저작자표시-동일조건변경허락 2.0 대한민국
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게
l
l
l

이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.
이차적 저작물을 작성할 수 있습니다.
이 저작물을 영리 목적으로 이용할 수 있습니다.

다음과 같은 조건을 따라야 합니다:

저작자표시. 귀하는 원저작자를 표시하여야 합니다.

동일조건변경허락. 귀하가 이 저작물을 개작, 변형 또는 가공했을 경우
에는, 이 저작물과 동일한 이용허락조건하에서만 배포할 수 있습니다.

l
l

귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.
저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다.
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.
Disclaimer

공학석사학위논문

Weakly Coupled Vibro-Acoustic
Analysis of Launch Vehicle / Satellite
FE Model under Plume Sources
플룸 소음원에 의한 발사체/인공위성
유한요소 모델의 음향-구조진동 연성해석

2013년 2월

서울대학교 대학원
기계항공공학부

박 용

진

Weakly Coupled Vibro-Acoustic
Analysis of Launch Vehicle / Satellite
FE Model under Plume Sources
플룸 소음원에 의한 발사체/인공위성
유한요소 모델의 음향-구조진동 연성해석
지도교수 김 용 협

이 논문을 공학석사 학위논문으로 제출함
2012년 12월

서울대학교 대학원
기계항공공학부

박 용

진

박용진의 공학석사 학위논문을 인준함
2012년 12월
위 원 장 정 인 석
부위원장 김 용 협
위

원 김 승 조

Abstract
It is important to predict the external influences and apply it to
design because space launch vehicle undergoes extreme environmental
changes during flight period. Most important factor is the acoustic load
among the external influences, especially, space launch vehicle is
strongly affected by acoustic plume sources in the liftoff stage. This
acoustic plume vibrates the launch vehicle and generates the acoustic
propagation in the fairing structure. Because satellite panels and
electronic devices on the platform are responded sensitively from
oscillatory loading condition, it is essential to predict the acoustic
distribution in the fairing and satellite responses.
In this study, acoustic mode/response analysis and forced vibration
analysis solvers were developed and they were applied to virtual Korea
Space Launch Vehicle (KSLV) model with plume sources based on
acoustic loading function. Weakly coupled analysis module was also
realized as boundary condition function. It was chosen the finite
element method analysis for all solvers, parallel multi-frontal method
and block Lanzcos algorithm were applied to them. Both direct and
modal superposition method were used for solving the response
analysis. Each solver was validated by comparing with analytic solution
and commercial software results. It was possible to reduce the elapse
time and memory consumption by using parallelized solver, therefore
dense band width was used for performing each analysis work. MFC
based pre/post processor were developed as well, they make it possible
to provide the user friendly interface. These functions were realized in
DIAMOND/IPSAP which is being developed by Aerospace Structures
Laboratory in Seoul National University. KSLV and satellite models
were designed in detail to improve the reliability of analysis result.
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Environmental condition and parameters of rocket were referred from
record of previous studies, especially, acoustic loading function was
used for calculating the acoustic sources, and it was suggested by
NASA SP 8072.
The significance of this research was that it was possible to predict
the acoustic response of the launch vehicle structures from plume
sources and adjust these result to optimize the mass of satellite by the
virtual simulation. Using the computer aided engineering including the
parallel processing and in-house pre/post tools, expense and time
consumption for testing the KSLV was able to be decreased effectively.
In

addition,

development

of

acoustic

source

generator

based

on

empirical data made it possible to change the environmental condition
easily. On the other hand, development of the acoustic/forced vibration
analysis module provided the computational environment to develop the
fully coupled vibro-acoustic solver by using parallelized multi-frontal
method. Moreover, developed solvers can be used with the other
module such as optimization which is embeded in DIAMOND from
future research.
Keywords：Forced vibration, Acoustic response, Rocket, Satellite, Plume
Student number : 2011-20707
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1. Introduction
In this chapter, background of this study was suggested and recent
studies in related research area was summarized. Especially, research
status for Korea Space Launch Vehicle (KSLV) which was developed
by Korea Aerospace Research Institute (KARI) was mainly referred.
Research topic and scope were determined based on this prior
investigation, at the same time, proper design and analysis method for
space launch vehicle were suggested. Finally, overview of this research
was introduced in section 1.4.

1.1 Background
After the first satellite was launched by Soviet Unions, diverse space
development projects were proceed by U.S.A., European countries and
the other developed countries in the past few decades. As a result,
many satellites and spacecrafts are circling around the Earth for the
purpose

of

communication,

broadcast,

weather

forecasting,

Earth

observation and military nowaday. In the case of Korea, after first
satellite which is named as KITSAT-1 was launched in august 1992,
many satellites were developed and launched. KSLV-Ⅰproject which is
wellknown as NARO project was started from 2003, but previous two
times of attempt were failed. Even the failures of KSLV-Ⅰproject,
Korea was able to construct the environment and the system to develop
launch vehicle. The other projects such as KSLV-Ⅱ will be started
based on these experience.
Figure 1 describe the launch sequence of KSLV-Ⅰ. After rocket is
launched, satellite is exposed to space by opening the fairing parts.
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Satellite goes to proper position by using its kick motor and deploys
the solar array. Here, fairing means the protection system to defence
the satellite from environment changes while rocket pass through
atmosphere. The role of fairing is very important because electronic
equipments loaded on satellite are sensitively responded from exterior
forcing. Therefore, the experimental test about fairing structure with
exterior forcing is essential to evaluate the performance of protection
and to predict the effect on satellite. This analysis works will help to
design the optimal structure especially in the stage of conceptual
design.

Figure 1. KSLV-Ⅰlaunch sequence. (a) Rocket launch, (b) fairing opening
and (c) satellite deployment [1]
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Figure 2. Typical vibration time history of space shuttle launch (acceleration)
[2]

Typical vibration time history during a space shuttle launch is revealed
in figure 2. This history indicate that the launch vehicle experience the
large vibration at lift-off stage. Even the lift-off stage is passed, it is
still vibrated during transonic flight and max “q” flight. There are two
kind of cause the vibration, one is the acoustic load from plume
sources and the other one is the acoustic load from friction between
the vehicle and atmospheric gases. In the latter case, the vibration
continued long time but the amplitude is small. On the other hand, the
former case, the amplitude is bigger than the latter case but vibration
last only dozens of seconds. This case is more severe condition in the
light of acoustical environment. When launch vehicle is affected by
acoustic plume sources within the 200m altitude, the magnitude of
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acoustic sources are determined from engine shape, fluid speed of
exhaust gases, deflector type and the other parameters. With considering
this kind of condition, acoustic and forced vibration analysis works
were performed.

