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ABSTRACT 
Reducing acoustic loads on complex shape objects placed inside a cylindrical shell 
result in design challenges. An example of such a task is accommodation of the 
spacecraft (SC) inside the fairing of a launch vehicle. The paper presents a 
mathematical model for determining acoustic loads acting on the spacecraft 
depending on the acoustic absorption factor of the fairing surface, SC and the SC 
configuration. As a result, we have received spectra of root-mean-square acoustic 
pressure levels which make it possible to adapt this SC to the requirements of the 
fairing. 
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1.INTRODUCTION 

Cases emerge when a ready designed spacecraft, previously deployed by another 
launch vehicle (LV), has to be adapted to the fairing of the Soyuz rocket. If this new LV 
acoustic loads are acting in the existing spacecraft to which it has not been designed and 
developed, then it is necessary to develop measures to reduce them. In the present work, 
the problem of a scientifically justified selection of the fairing characteristics for 
satisfying the acoustic loading parameters specified for the SC is solved, with its 
adaptation to the standard requirements of the Soyuz type LV (Fig. 1a).  

On the basis of [1,2,3], we have generated acoustic loading modes on the surface 
of a spacecraft when it filled the fairing section up to 50%.  
_______________________________ 
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Fig. 1. "Soyuz" LV fairing design with a SC (a), frequency distributions of AP levels for 
the fairing and SC (b). 

 
In Fig. 1b we have shown the frequency distribution of the acoustic pressure 

levels for which an adaptive SC  and the acoustic pressure levels for the fairing 
generated under the condition of 10% absorption of acoustic energy by the SC design, 
αSС =0.1 [1]. An analysis of Fig. 1b demonstrates that at frequencies of 250 Hz -2000 
Hz, the acoustic pressure under the existing fairing is noticeably higher than the 
corresponding values for the adaptive space vehicle. Therefore, it is necessary to choose 
such design parameters of sound-absorbing materials that the acoustic pressure levels do 
not exceed the design parameters of the adaptive spacecraft.  

The task of reducing acoustic pressure in the aircraft compartments including 
LV and fairings was carried out by special task research groups at TsAGI. The results of 
these studies contain extensive information on the characteristics of shells and 
soundproof materials for compartments, such as sound insulation, sound absorption 
ratios, mechanical losses, permanent damping, and propagation constants  
[1,4,5,6,7,8,9,10,11,12]. However, in the research papers listed above, there is no data 
on the effect of the shape of the SC under the fairing and the acoustic absorption 
coefficient of the corresponding surfaces. Therefore, there was a need to develop a 
mathematical model for calculating the level of acoustic pressure, taking into account 
the shape and absorption by surfaces in the case of the spacecraft and fairing. 

 
2. MATHEMATICAL MODEL 
 

Let us first consider the simplest case when the "fairing-SC" system is 
represented in the form of two cylindrical surfaces (Fig. 2).  

The outer cylinder is the fairing shell, the inner cylinder imitates the SC. Let the 
surface of the fairing emit an acoustic field of power N, W into the interior space, then 
the intensity of the field at the point on the surface of the fairing:   
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The acoustic power emitted by the surface element ds from (1) is represented in 
the form: 
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The flow of acoustic energy propagating through ds (Fig. 3b) has passed the SS' path 
while it has been dispersed in accordance with the law [13,14]: 
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Fig.2. Fairing-SC system in the form of 
cylindrical surfaces (a), top view of the 
Fairing-SC system (b): R - radius of the 
fairing, r- radius of the spacecraft, z, φ- 
longitudinal coordinate and polar angle 
over which integration is carried out.  

 

Fig. 3. Fairing-SC system of a conical 
configuration: R - radius of the fairing, r - 
radius of the base of the conical spacecraft, 
z - variable of integration along the height, 
φ - angle of integration. 

The sound intensity on the SC surface became equal to: 
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After being reflected from the SC surface, part of the energy was absorbed by its 

structure and the sound intensity became equal to: 
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After that, the flow of acoustic energy returned to the fairing: 
 

.
||22

)1(

0

)/arccos(

)/arccos(
2'1  

 



SCH Rr

Rr

SCF dzRd
SSRH

NI 




 
And reflected from the surface of the fairing: 
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where αF – absorption ratio by the fairing structure. 

We are interested only in those terms of the forms (3) and (4) that characterize 
the SC acoustic loading, therefore, by continuing this process an infinite number of 
times for the total sound intensity, we will obtain: 
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For the case of a conic surface, arguing in a similar way, we will obtain the 

corresponding relations while taking into account the angle between the generatrix and 
the SC base, α (construction geometry is shown in Figure 3). 
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For the i drop-reflection process for the SC conic space under study, we have: 
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The total level of the falling and reflected values of the sound intensity: 
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For the case of a truncated pyramidal surface that has a rectangle or a square at 
its base, a formula similar to expressions (5), (6) expressing the result of simulating will 
take the form:  
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where НSC, r, αSC – SC height, radius, surface absorption ratio; R, αF – radius and 
absorption ratio of the fairing, N – power of the acoustic pressure transmitted through 
the fairing structure, φ – angle of integration sliding on the SC base and fairing, z – 
integration by the SC height, а1, а2 – The sides of the rectangle at the base of the cone 
(in our case later а1=а2, therefore the limits of integration will be φ=-π/4..+π/4- angle 
sliding over the rectangular side of the SC, ψ=-π/4..+ π/4 – angle sliding over the 
cylinder of the fairing,  θ – angle between the base and the generatrix of the pyramid.  

