areas in
dependence of the vertical ascent hy and the transition
flight path angle ¥'v for the different, in chapter 3 des-
cribed simplifications of the engine noise characteristics,

In case 1, that is the case which considers all the
noise features of figure 5, it can be seen, that increasing
vertical ascent hy, results in almost linearly increasing
of the simple noise protection area. This at first astonish-
ing fact has the following reasons: The formation of the
simple noise protection area is essentially affected by the
low frequent jet noise., Since the atmospheric absorption rate
is very small for low frequencies, an increasing distance
from the noise source to the ground with increasing height h,
gives a small decreasing of the noise level ~ however mainly
along the ground track of the climbout path ~, on the other
hand, the duration of the noise integration increases. The
integral mean value of the noise level, which is the noise
index §, contains a strong effect of the vertical ascent hy,
Within the considered values of hy, this effect increases with
increasing h,,., This is valid for the transition flight path
angleY 1 = 0X as well as for ¥'p = 1209, The noise protection
areas for y'p = 129 are about 70 % larger than for y'¢p = 00,
because of the increasing horizontal distance until reaching
the end of transition, i.e. until the 1ift engines are turned
OIf. -

When the maximum perceived noise level is taken into
account to obtain the extended noise protection area described
above, this maximum perceived noise level 1s the defining
criterion for the noise protection area, when the vertical
ascent h, is small, because the curve of constant maximum per-
ceived noise level Qmax = 95 dBN lies completely outside the
curve of constant noise index § = 67 dBA. With increasing ver-
tical ascent hy the extended noise protection area decreases
until reaching a minimum for a height of about hy = 80 m.
Further increasing the vertical ascent hy resulis in increas-
ing of the extended noise protection area, because now the noise
index § is the defining criterion for the boundaries of the
extended noise protection area. Increasing the transition flight
path angle ¥p results in an increasing of the extended noise
protection area, again as an effect of the increasing horizon-
tal distance to the end of the transition, but the minimum
value is now at a height hy = 0, From the case 1 in figure 4
it can be concluded, that a vertical ascent to a height hy =
80 m and a subsequent transition flight on a flight path angle
of ¥p = 0° is noise optimal with respect to the extended noise
protection area, if the complete noise characteristics of
figure 3 are used.

.Case 2, which is also represented in figure 4, shows
the effect of neglected spectral characteristics of the engine
noise. If the noise energy is concentrated in one frequency
hand, corresponding to the frequency band of maximum jet noise,
the duration of the noise increases bhecause of the very low
atmospheric absorption rate. This means, that the effect of the
duration is overestimated against the effect of the distance
from the noise source to the ground when computing the noise
index Q. Therefore the size of the simple noise protection area
is increasing stronger with increasing vertical ascent hy than
in case 1, That stronger increase results in shifting the
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height h,, of minimal extended noise protection area to hy = O,
An increase of the transition flight path angle ¥'p again re-
sults in increasing the noise protection areas, because of the
inereasing horizontal distance until the lift engines are
turned off. For case 2a it can be concluded, that a vertical
ascent of hy = 0 and a subsequent transition on a flight path
angle ¥'p = 0 is the noise optimal take-off trajectory.

In case 2b, the noise energy is concentrated in cne
frequency band corresponding to the frequency band of maximum
fTan noise emission, Now the duration effect is underestimated
against the distance effect, because of the rather high
atmospheric absorption rate. Therefore, in case 2b, a vertical
ascent hy = 300 m and a subsequent transition with¥p = 0 is
the noise optimal take-off trajectory with respect to the
extended noise protection area.

Case 3 shows the effect of neglected directivity
characteristics compared with case 1. If the jet noise is
assumed to be the characteristic noise for all directions,
(case 3a), this means, that the acoustic power of the engine is
overestimated, because in all directions exept one, the noise
level is actually lower. This results in too large computed
absolute noise protection areas (see Ag in figure 4, case 3a).
Since the distance from the flight path to the boundary of the
noise protection area is now very great, the duration of the
noise increases to a large extend while the aircraft flies
along its flight path, so that the curve of constant noise
index § = 67 dBA on the ground lies completely outside the
curve of constant maximum perceived noise level Qmax = 95 dBN.
This is valid for all heights hy. Therefore, in case 3a, the
extended noise protection area is identical to the simple noise
protection area. Because of the low frequent noise in this
case 3a, the noise protection area increases with increas-
ing vertical ascent h, due to the increasing noise duration.
In this case, a take-off trajectory with hy = 0 and ¥'p = 0
is the noise optimal trajectory.