1.2 Research Status
Table 1. Recent acoustic analysis studies related to KSLV-Ⅰ and satellites

Acoustic and forced vibration analysis works for KSLV-Ⅰ or satellites
were proceeded by several researchers, and their studies are summarized
in Table 1. Park et al (2005), Jeon et al (2007) and Kim et al (2010)
predicted the vibration response of satellite by using prescribed the
acoustic load values. Kim et al (2012) studied the safety analysis of
satellite equipment under random vibration. On the other hand, Yeon et
al (2003) suggested to use a acoustic loading function to compute the
acoustic load condition at exterior field, and adjusted it to finite
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element model of launch vehicle for forced vibration analysis. Park et
al (2011) also used the acoustic loading function, and they confirmed
the reliability of it for KSLV-Ⅰ by comparison with experimental
results. Park et al (2008) and Seo et al (2011) examined the
performance of acoustic protection system of KSLV-Ⅰ, in the case of
Seo et al (2011), they predicted the acoustic response distribution in
fairing structure.

1.3 Concept and Scope
In this study, the prediction of acoustic pressure distribution at exterior
field, forced vibration analysis work of launch vehicle and the
prediction of acoustic propagation in the fairing were performed. Forced
vibration analysis of satellite from acoustic distribution in fairing was
performed as well. While previous studies just predict and analyze
effects of acoustic load on satellite, in here, not only acoustic
distribution was predicted but also optimal design of satellite was
evaluated by using forced vibration response results caused by acoustic
response. In addition, acoustic and forced vibration analysis software
modules were developed to provide optimal environment for design
spacecraft to researcher. Of course, practical experiments are more
helpful to develop the launch vehicle because those results are from
genuine response of structures. However, those works take too much
time and need high budgets when various cases are required to
evaluate. Virtual analysis works will be a good alternative way of
practice experiments in this case because all conditions can be easily
changed in this method. Especially, this study based on virtual analysis
works has the advantages to make a conceptual design of spacecraft
such as KSLV-Ⅱ.
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Table 2. Main features of Finite Element Method, Boundary Element
Method and Statistical Energy Analysis

Generally, there are three method to solve the numerical acoustic
problem. Finite Element Method (FEM), Boundary Element method
(BEM) and Statistical Energy Method (SEA) are them. Main features of
this three methods are described in Table 2. SEA is usually used for
acoustic analysis in high frequency domain. But accuracy is relatively
lower than FEM or BEM. According to previous study researched by
Hwang et al [11], most of dynamic coupling between the satellite and
launch vehicle

are occurred in the frequency less than 100Hz.

Therefore, SEA is not considered in this study. Both FEM and BEM
have strengths and weaknesses to solve acoustic problem as referred in
Table 2. If there is a infinite boundary in the problem, BEM is better
than FEM because FEM has to compute the infinite elements which
has the possibility to derive the wrong results. Though, interior problem
does not have that kind of problem in FEM. Because only interior
acoustic field was considered in this study, there is no difference
between FEM and BEM in terms of boundary problem. Generally total
elapse time of FEM is almost same to BEM if we consider model
generation and system solving time. But parallel acceleration method
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give the better performance in FEM. Moreover, FEM could solve the
complex enclosures problem easier than BEM. Therefore, FEM was
chosen in this study.
One of the most important factor to solve acoustic problem is the way
how to compute the acoustic sources. Acoustic loading function was
chosen in this study which is proposed by previous study in Table 1.
Since this method is based on empirical data, it allows to apply to
general launch vehicle even there is no experimental data. It was
constructed the flexible analysis environment for design launch vehicle
by development of acoustic load condition generator.

1.4 Overview
As previously mentioned, acoustic loading function and FEM were
used to perform acoustic analysis for launch vehicle/satellite model.
Chapter 2 will

discuss the development of the FEM-based analysis

module. Parallel algorithm was applied in the acoustic/forced vibration
analysis module. Basic theory and pre/post processor module were also
introduced. Each solver was validated from comparison with analytic
solution and commercial software result. By using developed solvers,
forced vibration analysis of launch vehicle and acoustic response
analysis of fairing were performed in Chapter 3. acoustic loading
function was also referred, and it was used for FEM analysis. Chapter
4, satellite structure was optimized by Particle Swarm Optimization
(PSO) algorithm, and then it was evaluated by forced vibration analysis.
Brief theory of PSO was also described. Mass was chosen as object
function of optimization and thickness was considered as design
variable in the optimization work.
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2. Development of Vibro-Acoustic Analysis
Module
Acoustic

modal

analysis,

acoustic

response

analysis

and

forced

vibration analysis were developed and their theories and pre/post
processor module were described in this chapter. Those were realized
based on C++ language, and weakly coupled analysis module was
realized to compute the boundary condition between the structure and
acoustic field.

2.1 DIAMOND/IPSAP
DIAMOND/IPSAP is the integrated structure analysis software which
is being developed by Aerospace Structures Laboratory of Seoul
National University [12]. DIAMOND is the visual framework based
software, IPSAP is the solver of DIAMOND. Pre/Post Processors,
optimization module, parameter design module and the other advanced
functions are embeded in DIAMOND. IPSAP is the FEM based solver,
and it has the linear static analysis, vibration analysis, buckling analysis
and thermal analysis module.
DIAMOND/IPSAP use the multi-frontal method for linear solver and
the block Lanczos algorithm for eigen solver. In the frontal method,
global

stiffness

matrix

is

not

constructed

in

the

sequence

of

computation, while other general methods assemble it. Stiffness matrix
of element is expressed as equation (1),
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(1)

In here, subscript 1 is assembled parts and subscript 2 is the others.
If assembled parts are removed,



      
          
  


(2)

equation (2) is derived. Like this, frontal method assemble the stiffness
matrix of each element and then decrease the degree of freedom by
removing the assembled terms. In the parallel multi-frontal method, each
CPU processor assembles frontal independently and then communicates
each other to remove all boundary degree of freedom between frontal.
Domain-wise multi-frontal method is depicted in figure 3 briefly, and it
is applied in IPSAP.

