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The aim was to determine, already at the design stage, the interior noise level in a new small
aircraft. The noise predictions were based on full-scale measurements on an existing model. A
number of models for the prediction of velocity levels of a fuselage excited by turbulent boundary
layers are discussed. Predicted results are compared to the result of in-flight measurements. It is
found that the Corcos model gives the best agreement with the measured results. It is found that the
velocity level of the plate elements of the fuselage very much depends on the speed of the aircraft.
An increase of the speed by 10% increases the plate velocity level by 3dB. The velocity level is also
strongly dependent on the plate thickness. An increase of the thickness by 50% will decrease the
velocity level by 5dB. Small variations of other parameters like width and height and curvature of
plate have only a very marginal effect on the plate velocity in the frequency range of interest. However, the acoustic power radiated into the aircraft cabin depends on the plate velocity of the fuselage
as well the sound radiation properties of the plate structure. In the frequency, range of importance
for the A-weighted noise level in the cabin the sound radiation ratio is increased as the plate thickness is increased. The noise level in the cabin is thus reduced much less than the velocity level of
the fuselage by increasing the plate thickness. An increase of the width and length of plate elements
reduces the sound intensity radiated by a plate. A combination of increased width and length and
thickness of plate can result in a reduced noise radiation from the fuselage and thus in a reduced
interior noise level.

________________________________________________________________
1. Introduction
An aircraft manufacturer is planning to design and produce a new type of aircraft to supplement or replace an existing model. The new aircraft will be a business jet of roughly the same size
as the existing aircraft. The total length of the existing aircraft is 14.1 m, the wingspan is 14.03 m
and the wing area 16 m2. The aircraft is powered by two five-bladed propellers. The propulsion system of the existing aircraft will be replaced by a jet engine for the new aircraft.
In a jet-powered aircraft the interior noise level is mainly determined by noise generated by
turbulent boundary layers, TBL, if all interior noise sources like ventillation systems, fans, hydraulic systems etc have been properly acoustically treated. The TBL causes pressure fluctuations on the
fuselage as the aircraft travels through the atmosphere. In turn, these pressure fluctuations cause the
plates of the fuselage to vibrate. The vibrating plates radiate noise into the aircraft.
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The noise radiated by the the fuselage depends on the velocity of the vibrating plates which
in turn is determined by the speed of the aircraft, the geometry and dimensions of the plates and
losses or damping of the plates. The acoustic properties of the interior system, trim panels etc, will
also influence the interior noise. Based on the resulting prediction model it should be possible to
acoustically optimize the construction of the fuselage. Alternatively, the noise level inside the new
aircraft could be predicted for different operating conditions assuming that the interior system on
the new aircraft is the same as on the existing model.

2. Pressure field on structure
There is a number of models describing the cross power spectral density of the pressure induced by a flow or turbulent boundary layer across a structure. Some of the most widely used models are attributed to Corcos 1 , Efimtsov 2 and Chase 3 . Other models are for example mentioned by
Nilsson 4 and Liuin 5 . The merit of these various models have been discussed by Graham 6 . It is concluded 6 that the Corcos model can give satisfactory results of the prediction of the response of plate
structures excited by turbulent boundary layers. The Efimtsov extension can underestimate the
plate response. The shortcomings of the Corcos model is most evident in the high frequency region.
This is naturally a problem when predicting the absolute velocity level of a structure. This problem
is much less important when the relative response of different structures are compared when all the
structures are excited by the same pressure field.

3. The Corcos model
Corcos assumes that the cross power spectral density, eq. (1), between the pressure at two
different positions separated by the vector (ξ x , ξ y ) can be expressed as

[

]

S pp (ξ x , ξ y , ω ) = Φ pp (ω ) ⋅ exp[− γ 1 ωξ x / U c ]⋅ exp − γ 3 ωξ y / U c ⋅ exp[iωξ x / U c ] .

(1)

The point auto spectrum of the pressure is Φ pp (ω ) . The parameters γ 1 and γ 3 are determined

from experimental data. The average convection velocity is defined by U c . For details see Nilsson 4
or Liu 5 . Robert 7 estimated the auto spectrum Φ pp (ω ) given in eq. (1) based on a number of measurements. The Robert model is described by
⎧
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4. Plate response
The response of plates excited TBL has been discussed by for example Nilsson 4 and Liu 5 .
The power spectral density of the plate velocity is written

r
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Svv (r ,ω ) = ω 2 S ww (r ,ω ) =
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The Green´s function is given by G ( r , k ,ω ) , see Nilsson 4 . The auto spectrum of the plate
velocity can be written as

Svv (ω ) = ∑ [Svv (ω )]mn
mn

The power spectrum [S Π (ω )]mn of the acoustic power radiated by mode (m,n) is

[S

Π

(ω )]mn = ( ρc) ⋅ A ⋅ σ mn ⋅ [Svv (ω )]mn .

