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Abstract 

Structural Dynamic Analysis of  
Space Launch Vehicle using Axisymmetric 

Shell Element including Hydroelastic Effect 
for Pogo Stability Analysis 

 

JiSoo Sim 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

Space launch vehicle exhibits many multidiscipline-related instabilities 

which are caused by coupling between the fuselage structural and other subsystem 

components. Pogo phenomenon is one of those coupled instabilities. This thesis 

focuses on the pogo phenomenon which is the longitudinal dynamic instability of 

space launch vehicles. For the prediction of the pogo phenomenon, it is essential to 

establish appropriate structural modeling, the characteristics of the feedlines and 

propulsion system. The purpose of this thesis is conducting the modal analysis of 

the launch vehicles. It was conducted by using the axisymmetric two-dimensional 

shell elements. The present analysis was validated using examples of the existing 

launch vehicles. The comparison in terms of modeling and results against the 
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existing investigations is shown. Other applications and plan for the pogo analysis 

are also suggested. In addition, the research about pogo phenomenon of Saturn V 

and space shuttle is examined in order to develop an appropriate pogo analysis 

using the result of the modal analysis and analyzing stability of the pogo system. 

 

Keywords : Space launch vehicle, Pogo phenomenon, Hydroelastic effect, 

Stability analysis, Structural modeling, Dynamic analysis  
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Chapter 1 

Introduction 

 

1.1 Background and Motivation 

Space launch vehicle has many multidiscipline-related instabilities which are 

especially caused by coupling between the fuselage structural and other subsystem 

components [1]. One of these problems are coupling between flight mechanics and 

bending modes of a launch vehicle. Buffet phenomenon is one between structural 

dynamics and aerodynamics, and longitudinal instability is a coupling between the 

structure and propulsion system. Such longitudinal instability is called ‘pogo’ 

because the motion of this phenomenon resembles the pogo stick. This thesis is 

primarily focused on the pogo phenomenon of a launch vehicle. The self-excited 

longitudinal dynamic instability arising from the interaction of the launch vehicle 

structure with the propulsion system. This phenomenon is one of the most complex 

problems in liquid propellant launch vehicles. In order to predict pogo phenomenon, 

its relevant analysis process requires the followings: detailed structural dynamics 

analysis, characteristics of feedlines, propulsion system analysis, and closed-loop 

feedback stability analysis. Pogo phenomenon induces damage on the payload and 

astronauts, in the worst case engine failure. This phenomenon occurred in many 

launch vehicles. Specifically, Fig. 1.1 shows the cases in launch vehicles of United 
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States. Most of these data are NASA human space flight program during 1960’s 

experienced pogo phenomenon [2]. Thus, it became essential to conduct prediction 

of the pogo phenomenon during development of the launch vehicles. Titan II in 

Gemini program showed longitudinal vibration in 10-13 Hz for 30 seconds from 

ninety seconds after launching. This vibration became the maximum amplitude of 

±2.5g about 11 Hz. Restraining it below ±0.25g was the requirements in NASA [2]. 

Saturn V in Apollo project also showed pogo instability. AS-502 in 1968 recorded 

longitudinal vibration of 5 Hz, maximum acceleration 0.6 g between 105-140 

seconds during first stage(S-IC) burning. The longitudinal oscillation was observed 

in the first two Saturn V manned flight in Fig. 1.2. Finally, in the case of space 

shuttle, the passive pogo suppressor was installed to the space shuttle main engine 

(SSME).  

Therefore, the prediction and suppression of pogo phenomenon is essentially 

required in the development of space launch vehicle. KSLV-II (Korea Space 

Launch Vehicle) which is the first launch vehicle in Korea responsible for complete 

system is being developed. Under that circumstances, the fundamental research of 

the pogo phenomenon is expected to be one of the important contributions in the 

future space launch vehicle development.  
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Figure 1.1 Pogo phenomenon of various space launch vehicles [3] 

 

 

 

Figure 1.2 Observation of the first two Saturn V manned flight 

from on-board accelerometers [4] 
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1.2 Previous Research 

1.2.1 Previous Research about Pogo Phenomenon 

As mentioned in the previous section, accurate prediction capability of the 

pogo phenomenon is required critically. A few researchers have conducted research 

about the pogo phenomenon since 1960’s. Rubin[5] and Oppenheim[6] developed 

stability analysis of the pogo phenomenon. A launch vehicle, feedlines, and 

propulsion system were substituted with their mathematical models. Those models 

were linear time invariant systems. The system of the pogo phenomenon was 

composed of the closed-loop system. The possibility of the pogo phenomenon was 

decided by examining stability of that system. For accurate closed-loop pogo 

stability analysis, it is substantially required to predict accurate natural vibration 

characteristics of the vehicle structures and feedlines. 