Figure 3. Parallel implementation of the domain-wise multifrontal method
[13]

To solve the acoustic and vibration modes, it is necessary to solve the
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generalized eigenvalue problem. The block Lanczos algorithm is the
advanced method to solve eigenvalue problem, it is realized in IPSAP.
The algorithm is summarized in figure 4. In here, step 2 takes very
long time if general linear solver is applied. Therefore, multi-frontal
algorithm is used to solve the step 2 to shorten the elapse time. If
multi-frontal method is used, not only solve the problem faster but also
use the memory effectively. Especially, because the parallel multi-frontal
solver in IPSAP is the modified in previous study [14], it allows to
solve the frequency domain problem with dense frequency interval.

Figure

4.

M

orthogonal

block

Lanczos

algorithm

with

shift-invert

transformation [15]

Both acoustic mode analysis and vibration analysis module use block
Lanczos algorithm as eigen solver. For the response analysis such as
acoustic response and forced vibration analysis, direct method and
modal superposition method are applied in solver. In the direct method,
linear solver is necessary to solve the problem, so multi-fontal method
is used. In the case of modal superposition method, mode results by
solving from block Lanczos eigen solver are used to get the response.
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Since each method has their own advantages, both methods are realized
in DIAMOND/IPSAP

2.2 Theory
As referred in the previous section, linear solver and eigen solver
were used to solve acoustic/vibration finite element model which are
derived in the section 2.2.1, 2.2.2. Section 2.2.3 explained the weakly
coupled analysis method.

2.2.1 Acoustic Mode/Response Analysis Module
For the 3-dimensional linear acoustic problem, the wave equation is
derived as equation (3) if homogeneous and inviscid fluid are assumed.

   ′
′
  
∇  ′  
 


 





(3)



In the equation (3), ∇        , acoustic speed  



′



,







is acoustic pressure and ′ is the volume velocity. Generally

harmonic analysis is applied in this kind of acoustic problem. If the
acoustic
frequency

sources

′               

   ,

pressure

exists

response

for

is

each

angular

expressed

as

′                 . If those assumption are applied in equation

(3), linear Helmholtz is derived as following equation.

∇        
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(4)



In here,   


is the wave number. The equation (4) is the

governing equation to solve acoustic problem. Velocity is calculated by
linear Euler equation as following.

 


∇

 

(5)

For the interior problem, boundary conditions are divided as three
terms, natural boundary, essential boundary and impedance boundary.
 
   
  ∈


(6)


  
 
       
   ∈

  

(7)


    
            ∈

 


(8)

  is the normal component of velocity on the boundary faces and

variable written as 
 means boundary value. With considering this
boundary condition, if the weighted residual formulation is applied in
equation (4), The Helmholtz equation will change to following form.

 ∇         








Divergence theory is expressed as the equation (10).
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(9)


∇


  ·  


(10)



By using equation (9) and (10), weak form of the weighted residual
formulation is derived as equation (11).


∇
· 
∇      
  



   
     
 · 















(11)



In the equation (11), if the variable  is expressed by element shape


function as  



 



   

and nodal point value, left-hand side

term change to equation (12).
∇
· 
∇   
     
 



 
 
 
            
 
 
 





               

      
 































































(12)

Acoustic stiffness matrix and acoustic mass matrix are in equation
(12),   is the shape function calculated from the each type of
element. Acoustic source and boundary condition in right-hand side can
be derived as equation (13).
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(13)





 
    
    
    
 

In here, last term is the summation of the natural boundary, essential
boundary, impedance boundary and acoustic sources, and it is called as
excitation vector. If each term is assembled as linear system for each
element, governing equation will change to equation (14).

               
         

(14)

Acoustic response can be calculated from equation (14). In the direct
method, this model is solved by linear solver directly. For the different
frequency, the coefficients of mass matrix and impedance matrix are
different, therefore each matrix has to be assembled for every case.
Matrix is symmetry, but sometimes, matrix is the indefinite linear
system. Because the multi-frontal solver in IPSAP is available only for
positive definite system, modal superposition method solver is developed
to solve indefinite problem as well.
Before compute the response by modal superposition, acoustic mode
analysis result is needed to be calculated. In the equation (4), if
excitation vector and impedance boundary part are removed from there,
it would be changed to equation (15).
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(15)

In here,  is natural frequency and  is the acoustic mode.
Equation (15) is the generalized eigenvalue problem. If it has the
essential boundary condition, mode value in that points set as zero.
This generalized problem can be solved by block Lanczos algorithm
which is introduced in section 2.1.1 to get the each mode and
eigenvalue.
If equation (14) substitute equation (15), it is possible to get the
acoustic response by modal superposition. Acoustic pressure is divided
to two components, eigenvector sets and modal participation factors as
written in (16).










  

    

(16)

If substitute it in equation (14),

     
     
    
 
 

(17)

equation (17) is derived. In this equation, stiffness matrix 
  , mass
matrix 
  are diagonalized by eigenvectors. If modal damping is only
considered, impedance matrix 
  is expressed as the summation of
stiffness and mass matrix. Only scalar multiplication is needed to
compute the response for each frequency in the modal superposition
method. In short, acoustic direct response use the equation (14),
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acoustic mode use equation (15) and acoustic response by the modal
superposition method use equation (17) as finite element model.
Tri3 and quad4 elements were developed in the 2D problem, tetra4
and hexa8 elements were developed in the 3D problem.

2.2.2 Forced Vibration Analysis Module
Linear system of the forced vibration analysis is almost similar to
acoustic

response

problem,

just

excitation

vector

is

changed

to

oscillatory force. Without the damping, forced vibration system is
expressed like equation (18).

             

Like

the

modal

superposition

method

in the

(18)

acoustic

problem,

displacement vector  is divided to two components, mode shape
   , and modal coordinate   as equation (19).

       

(19)

After substitute equation (19) to equation (18), divide both side by
  and multiply by     , equation (20) is derived.

                                

(20)

In the equation (20), stiffness matrix    and mass matrix    are
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diagonalized by mode shapes, then

       

(21)

is derived. Like the acoustic system, just multiplication of scalar value
is needed to compute the modal coordinate. In the case of this
problem, response has the three times components rather than acoustic
problem, because it has the three directional displacement components
as variable while acoustic problem has only pressure component. When
beam or shell element is used, degree of freedom will be increased
because of the rotational components. Like the acoustic analysis module,
both direct and modal superposition method were developed in IPSAP.
Structural analysis elements are used for forced vibration.
All acoustic and vibration-related module are summarized in table 3.