If the high frequent fan noise is the characteristic
spectrum - case 3b -, the effect of increasing distance with
increasing vertical ascent hy is overestimated, especially
for the maximum perceived noise level Qmax = 95 dBN and X'y =
129, so that the noise optimal take-off trajectory is a
vertical ascent t0o hy = 300 m and a subseguent transition
flight on a flight path angle ofyp = 129,

Finally, in case 4 the directivity as well as the spec-
tral characteristics are neglected. Looking on figure 4, it is
obvious, that the results for case 4 almost agree with the
results of case 3. The reason for this is, that for the low
frequent jet noise as well as for the high frequent fan noise
one respectively frequency band is dominant in the prescribed
engine noise characteristics. Therefore the omission of all
other frequency bands has no great effect.

5. Conclusions

The aim of the present study was to compute noise
optimal VTOL take-off trajectories with respect to the noise
protection area, and how far a simplification of the used
engine noise characteristics has an effect on the optimal
take-off trajectory. The investigation shows, that the "simple
noise protection area", this is the noise protection area
which corresponds to the German law against aircraft noise
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with the noise index § = 67 dBA as the boundary, has a
minimum value, when the height of the vertical ascent hy =
0 m, and the flight path angle Y'p of the subsequent transi-
tion is yp = 09, This is independend of each of the simpli-
fications made in this study.

However, far outside of the simple noise protection
area, maximum perceived noise levels of more than 95 dBN
can occur, Therefore the definition of the noise protection
area is extended by the maximum perceived noise level in
the described manner. If now this "extended noise protection
area™ is computed, using a complete engine noise charac-
teristic, the take-off trajectory is noise optimal when the
aircraft ascend vertically to a height of about hy = 80 m
and fly the subsequent transition on a flight path angle ¥ p=09.
However, it has to be emphasized, that a change in the num-
ber of flights per time unit results in changing the optimal
vertical ascent; that is increasing the frequency of the
flight movements decreases the noise optimal vertical ascent
hv. -

When the engine noise characteristic is simplified by
neglecting particular peculiarities, it is shown, that take-
off trajectories with different flight path parameters hy
and Y¥'p are determined as noise optimal, such as: hy = Om and
¥p = 09; hy = 300 m and ¥'p = 09; hy = 350 m and ¥'p = 129,
Hereby statements- concerning noise-optimal VTOL take-off
trajectories can be adulterated heavily. To get safe state-
ments, 1t is necessary to take into account complete engine
noise characteristics,
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trajectory with hy = 0Om and ¥p = 0° for the simple noise
protection area (Q = 67 dBA).

Figure 4 shows the results of the systematic
computations for the relative noise protection areas in
dependence of the vertical ascent hy and the transition
flight path angle ¥'p for the different, in chapter 3 des-
cribed simplifications of {the engine noise characteristics,

In case 1, that is the case which considers all the
noise features of figure 3, it can be seen, that increasing
vertical ascent hy results in almost linearly increasing
of the simple noise protection area. This at first astonish-
ing fact has the following reasons: The formation of the
simple nolse protection area is essentially affected by the
low frequent jet noise. Since the atmospheric absorption rate
is very small for low frequencies, an increasing distance
from the noise source to the ground with increasing height h,
gives a small decreasing of the noise level - however mainly
along the ground track of the climbout path -, on the other
hand, the duration of the noise integration increases., The
integral mean value of the noise level, which is the noilse
index §, contains a strong effect of the vertical ascent hy.
Within the considered values of hy, this effect increases with
increasing h, . This is valid for the transition flight path
angleay p = 08 as well as for Y'p = 129, The noise protection
areas for yp = 120 are about 70 % larger than for Y'¢ = 00,
because of the increasing horizontal distance until reaching
the end of transition, i.e. until the 1ift engines are turned
off,

When the maximum perceived noise level is taken into
account to obtain the extended noise protection area described
above, this maximum perceived noise level is the defining
criterion for the noise protection area, when the vertical
ascent hy is small, because the curve of constant maximum per-
ceived noise level Qmaxy = 95 dBN lies completely outside the
curve of constant noise index § = 67 dBA. With increasing ver-
tical ascent hy the extended noise protection area decreages
until reaching a minimum for a height of about hy = 80 m.
Further increasing the vertical ascent hy results in increas-
ing of the extended noise protection area, because now the noise
index @ is the defining criterion for the boundaries of the
extended noise protection area. Increasing the transition flight
path angle ¥'p results in an increasing of the extended noise
protection area, again as an effect of the increasing horizon-
tal distance to the end of the transition, but the minimum
value is now at a height hy = 0. From the case 1 in figure 4
it can be concluded, that a vertical ascent to a height hy =
80 m and a suhbsequent transitionm flight on a flight path angle
of Yp = 09 is noise coptimal with respect to the extended noise
protection area, if the complete noise characteristics of
figure 3 are used.