(5)

where [S vv (ω )]mn is the auto spectrum of the velocity of the mode (m,n), A is the area of the plate

(ρc ) the wave impedance of the fluid.

The parameter

σ mn is the sound radiation ratio 4 for mode

(m,n).

5. Measured plate velocity
During the test flights accelerometers were mounted on the inside of the fuselage. The accelerometers were mounted in such a way with respect to the frames as to give a good average for each
class of plates. The theory developed to describe the excitation of the plates was based on the assumption that the velocity of the plate is much higher than the velocity of its boundaries. The measurements clearly show that the plate velocity is much higher than the velocity of the stringers in the
frequency range 600 to 1250 Hz which determines the A-weighted internal noise in the aircraft. In
the frequency range of importance, the plate velocity is 10 to 20 dB higher than the velocity of the
frames.

Fig.1. Position of plate elements on fuselage. The elements 4 and 15 are windows. Nr. 3, 5, 8

and 9 represent connection points between stringers and frames.

The measured velocity levels, average for the plate elements 2,7,12 and 14 shown in Fig.1,
narrow band analysis, are shown in Fig. 2 for the three different test conditions. The flight altitude
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was 9000 m for all three measurements. The dimensions of the Al plates 2, 7, 12 and 14 were
0.206 × 0.629 m2 with a thickness of 1mm. The radius of curvature was 0.96 m.

Fig.2. Measured velocity levels of the lower plates. Narrow band analysis.

The plate response due to the propeller excitation is clearly seen in Fig. 2. The rpm of the
propeller is approximately 1980 corresponding to a frequency of 33Hz. The fundamental tone 33Hz
and its harmonics 66 and 99 Hz are quite distinct in Fig. 2. The first blade passing frequency of the
five-laded propeller is 165 Hz with the harmonics 330, 495, 660 Hz and so on. The first few blade
passing frequencies are also readily distinguished.

6. Comparison between predicted and measured plate velocities
For the prediction of the velocity levels of the plates of the fuselage three different models
were tested. The predictions were based on the Corcos 1 , Efimtsov 2 and Chase 3 models. The Corcos
parameters were set to equal γ 1 = 0.116 and γ 3 = 0.7 . Other details, parameters etc are given by
Liu 5 . Predicted and measured velocity levels are compared for one test case in Fig. 3.

Fig. 3. Comparison of predictions based on Corcos, Chase and Efimtsov models, v=192m/s
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For this particular aircraft the TBL induced noise is of greatest importance within the frequency
range 600 to 1250 Hz with respect to the A-weighted noise level in the cabin. In this frequency
range the Efimtsov and Chase models underestimate the plate velocity. This trend is also supported by Graham´s findings 6 . The Corcos model agrees fairly well with measurements in the
frequency range above 200Hz. Consequently it was decided to use the Corcos model throughout
the prediction procedures.

Fig.4. Comparison between predicted (Corcos) and measured velocity autospectral density. (Upper)
Narrow band analysis, (Below) 1/3 OB analysis. Velocity 192 m/s

The agreement between predicted and measured results is good as shown in Fig. 4 in particular in the frequency range 600 to 1250Hz. The noise radiated by the plates in this frequency range
determines the A-weighted noise level in the cabin. The results justify the assumption that relative
differences of plate velocity levels can be predicted by means of Corcos model as function of flight
velocity and plate dimensions. The measured velocity levels include peaks due propeller excitation
at the propeller harmonics 165Hz, 330 Hz etc. These peaks are not included in the prediction since
only the effects of the TBL are considered.

7. Parameter study
For a plate with a single curvature the influence of changing the radius of the fuselage is insignifacant in the frequency range of importance if the radius is changed by less than ± 20%.
The effect on the plate velocity of changing the plate thickness is considerable. The plate velocity is reduced by increasing the thickness. However, by increasing the plate thicknes the weight
and the sound radiation ration are increased. The effect of the plate thickness on the velocity can be
shown 4 to depend on the plate thickness h as
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< v 2 >∝ 1 / h 3

(6)

If the thickness of a plate is increased by 50%, eq.(6) indicates that the velocity level of the
plate is decreased by 5 dB in the high frequency region. The acoustic power radiated by a plate not
only depends on the plate velocity but also on the radiation ratio of the plate. By increasing the plate
thickness the plate velocity is decreased but at the same time the radiation ratio is increased in the
frequency between the first plate resonance and the coincidence frequency of the plate. These effects can be counteracting each other. By increasing the plate dimensions, width and length, the
radiation ratio is decreased wheras the plate velocity is more or less constant.
The effect on the autospectrum of plate velocity of varying the the length of a plate is shown
in Fig.4. All parameters except the width Ly are kept constant.