Table 3. Analysis type in IPSAP solver

2.2.3 Weakly Coupled Analysis Module
Vibrating panel and the other structure can be the acoustic source in
acoustic model, on the other hand, acoustic pressure result can be the
oscillatory force in forced vibration model. The analysis which is
solving the acoustic and structure model progressively is called as
weakly coupled vibro-acoustic analysis. Even this analysis method has
the lower accuracy rather than fully coupled analysis and there are
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some requirement for appling this method to the problem, it can solve
the problem faster because the vibro/acoustic model are assembled
separately in this method. Separated linear system offers better condition
to adjust the acceleration method to solve the system. When t is the
thickness,  is the structural frequency, c is the acoustic speed,  is
the acoustic fluid density and  is the structural density,

 
  ≪ 
 

(22)

equation (22) can be used as a discriminant equation to determine
whether weakly coupled vibro-acoustic analysis is available or not.
Equation

(22)

condition

means

that

weakly

coupled

analysis

is

adaptable. Since general space launch vehicle model satisfy the above
conditions, weakly coupled analysis is used in here.
In acoustic pressure transfer module from acoustic to vibration model,
acoustic pressure push the boundary area of element. Because of that,
each pressure has to be integrated for the contacted area. Equation (23)
depict this integration.

 




 

  



(23)

In this equation,  is the i-th nodal force in the structural elements,
 is the j-th nodal acoustic pressure in the acoustic model when its

position is the closest from i-th structural node among acoustic nodes.
When this i-th structural node refer the n-structural elements, their k-th
element has the area   contacted with structural model. Acoustic
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response results are used as the acoustic pressure values.
In the oscillatory force transfer module from vibration to acoustic
model, displacements result can be used as vibrating boundary. When 
is the displacement, velocity is determined as equation (24) by
considering harmonic analysis.

  

(24)

This boundary can be applied as the natural boundary. Since velocity
in equation (24) is the velocity of structure, normal velocity component
  for the boundary area has to be calculated to use in acoustic model.

In here, positive direction is the direction from the boundary to
acoustic field.

2.3 Pre/Post Processor
As referred in previous chapter, acoustic/forced vibration analysis
module were realized in IPSAP and its pre/post processor was embeded
in DIAMOND. General analysis sequence is depicted in figure 5. Open
CasCade based pre/processor makes it possible to design the geometry
and finite element model, and to generate boundary and acoustic
source. After export model information to script file, it can be used as
input file for IPSAP solver. Usable solver options are in the figure 5.
Analysis type, solver type, shift value and the number of superposition
modes can be entered.
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Figure 5. Analysis sequence in DIAMOND/IPSAP
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Preprocessor for acoustic/forced vibration module is revealed in figure
6. (a) is the boundary, acoustic source and oscillatory forced generator.
Real and imaginary part of the value can be entered manually for each
frequency. Each value is inputted as nodal value in essential boundary
and acoustic source, while it is inputted as element based-value in
natural boundary. Right-upper panel shows the entered value in real
time. In the case of oscillatory force, directional and rotational vector
value are separately entered in this dialog. (b) is the dialog to enter the
frequency ranges. The lowest frequency, frequency band value, number
of target frequency can be chosen here. (c) is the generator of
interaction boundary between the structure and acoustic model. Both
way transfer function are realized. Finally, (d) is the dialog which is
used only in acoustic problem to input the acoustic property values.
Acoustic density and speed can be entered. Forced vibration module
share the property dialog with the other structural analysis.
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Figure 6. Preprocessor for acoustic / forced vibration analysis module in
DIAMOND. (a) boundaries, acoustic source and oscillatory force generator
dialog (b) frequency generator dialog, (c) interaction boundaries generator
dialog and (d) acoustic property generator dialog
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Figure 7 shows the postprocessor to plot the result of acoustic/forced
vibration analysis. (a) is the dialog to show the acoustic pressure
distribution on the element of model. Real part, imaginary part and
amplitude of acoustic pressure can be chosen in this dialog. In the
forced

vibration

result

dialog,

each

directional

component

of

displacement can be shown. (b) shows the result in time domain by
inverse fast fourier transform from frequency domain result. By input
the value of the initial time and time interval, dynamic result viewing
function can be used in here. (c) dialog shows the acoustic response
result for each node. After choose the node and reference acoustic
pressure, real part, imaginary part, amplitude of acoustic pressure and
sound pressure level can be extracted for each node. In addition,
merged sound pressure level for octave band can be calculated as well.
Export function export the results as csv file.
Development

of

pre/post

processor

facilitate

more

effective

acoustic/forced vibration analysis work by using IPSAP. These tools
was used in the research works which are accomplished in chapter 3
and 4.

- 23 -

Figure 7. Postprocessor for acoustic / forced vibration analysis module in
DIAMOND. (a) frequency domain result dialog, (b) time domain result
dialog and (c) nodal result dialog
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2.4 Solver Validation
Validation of solver was done in this chapter. Figure 8 describe the
1D tube problem. Left-end boundary is the natural boundary and
right-end

boundary

is

the

rigid

boundary

(zero

velocity

natural

boundary). In this problem, analytic solution is gotten as equation (25)




 
        sin      cos   



tan   








(25)

Figure 8. 1D tube problem example

In

here,

each

variable

is

given

as

   ,

     ,

    ,     ,      . Comparison of the analytic

and numerical solution is shown in figure 9 for given conditions. For
the whole section, numerical solution has the almost same value with
analytic solution. Numerical error is negligible, it means that acoustic
solver is available for given problem. In the case of forced vibration

- 25 -

analysis, since it is based the vibration solver developed previous work,
the validation with analytic solution is skipped here.

Figure 9. Analytic and numerical solution of 1D tube problem (100Hz)

By comparing the numerical solution with the analytic solution, solver
can be validated theoretically but the model is too simple to get the
reliability of solvers. To validate solver in the complex model, analysis
results are compared with commercial software results. At first, acoustic
mode analysis result is validated. Figure 10 shows the 2D cavity model
which is used in this validation. It is composed with tri3 and quad4
elements which have the

general acoustic property. Table 4 shows the

acoustic natural frequency in the cavity from each solver. Because there
is no essential boundaries in the model, natural frequency of first mode
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is zero. In the other modes, numerical solutions are almost same to
commercial software result. The mode shape for each frequency is
shown in figure 11. The spatial pattern for the second and third mode,
It is confirm that IPSAP solver results exactly correspond with
SYSNOISE result.