.Case 2, which is also represented in figure 4, shows
the effect of neglected spectral characteristics of the engine
noise. If the noise energy is concentrated in one frequency
band, corresponding to the frequency band of maximum jet noise,
the duration of the noise increases because of the very low
atmospheric absorption rate. This means, that the effect of the
duration is overestimated against the effect of the distance
from the noise source to the ground when computing the noise
index Q. Therefore the size of the simple noise protection area
is increasing stronger with increasing vertical ascent hy than
in case 1, That stronger increase results in shifting the
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height h,, of minimal extended noise protection area to hy = O,
An increase of the transition flight path angle Y7 again re-
sults in increasing the noise protection areas, because of the
increasing horizontal distance until the 1ift engines are
turned off. For case 2a it can be concluded, that a vertical
ascent of hy = 0 and a subsequent transition on a flight path
angle ¥'p = 0 is the noise optimal take-off trajectory.

In case 2b, the noise energy is concentrated in one
frequency band corresponding to the frequency band of maximum
fan noise emission. Now the duration effect is underestimated
against the distance effect, because of the rather high
atmospheric absorption rate. Therefore, in case 2b, a vertical
ascent hy, = 300 m and a subsequent transition with¥'p = 0 is
the noise optimal take-off trajectory with respect to the
extended noise protection area.

Case 3 shows the effect of neglected directivity
characteristics compared with case 1, If the jet noise is
assumed to he the characteristie neise for all directions,
(case 3a), this means, that the acoustic power of the engine is
overestimated, because in all directions exept one, the noise
level is actually lower. This results in too large computed
absolute noise protection areas (see Ap in tigure 4, case 3a).
Since the distance from the flight path to the boundary of the
noise protection area is mow very great, the duration of the
noise increases to a large extend while the aircraft flies
along its flight path, so that the curve of constant noise
index § = 67 dBA on the ground lies completely outside the
curve of constant maximum perceived noise level Qmax = 95 dBN.
This is valid for all heights hy. Therefore, in case 3a, the
extended noise protection area is identical to the simple noise
protection area. Because of the low frequent noise in this
case 3a, the noise protection area increases with increas-
ing vertical ascent hy due to the increasing noise duration.
In this case, a take-off trajectory with hy = 0 and ¥'p = 0O
is the nocise optimal trajectory.

_ If the high frequent fan noise is the characteristic
spectrum -~ case %b -, the effect of increasing distance with
increasing vertical ascent hy 18 overestimated, especlally
for the maximum perceived noise level Qmax = 95 dBN and ¥y =
129, so that the noise optimal take-off trajectory is a
vertical ascent to hy = 300 m and a subsequent transition
flight on a flight path angle ofyp = 129,

Finally, in case 4 the directivitiy as well as the spec~
tral characteristics are neglected. Looking on figure 4, it is
obvious, that the results for case 4 almost agree with the
results of case 3. The reason for this is, that for the low
frequent jet noise as well as for the high frequent fan noise
one respectively frequency band is dominant in the prescribed
engine noise characteristics. Therefore the omission of all
other frequency bands has no great effect,

5. Conclusions

The aim of the present study was to compute noise
optimal VTOL take-off trajectories with respect to the noise
protection area, and how far a simplification of the used
engine noise characteristics has an effect on the optimal
take~off trajectory. The investigation shows, that the "simple
noise protection area™, this is the noise protection area
which corresponds to the German law against aireraft noise
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with the noise index § = 67 dBA as the boundary, has a
minimum value, when the height of the vertical ascent h, =
0O m, and the flight path angle Y'p of the subsequent transi-
tion is yp = 0°. This is independend of each of the simpli-
fications made in this study.

However, far outside of the simple noise protection
area, maximum perceived noise levels of more than 95 dBN
can occur, Therefore the definition of the noise protection
area is extended by the maximum perceived noise level in
the described manner. If now this "extended noise protection
area" is computed, using a complete engine noise charac-
teristic, the take-off trajectory is noise optimal when the
aircraft ascend vertically to a height of about hy = 80 m
and fly the subsequent transition on a flight path angle}”T=0°.
However, it has to be emphasized, that a change in the num-
ber of flights per time unit results in changing the optimal
vertical ascent; that is increasing the frequency of the
flight movements decreases the noise optimal vertical ascent
hv. '
When the engine noise characteristic is simplified by
neglecting particular peculiarities, it is shown, that take-
off trajectories with different flight path parameters hy
and Y'p are determined as noise optimal, such as: hy = Om and
¥p = 09; hy = 300 m and ¥p = 0°9; hy = 350 m and ¥'p = 120,
Hereby statements concerning noise-optimal VTOL take-off
trajectories cam be adulterated heavily. To get safe state-
ments, it i3 necessary to take into account complete engine
noise characteristics,
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