Fig. 5. Average velocity squared of plate and average radiation ratio for the same plate with
different heights exposed to the same type of excitation.
—○— ,1m x 0.55m, ---◊---, 1m x 1.1m, ―* ― 1m x 2.2m.

Fig. 6. Effect of stringer distance on the predicted sound power radiated by per square meter

of the plate in 1/3 octave band. 192 m/s
The left hand graph of Fig.5 shows that the dependence of the velocity on the length of the
plate is insignifacant. However the power spectrum S Π of the the aucoustical power radiated by the
plate can be written as
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S Π (ω ) = A ⋅ ρc ⋅ S vv (ω ) ⋅ σ average (ω )

(7)

where A is the area of the plate, ρc the wave impedance of the fluid or air, S vv the auto spectrum of
the plate velocity and σ average the radiation ratio shown in the graph on the right hand side of Fig.5.
The results show that although the velocity of the plate is more or less independent of the plate dimensions the radiation ratio and thus the radiated power varies very significantly with the plate dimensions. The radiation ratio decreases with increasing plate dimensions. Clearly the combined
effect of plate velocity and radiation ratio must be considered for estimating the noise radiated by a
plate structure excited by a TBL.
Considering the combined effect of velocity and radiation ratio it is more appropriate to consider the acoustic power radiated per square meter of the structure or rather the sound intensity level
in dB re 10 −12 W/m2 . Fig. 6 shows the predicted intensity level of the noise radiated from two plates
having slightly different dimensions. The sound radiation ratio for the smaller plate, 0.206 × 0.627
m2, is higher than for the bigger plate, . Consequently, the radiated intensity is higher for the smaller
plate than for the bigger, 0.246 × 0.627 m2. The plate thickness is the same in both cases.
For all design parameters being constant and the flight data except velocity being stationary
the sound pressure level inside the cabin could be written as

L p ≈ Cv + 80 log v

(8)

Where v is the velocity of the aircraft and Cv yet another constant. The formula should only
be used for small variations of the velocity as compared to the velocities of the test cases.
The response of the fuselage when excited by a turbulent boundary layer depends also on the
losses of the structure. The velocity squared of a plate element is inversely proportional to its loss
factor. The noise radiated by the structure to the interior of the aircraft is in turn proportional to the
velocity squared of the plate elements of the fuselage. The acoustical power Π radiated by a structure can thus be written as
Π ∝ 1/η

(9 )

where η is the loss factor. The lossfactor for a fully equipped aircraft is of the order 0.06 which is
rather high and thus quite advantageous. For a fully equiped aircraft the measured loss factor is a
function of frequency f Hz as

η ≈ 14 × f −0.8
The reason for the high loss factor is the small dimensions of the plate elements and the coupling to
frames and stringers. This type of coupling induces losses. Also the primers and coatings of the
plate elements increase the losses. By adding some damping material to the plates the total loss
factor could possibly be increased by a factor 2. The added damping could consequently reduce the
interior noise level of the aircraft by 3 dB. However added damping will also increase weight and
costs.

8. Prediction of sound pressure level in new aircraft
If the lining or the interior system, material and mounting, is assumed to be the same for the
old and new aircraft the ratio between the pressure squared for the two aicraft can be written as
p12 / p22 = I1 / I 2 or in a different way as
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L p 2 = L p1 + LI 2 − LI 1 .

(10)

where L p1 is the sound pressure level in the cabin of aircraft 1, L p 2 is the corresponding sound
pressure level in aircraft 2. The predicted sound intensity levels induced by the fuselage for the the
two cases are given by LI 1 and LI 2 respectively.

9. Conclusion
Various models for the prediction of the velocity levels of plate elements of a fuselage excited
by turbulent boundary layers have been investigated. It was found that the so called modified Corcos model agreed very well with in-flight measurements. It was found that the plate velocity
strongly depended on the speed of the aircraft all other parameters being constant. An increase of
the speed of the aircraft by 10% is likely to increase the plate velocity level and thus the interior
noise level by 3dB. A reduction of the speed by 10% would give a noise reduction of 3dB. In both
cases it is assumed that the altitude is the same.
The plate thickness was the main design parameter determining the plate velocity. An increase of the plate thickness by 50% would reduce the plate velocity by approximately 5dB. The
length and width of the plate are found to be of minor importance with respect to the plate velocity.
However, it is not only the plate velocity but also the radiation properties of the plates which determine the sound radiation from the fuselage into the cabin. In the frequency range of importance
for the A-weighted noise level in the cabin the sound radiation ratio is increased as the plate thickness is increased. The noise level in the cabin is thus reduced much less than the velocity of the fuselage by increasing the plate thickness. An increase of the width and length of plate elements reduces the sound intensity radiated by a plate. However a combination of increased width and length
and thickness of plate plate would result in a reduced noise radiation from the fuselage and a reduced interior noise level.
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