Figure 10. 2D Cavity FEM model information

Table 4. Acoustic Modal natural frequency results comparison
#

Frequency (IPSAP)

Frequency (SYSNOISE)

1

0.0000E+00

0.0000E+00

2

7.4382E+01

7.4454E+01

3

1.2223E+02

1.2263E+02

4

1.3080E+02

1.3130E+02

5

1.7510E+02

1.7627E+02

6

2.2841E+02

2.3106E+02

7

2.4462E+02

2.4845E+02
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Figure 11. Acoustic mode shapes from IPSAP and SYSNOISE (commercial
software) solver. #1 first mode, #2 second mode, #3 third mode

Manifold model which is shown in figure 12 is used to validate
acoustic response analysis. Manifold model is the 3-dimensional model,
and it is composed with tetra4 elements. Valid frequency range is
between 0 and 2833.7Hz refer to the max size of elements. 4 essential
boundaries are located in the end point of each pipe. Acoustic response
results are described in figure 13 and modal superposition method is
used here. All response values are the real part values for 100, 200,
300Hz. Patterns for whole structure are calculated well in the IPSAP
result.
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Figure 12. 3D manifold FEM model information

Figure 13. Acoustic response from IPSAP and SYSNOISE (commercial
software) solver
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Modal superposition method is used in forced vibration analysis as
well. Validated model is steel structure and composed with shell
elements as shown in figure 14. The oscillatory forced are given for 18
points by using 3 load cases, their magnitude and direction are different
each other. Figure 15 shows the response from the forced vibration
analysis. For the each frequency, IPSAP results correspond with
ABAQUS result well, therefore, it is validated well. The response
results from the direct method are also validated by ABAQUS results,
they also calculate almost same results with ABAQUS (not shown).

Figure 14. Steel structure FEM model information
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Figure

15.

Forced

vibration

response

ABAQUS (commercial software)
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(displacement)

from

IPSAP

and

3. Weakly Coupled Vibro-Acoustic Analysis of
Launch Vehicle
In this chapter, forced vibration analysis for launch vehicle and
prediction of acoustic pressure in the fairing were performed. Before
solve the problem, acoustic loading function was predicted and its
software module was developed for that. Section 3.1 described it.

3.1 Acoustic Load Condition Generator
To predict the acoustic loading condition on the launch vehicle
structure, acoustic sources from the plumes must be calculated. NASA
SP 8072 [16] suggested the way how to predict the sound pressure
level from the acoustic sources which is in the plumes of chemical
rockets. They predicted the source magnitude by using empirical data
from experimental values in diverse environmental conditions. By refer
to this method and property data for KSLV, it was developed the
module to calculate the acoustic pressure of launch vehicle surface in
DIAMOND/IPSAP.
Conceptual diagram of plume around the rocket is expressed in figure
16. Plume is divided to sub-slice, and each slice is assumed as
monopole. In here, deflector shapes determine the direction and the
number of plume. Each acoustic source is located in the central point
of line plume.
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Figure 16. Conceptual diagram of acoustic source distribution near the rocket

According to NASA SP 8072, overall sound power can be calculated
as equation (26) when engine thrust  and nozzle exit velocity   are
given.

     

(26)

From equation (26), overall sound power level is derived as equation
(27).

   log     

(27)

Reference acoustic pressure is   in equation (27). Sound power
for each slice is expressed like the following equation.
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∆
    log      log 
 






 

(28)

In here,  is core length and ∆ is slice length. The first term in
equation (28) has the distribution as shown in figure 17, it means the
effect by distance. Acoustic power of source for each frequency band is
expressed as (29).





 

  
       
     log        log   log∆ 
   


(29)

Figure 17. Source-power distribution for standard chemical rockets (NASA SP
8072)

In this equation,  is the acoustic speed in atmosphere,  is the
acoustic speed in nozzle exit, ∆ is band width and  is the distance
between the source point and the nozzle. Every term except first term
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can be calculated from given values, and first term can be gotten from
figure 18. Normalized relative sound-power-spectrum level was measured
for its modified axial Strouhal number which is measured from
chemical rocket. If it is assumed that acoustic wave propagate from
plume to launch vehicle as a spherical wave, sound pressure level at
the surface of launch vehicle can be expressed as equation (30).

           log     

(30)

Figure 18. Normalized relative power-spectrum level as a function of axial
position along the flow for chemical rockets and jets (NASA SP 8072)
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Directivity index     is measured from the empirical data in
figure 19. In here,     is dependent on the angle between plume
and vertical axis. It has different value for different Strouhal number.
Like this, sound pressure level for each source point can be calculated,
and then sum them all to get the total sound pressure from all sources.

Figure 19. Directivity of far-field noise for standard chemical rockets for
several values of Strouhal number (NASA SP 8072)

Computation of acoustic surface pressure is done through the module
which is MFC-based dialog. It is composed with the function as
depicted in figure 20 and its application sequence is like followings.
① Select the geometry and define the acoustic pressure position.
Geometry shape must be line shape.
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② Select the nodes which are on the surface of launch vehicle.
③ Input the property information of launch vehicle, number of
acoustic sources and the start point of plume.
④ Set the range of frequency. Input the acoustic property as well.

Figure 20. Acoustic load condition generator
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After follow step ① to ④, click the apply button to calculate the
acoustic sources.

Table 5. Parameters of launch vehicle from park et al [9] except number of
nozzle
Number of nozzle
Trust of Engine
Exit velocity
in plume
Plume axis angle

Ambient sound velocity

343m/s

185tonf

Plume sound velocity

1031m/s

2984m/s

Nozzle exit diameter

1.445m

4

30degree

To compute the acoustic load condition generator, property data
written in Table 5 is used. These properties are from KSLV data of
Park et al (2011). But the target launch vehicle is the virtual KSLV-Ⅱ
in this study, therefore the number of nozzle is changed to 4. Total
length of plume structure is 50m.
Figure 21 shows the acoustic pressure on the surface of launch
vehicle which is calculated from the given condition. Each surface
pressure level is computed at each hight of launch vehicle structure.
When each data is expressed in the octave band, the position of
maximum pressure value appear at 160Hz. This feature is similar to the
result in previous study. The 45m height is the position of fairing, it is
confirmed that the acoustic pressure in here is lowest among the chosen
observation point.
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Figure 21. Acoustic pressure at launch vehicle surface. Dotted line : 6 max.
elements in wavelength (308.46Hz), dashed line : 100% elements valid line
(616.92Hz), star points : 2Hz bandwidth SPL, circle points : 1/3 octave band
SPL

3.2 Finite Element Model
It was possible to get the acoustic condition in exterior field from
figure 21. From here, finite element model for analysis was described.
Shell elements-based model was used in launch vehicle model, and the
3-dimensional elements were used in acoustic model of fairing.