 
 



For the case of a rectangular section of the spacecraft, formula (8) takes a 
simpler form: 
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Formulas (5) - (8) are the result of modeling the processes of incidence and 

reflection of acoustic energy inside the fairing onto the SC in the form of a cylinder, a 
truncated cone, a pyramid or a parallelogram. Depending on the closeness of the 
geometry of a real spacecraft, one or another mathematical model is chosen.  

The selected model uses the actual absorption ratio of the SC surface αSC=αSC(f) 
(it was previously noted that for the calculation of specification levels αSC=0.1 was used 
within the whole operational spectrum of frequencies). 
If the calculation for the selected model showed that the reduced acoustic pressure 
meets the requirements of the technical documentation of the spacecraft, then this 
acoustic pressure is input into the design documentation for the item adapted to the 
fairing, otherwise, it is necessary to increase the absorption ratios αSC, αF by placing on 
the SC or fairing surface some other materials with increased values of absorption in 
critical frequency bands. 
 
3. SAMPLE CALCULATIONS 
 

As an example, let us consider the spacecraft developed earlier for LV 
producing lower noise levels. This SC was tested for spectral levels of acoustic pressure 
is shown in Fig. 1b (black line). 

As can be seen from Fig. 1a, SC represents squares with beveled corners, with 
the upper part of the SC close in shape to a truncated pyramid, the lower part - to a 
cube. The sound intensity for a given spacecraft was first calculated for the case α=0.1 
within the entire frequency range according to formulas (8), (9) for the upper and lower 
parts of the spacecraft, respectively. A comparative analysis of the spectra in Fig. 1b 
shows that in octave bands from 250 Hz to 2000 Hz, there are exceedances that do not 
allow to meet the requirements of the technical specification for this particular 
spacecraft. To sufficiently reduce the levels of acoustic loading in high-frequency 
bands, it has been proposed: 

1) Apply a PU foam as a sound-absorbing material with an increased thickness 
from 20 mm to 50 mm which according to the calculation [4] will improve the 
characteristics of the acoustic field in accordance with Table 1. 

 
Table 1. Reduction of acoustic pressure at increasing the thickness of the PU foam-

35 layer from 20 mm to 50 mm 
Frequency, Hz 125 250 500 1000 2000 

Reduction of AP, dB, (ΔL1) 0,2 0,9 3,2 4,2 4,3 

 
This measure allows to implement sufficient reduction of acoustic pressure in 

octave bands from 1000 Hz to 2000 Hz. 



2) To further reduce the acoustic pressure, it is recommended for the developer of the 
spacecraft to install electro-vacuum thermal insulation mats on the side surface of the 
spacecraft. With the help of the mathematical model described above, by formulas (8) 
and (9) we calculated the reduction of the sound intensity levels ΔL2 for the fairing 
when using the electro-vacuum thermal insulation material on the spacecraft and under 
the condition of applying the PU foam in the fairing: 
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where I1, I2 – the sound intensity for the fairing before and after the implemented 
measures, respectively, Ln, L - the initial (normal) and the reduced level under the 
fairing. The normal absorption coefficient for electro-vacuum thermal insulation 
material and PU foam was taken from [4,16]. 

In addition to the calculations by formulas (8) and (9), an analysis was made of 
the acoustic loading reduction according to the known formula [13, 17] which does not 
take into account the shape of the fairing and SC: 
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where Si – surface area of the fairing and SC, αi – corresponding to the specific Si 
acoustic energy absorption.  

The results of the calculations are shown in Fig.4. 
 

 
Fig. 4. The results of calculations by formulas (8), (9) and the engineering formula 
[13, 17] showing the drop in acoustic loading when the electro-vacuum thermal 

insulation material is applied. 
 

 
The values of the total reduction in the sound intensity levels (or the root-mean-

square acoustic pressure level [13]) on the SC are presented in Table 2. 
 



Table 2. The total decrease in the levels of sound intensity (or the mean square acoustic 
pressure level) acting on the SC 

Frequency, Hz 250 500 1000 2000 

Reduction of the AP levels on the SC lower part, dB 
1,4 4,3 6,1 5,6 

Reduction of the AP levels on the SC upper part, dB 1,9 4,7 6,3 5,8 
 

A similar analysis was carried out in [16], where the results for a generalized 
spacecraft (without a definite shape) were presented in Fig. 5. 

 

Fig. 5. Calculated total decrease in the levels of acoustic pressure acting on the SC 
and the result presented in [15] for a SC generalized by shape. 

 
 

Subtracting the values of Table 2 from the standard levels, the distributions of 
which are shown in Fig. 1b, we obtain the following distributions, shown in Fig.6. 

 
Fig. 6. Frequency distributions of AP levels during the SC ground testing and the AP 

levels of the lower and upper parts of the SC in operation. 
 



From considering Fig. 6 we deduce that due to the additional absorption of 
acoustic energy by the electro-vacuum thermal insulation material and the thickened 
material of the PU foam, a reduction in the initial levels of mean square AP was 
achieved. The newly obtained RMS levels did not exceed the values for which the 
adaptive spacecraft was tested.  
 
4.  CONCLUSIONS 

Within the framework of the work performed, the following results have been 
obtained: 

1. A refined mathematical model has been developed to evaluate the effect of the 
shape of the spacecraft and absorption factors on the acoustic field acting on the SC in 
its various structural parts. 

2. Calculation estimation has been made in accordance with which, in order to fulfill 
the requirements of the technical assignment, constructive measures were taken to 
reduce the acoustic pressure levels. 

The mathematical model used in this research paper can be used later to estimate 
the intensity of sound acting on the spacecraft of other configurations (a cylinder, a 
cone, a sphere, etc.). 

Further development of the research will allow selecting the area of application 
of soundproof materials to reduce acoustic loads to the required levels with allowable 
weight gain. 
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