2.2.1 Launch Vehicle.
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Figure 22. Finite element model of launch vehicle (virtual KSLV-Ⅱ)

Figure 22 shows the finite element model of virtual KSLV-Ⅱ and
describes its detailed structure. KSLV-Ⅱ is a three stage rocket, and it
has 4 nozzles, 2 liquid engine and a kick motor. To control total
degree of freedom, each engine shape is simplified but it still has
nozzle and neck structures. Stiffeners are also realized in the model.
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The properties are shown in Table 6. Frequency band width is 2Hz and
ranges is from 2 to 354Hz.

Table 6. Material property of launch vehicle
Material ID

Young's Modulus
( 



)

Poisson's Ratio

Density(   )

100000001

7.17E+10

0.33

2.81E+03

100000002

7.17E+10

0.33

2.81E+03

100000005

7.31E+10

0.33

2.84E+03

100000008

7.31E+10

0.33

2.80E+03

100000011

2.05E+11

0.29

7.85E+03

100000014

1.95E+11

0.27

8.00E+03

2.2.2 Fairing
By using the vibration results from launch vehicle structural model, it
is possible to compute the acoustic distribution in fairing. Acoustic
model of fairing is shown in figure 23. Like the (a) and (b), skin of
launch

vehicle

share

the

boundary

with

the

fairing,

and

these

boundaries function are applied to acoustic field as the natural
boundary. Vibration results are the displacements, and they can be
changed to velocity by multiplying  because the harmonic analysis is
assumed. (d) and (e) shows the simplified satellite structure inside the
fairing, it is the opposite boundary from vibrating panel. The space
from the satellite to skin is filled with acoustic tetra4 elements, and its
degree of freedom is 102575. (e) shows the fairing structure in the
frame view when both side of elements are activated.
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Figure 23. Acoustic finite element model of fairing. (a) fairing skin structure,
(b) stiffener structure of fairing skin, (c) acoustic elements of fairing, (d)
acoustic elements of fairing (frame view), (e) acoustic elements of fairing
(frame view, both parts)
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3.3 Analysis Results
Analysis works are performed based on the finite element models
described in the previous section. The forced vibration result is shown
in the figure 24, in here, acoustic sources in exterior field are gotten in
figure 21. All panels are plotted from the displacement values, and the
scope frequency are chosen among the central frequency of octave
band. Color scale is different for each frequency, therefore it is
impossible to compare the results each other. But it is possible to
confirm that different spatial patterns are shown in each frequency.
Spatial pattern is denser in the higher frequency case. The area which
is shown in figure 24 is located in normal direction from acoustic
sources. Each pattern is almost symmetry for the axis of launch
vehicle.
From

these

results,

acoustic

pressure

distribution

in

fairing

is

calculated as figure 25. In here, plotted variable is the amplitude of
acoustic pressure, there is no phase information in this figure. Like the
vibration result of launch vehicle, spatial pattern is denser in high
frequency rather than low frequency. In the low frequency range
(16-64Hz), wave appear in horizontal direction only, but in the case of
high frequency range (80-314Hz), vertical pattern is shown as well. For
the many cases such as the 32, 64, 80, 124Hz, highest pressure value
appear in the surface of satellite structure.
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Figure 24. Forced vibration response results of launch vehicle
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Figure 25. Acoustic response in fairing structure
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To

compare

the

acoustic

response

among

the

results

in

each

frequency, 4-points are defined in figure 23. Panel, top, adapter (front)
and adapter (back) are them, acoustic nodal result dialog is used to
export the data. Upper panel in figure 26 shows the noise reduction by
the fairing. Noise reduction is gotten by following equation.


∈

  log  

(31)

Figure 26. Noise reduction at a point on the surface exposed to acoustic
sources (upper panel) and acoustic response at nodal points (lower panel),
dotted line : acoustic load on fairing skin

Noise reduction is quite different for each frequency. Specially, for the
frequency which is near to natural frequency of acoustic field in
fairing, noise reduction is very small. The points around the 52Hz,
65Hz and the other some frequency values show that well. Lower panel
shows the acoustic response at each selected point. Point line shows the
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maximum and minimum input pressure value on the skin of launch
vehicle, and solid line shows the response result. The acoustic result
values are much smaller than input, it means that the fairing act as the
acoustic protector. For the frequency lower than 100Hz which was the
range referred in Hwang et al, acoustic pressure in top of satellite has
the lower value rather than the other three points. In here, normal
direction of top is the vertical direction and the other three points have
the horizontal direction as the normal direction. From these results, it is
possible to guess that acoustic plume sources vibrate the satellite in
horizontal direction rather than vertical direction for lower frequency. In
the case of higher frequency which is higher than 100Hz, all acoustic
response results have the similar scale values in both vertical and
horizontal direction.
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4. Satellite Optimization and its Validation
In the chapter 3, vibration of launch vehicle and acoustic distribution
in fairing were predicted. This acoustic response can be a boundary
condition for satellite structure. In this chapter, forced vibration analysis
for satellite was performed. Not just predict the forced vibration result,
but also apply vibration result to evaluate the optimal satellite structure.
Section 4.1 introduced the particle swarm optimization algorithm. In the
section 4.2, optimization of satellite was performed. These optimized
satellite was evaluated in section 4.3.

4.1 Particle Swarm Optimization
Particle

swarm

optimization

(PSO)

algorithm was

developed

by

Eberhart and kennedy [17][18]. The swarm of birds is the motive of
this algorithm, for instance, each particle describes the behavioral
pattern of birds. For the complex function such as evolutionary
computation, PSO can find the global optimization value.
PSO algorithm is composed with the attraction index and some
irregulars for global best position and local best position [19][20], it is
described as equation (32).

     ⊗    ⊗  ⊗      ⊗  ⊗   
     ⊗    ⊗   

(32)

 ∈  

In here, i is number of partlcle, k is current step, pi is the optimal
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position of particle i in k-step. q is the best position for the all particle
in k-step. In the equation (31), Particle velocity of i-th particle in k+1
step is the summation of three prescribed components in previous step.
First component is the particle velocity vik in k step, second component
is the attraction factor from the optimized position computed by itself.
Final component is the attraction factor from the globally optimized
position. For these three terms, proper coefficient and irregulars are
added, they have the role as a mutation in genetic algorithm. Each
coefficient is the value between 0 and 1, and

⊗

is the tensor product

in the equation (32). Each position of particle is calculated from the
position in the previous step and the current velocity in equation (32).
Figure 27 shows the conceptual diagram and algorithm of PSO. Since
PSO module which is used in this study is developed and validated by
Yoon et al [21], detailed description is skipped.
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Figure 27. Conceptual diagram (left) and algorithm (right) of particle
swarm optimization [22]

4.2 Optimization of Satellite
Satellite finite element model is optimized by PSO. Structural shape of
satellite is shown in figure 28. Optimization module generally takes
very long time for calculation because many step must be calculated to
converge the result. Therefore, simple satellite model with shell and
beam elements is used for analysis. Optimization model and method are
referred from Moon et al [23]. While previous study included the shape
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optimization, only thickness optimization is considered in this study
because it is difficult to validate the optimization result of the model if
shape is considered as design variable. So, only thickness is chosen as
the design variable. Thickness of each platform, closure panel, solar
array, adapter module and ring are considered. Initial, maximal and
minimal values of each design variable are described in Table 7. All
properties are isotropic or orthotropic. Objective function is the mass.

Figure 28. Finite element model of satellite
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Table 7. Design variables in satellite FE model
Design Variables (Thickness)
Init

Min

Max

P1

0.01662

0.00800

0.03200

P2

0.02662

0.01300

0.05200

P3

0.05162

0.02500

0.10000

P4

0.01662

0.00800

0.03200

C1

0.01662

0.00800

0.03200

C2

0.01662

0.00800

0.03200

C3

0.02662

0.01300

0.05200

A1

0.00900

0.00400

0.01800

A2

0.00890

0.00400

0.01800

A3

0.00800

0.00400

0.01600

A4

0.00610

0.00300

0.01200

A5

0.01200

0.00600

0.02400

R1

0.04162

0.02000

0.08200

S1

0.02580

0.01300

0.05160

Table 8. Constraint condition for each case
Fundamental
Frequency

Max. Stress

Radial Load

Axial Load

CASE1

22 Hz

108×106 N/m2

3.5g

11g

CASE2

26 Hz

108×106 N/m2

3.5g

11g

CASE3

22 Hz

108×106 N/m2

4.5g

13g

CASE4

26 Hz

108×106 N/m2

4.5g

13g

Table 8 shows the constraint condition for optimization. When the
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natural mode of satellite is computed, fundamental frequency mode is
shown as horizontal direction mode. This fundamental frequency is used
as the constraint condition and two cases are assumed as the
fundamental frequency, 22 and 26Hz. The other constraint is the
maximal stress value. To compute this stress, linear static analysis is
performed

under

the

acceleration

force

condition.

Magnitude

of

acceleration is 3.5g for radial direction and 11g for axial direction.
These values are referred from the previous study, and more harsh case
is also considered (4.5g, 13g). Constraint value of maximal stress
108e+6 N/m2 is the result from initial model. Therefore, these
constraints mean that initial conditions in terms of vibration and
structure are controlled when model is changing to satisfy the optimized
mass. Total number of particles are 30, and computation for each
swarm is iterated well to get the converged result.

Figure 29. Mass optimization result in each iteration step
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Figure 29 shows the optimized mass result for each case and each
step. 4500 computations are iterated for each case. Initial total mass in
the computation is different from the original model plotted as dash
line, because initial thickness values are chosen randomly from the
range between the maximum and minimal value. The mass is lowest in
CASE1, and in order of CASE2, CASE3, CASE4. Optimized values are
91.41, 93.26, 95.69, 101.17 kg as written in Table 9. Mass is
decreased differently for each case, each rate has the value between the
25 and 35%. Most ineffectively optimized model is the CASE4,
because its constraint is most strict rather than the others. The mass of
each model is decreased in large fraction

Table 9. Final and optimized mass values for each case
Initial Mass (kg)

Final Mass (kg)

Reduction Rate (%)

CASE1

138.17

91.41

33.84

CASE2

138.17

93.26

32.51

CASE3

138.17

95.69

30.75

CASE4

138.17

101.17

26.78

4.3 Validation of Optimal Design
Oscillatory forces are applied to satellite finite element model with
2~354Hz frequency range, both original and optimized model are used
for validation. Figure 30 and figure 31 show the response for each
case. In here, all pictures have the same color range. 24 and 64Hz are
chosen as reference frequency. By comparing optimized CASE with
original,

each

mode

shape

is

changed.
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Generally,

after

mass

optimization is executed for model, total mass will be decreased and it
makes the model weaker than original for vibrating force. Solar array
of CASE1, CASE3 shows this feature well, but CASE2 and CASE4,
displacement in solar array is decreased from original because these
cases have more harsh constraint condition when they were optimized.
Each case has the similar feature for the other low frequency range.

Figure 30. Distribution of displacement for satellite (24Hz)
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Figure 31. Distribution of displacement for satellite (64Hz)

In order to compare the response each other along to frequency, point
acceleration values are plotted in figure 32. They are calculated from
displacement through the harmonic analysis. The chosen point is the
front adapter. Black line shows the original response and the other lines
are the exported data from each case. CASE1 and CASE3 show the
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amplified response value for the frequency range lower than 100Hz.
Both CASE1 and CASE3 have the higher maximum response value
rather than original, it means that they are more unstable than original.
But CASE2 and CASE4 still show stable for low frequency range.
Therefore,

it

is

concluded

that

strict

constraint

is

needed

for

optimization in order to get the stable structure in low frequency.
Especially, fundamental frequency constraint 26Hz (CASE2, CASE4) is
more proper value than 22Hz (CASE1, CASE3). For the high frequency
range, all case have the response result with similar scale each other.
But CASE1 has the little higher response than the other case between
140 and 180Hz, CASE2 and CASE4 have high value in 186, 190Hz.
Even if there exist some high valued point, they are negligible because
their scales are much smaller than response in the lower frequency.
Thus, strict frequency constraint is essential to optimize the satellite
model.
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5. Conclusion
In this study, acoustic and forced vibration analysis works were
performed for satellite and launch vehicle models. All analysis works
were based on finite element method.
Including the vibration analysis module which was developed in
previous research, totally 6 modules were developed by using parallel
multi-frontal method and block Lanczos algorithm. Using the advanced
acceleration method realized faster computation and more efficient
administration of memory than general solver. Pre/post processors of
each module were also developed as well. In order to solve weakly
coupled

analysis

problem,

interaction

boundary

module

was

also

developed. Acoustic loading generator was developed as well, and it
was referred from the empirical data of NASA SP 8072. Acoustic
nodal source and surface pressure level of launch vehicle were
calculated from plume and

the position of sources were determined by

geometry structure.
Analysis works were performed for launch vehicle by using developed
modules. Vibration result of launch vehicle was used to predict the
acoustic pressure distribution in the fairing. From that result, it was
concluded that satellite is vibrated for horizontal direction in the lift-off
stage. Satellite optimization results was validated by using exterior force
caused by acoustic pressure. Satellite was optimized for mass, with
considering thickness as design variable. Optimized satellite model and
original model were forced by acoustic pressure in the fairing. As the
result, proper condition of constraint was determined.
This study has the significance that it is constructed computational
environment to develop the next generation launch vehicle like the
KSLV-Ⅱ. Especially, since the developed modules are optimized to
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design space launch vehicle, they are available to perform the virtual
analysis work with various environmental conditions. The Validation of
optimization suggested that FEM based analysis can be used for
conceptual design process of satellite. By appling the virtual analysis
works, expense and time consumption to develop the Korean launch
vehicle is able to decrease effectively.
The limitations and future works are listed following paragraph.
First, there was no comparison with practical test result to validate the
analysis result. Even each result was compared with the result of
previous studies, it is needed to conduct the experiment practically with
same environmental condition, and repeat that in various condition for
the improved reliability.
Second, application of weakly coupled analysis decreased the accuracy
of result because reflect effect from satellite was not considered in this
method. About 20% there may be a difference when that effect is
considered. Fully coupled vibro-acoustic analysis method must be used
to solve this problem. Since this method solves both acoustic and
structural linear system at a time, it requires longer time consumption
than weakly coupled analysis. Therefore, development of parallelized
vibro-acoustic coupled analysis must be developed.
Finally,

acoustic

loading

function

generator

must

be

improved.

Especially, source magnitude was changed with number of point source
even the total length of plume was given same value. Using the line
source can be a good alternative way to generate plume sources. On
the other hand, in order to consider exact phase of each point in
plume, actual test result must be applied. These further works will
allow to improve the reliability of computational result.
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초

록

로켓은 그 발사 과정에 걸쳐서 급격한 환경 변화를 겪기 때문에,
외부 영향에 의한 응답을 예측해 설계에 반영하는 과정이 매우 중
요하다. 외부 영향의 원인 중 매우 중요한 요소의 하나가 음향 하중
으로, 발사 시 배기가스 유동에 의한 음향 하중의 경우 발사체에 매
우 강한 하중을 가한다. 이는 발사체를 진동시켜 페어링 내부와 인
공위성과 같은 탑재물에까지 영향을 미칠 수 있다. 인공위성의 패널
및 플랫폼에 위치한 전자장비나 센서의 경우 이와 같은 하중조건에
민감하게 반응하므로, 음향하중에 의한 영향의 예측 및 이를 고려한
발사체의 설계가 필요하다.
본 논문에서 다룬 연구내용은 음향-구조진동 해석 모듈의 개발과
한국형 발사체(KSLV)에 대한 음압 및 구조 진동의 예측이다. 구성
은 크게 해석 모듈의 개발과 이를 통한 발사체 및 인공위성에서의
해석 수행으로 나눌 수 있다. 해석 모듈은 음향 해석과 구조 진동
해석, 그리고 음향-구조진동 연성해석(weakly coupled)을 위한 전달
모듈을 각각 개발하였다. 각 모듈은 유한요소해석을 기반으로 하고,
해석기로는 병렬 다중 프론탈 해법을 통한 직접 해법과 블락 란초
스 방법을 적용한 간접 해법을 이용했다. 이와 같은 해석기의 이용
은 병렬화를 통해 해석시간을 줄임과 동시에 메모리를 절감하여 더
조밀한 주파수 영역에서의 분석을 수행하기 위함이다. 각 해석 모듈
은 상용 프로그램과의 비교를 통해, 그 정확성을 검증하였다. 해석
기와 더불어 MFC 기반의 전후처리과정을 포함한 가시화 프레임워
크를 구성하여, 사용자 친화적인 유저 인터페이스를 구현하였다. 일
련의 기능들은 서울대학교 항공우주구조연구실의 병렬 유한요소 해
석 프로그램인 DIAMOND/IPSAP의 모듈로서 구현되었다. KSLV
와 인공위성은 실제 형상에 가까운 상세 모델링이 적용된 유한요소
모델을 이용하여 보다 신뢰성 높은 결과를 도출할 수 있었다. 해석
조건의 계산과 유한요소모델링을 위한 KSLV의 전장 및 각종 파라
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미터는 선행 연구의 기록을 참고하였으며, 음원의 크기 및 분포 등
은 NASA SP 8072에서 제공하는 통계적 데이터를 이용했다.
본 연구 결과의 의의는 수치 해석을 통해 발사체의 배기가스 음원
이 페어링 및 인공위성에 어떤 영향을 주는지 살펴보고, 각 부의 구
조적인 취약점을 판단할 수 있는 근거를 제시했다는 점이다. 또,
CAE를 적극 활용한 해석을 통해 발사체의 설계과정에서 발생할 수
있는 비용을 줄일 수 있는 가능성을 제시하고, 통계적인 데이터 기
반의 외부조건을 이용할 수 있는 환경을 구축할 수 있었다. 다른 한
편으로, 고유의 음향 및 구조 진동 해석 모듈의 개발을 통해, 병렬
다중 프론탈 해법을 이용한 음향-구조 진동 연성해석 모듈을 개발
하기 위한 토대를 제공했다. DIAMOND/IPSAP 기반의 전후처리
가시화 프레임 워크는 유한요소모델 설계에서부터 해석까지 수행할

니

수 있는 기능을 제공함으로써 사용자에게 편의를 제공했을 뿐 아
라,

최적화 모듈과 같은 DIAMOND/IPSAP의 고유 기능을 음향-구

조진동해석에 적용할 수 있는 환경을 조성할 수 있었다.
주요어

: 구조진동해석, 음향해석, 로켓, 인공위성, 플룸
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