While looking for specific research about pogo phenomenon depending on 

launch vehicles, many of those, such as Delta[7], Atlas[6], Titan[8, 9], Saturn 

V[10-13], and space shuttle[14-20] were analyzed in USA. Accumulator for Ares I-

X was considered[21]. Passive pogo suppression device was applied to these 

launch vehicles. There is NASA space vehicle design criteria document for 

pogo[22]. The Ariane series in Europe and H-II in Japan were also used for the 

research about pogo[23-28]. Chinese researchers studied pogo phenomenon 

recently. Zhao at el[29] conducted the relevant parametric study. Xu at el[30] and 

Hao at el[31] developed the method using NASTRAN for the structural system, 
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rational function method, and finite element method for the propulsion system. In 

Korea, research was conducted about KSR-III[32, 33]. 

 

1.2.2 Previous Research about Structural Modeling 

In order to predict pogo phenomenon, structural dynamic characteristics of 

the launch vehicle is essential. Therefore, this thesis is concentrated on the 

structural analysis of a launch vehicle in order for stability analysis of the pogo 

phenomenon. There exist a lot of research for the modal analysis and experiments 

of the launch vehicles. Structural modeling is proceeded for structural analysis. For 

efficient modeling, one-dimensional modeling was developed since 1960s-70s. 

One–dimensional modeling is conducted using the lumped masses and one-

dimensional springs. Such methodology was published in many NASA 

documents[34-38] and criteria[39, 40]. Especially, that attempt of the one-

dimensional modeling focused on interaction between the tanks and liquid 

propellants, called the hydroelastic effect. Because the characteristics of the tank 

component were significantly influential upon the launch vehicle, such hydroelastic 

effect was needed to be reflected in the one-dimensional modeling. The example of 

one-dimensional modeling is shown in Fig. 1.3. 

Two- and three-dimensional modeling were considered for more accurate 

analysis. Archer et al[41, 42] developed the method and program for structural 

modeling using two-dimensional axisymmetric shell. Furthermore, Saturn V[43] 

and space shuttle[44] were modeled using NASTRAN earlier. Comparisons on the 
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natural frequencies and mode shapes between the analyses and experiments were 

attempted. As one of those attempts, Kim developed a method of the one-

dimensional modeling for the space launch vehicle [45, 46].  
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(a) Longitudinal dynamic test            (b) Mass- spring model  

 

Figure 1.3 Experimental and analytical model for longitudinal dynamic test of  

Atlas-Centaur-Surveyor full scale model [47] 
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1.3 Objectives and Thesis Overview 

This thesis will examine complete process for predicting the pogo 

phenomenon. In many documents and articles which were have been developed 

since 1960s, the fundamental research about pogo phenomenon was developed. 

Especially, pogo stability analysis and structural modeling is focused in order to 

predict pogo phenomenon. 

 For these purpose, it is essential that modal analysis of a complete space 

launch vehicle will need to be conducted. In order for the modal analysis, structural 

modeling will be required and developed. Two-dimensional modeling is considered 

to upgrade the previous one-dimensional modeling in order for more accurate and 

straightforward analysis[48]. In more detail, this thesis adopts two-dimensional 

axisymmetric shell element for structural modeling. Consideration of the 

hydroelastic effect will be critically important in this method. A relevant in-house 

program will be constructed in MATLAB. Such program will be validated using an 

example launch vehicle. As a result, modal analysis will be conducted using this 

methodology. Structural dynamic characteristics will be obtained through the 

modal analysis of a space launch vehicle.  

In addition to focusing on the structural dynamic analysis, the research about 

pogo stability analysis will also be conducted. Because many documents of Saturn 

V and space shuttle about the pogo phenomenon exist, research will be conducted 

and its results will be included in this. The final goal of this thesis is to conduct 

pogo stability analysis using the result of the modal analysis. 
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Chapter 2 

Pogo Stability analysis 

 

2.1 Pogo Suppression on Saturn V 

In Chapter 2, analysis of the pogo phenomenon is examined and developed on 

the examples of Saturn V and space shuttle. Fundamentally, pogo phenomenon is 

analyzed by two transfer functions of the closed loop system. The first is related 

with the structural system, G(s), and the other is related with the propulsion system, 

H(s), as shown in Fig. 2.1. Therefore, it is required that G(s) and H(s) should 

reflect the characteristics of the realistic system accurately. This closed system will 

be analyzed regarding the certain condition which is a possibility for the pogo 

phenomenon. Finally, the pogo phenomenon will be predicted by dependence on 

the stability of this closed system. 

Pogo stability investigation of Saturn V was conducted by Sterett et al[49]. He 

provided a complete summary about evolution of the pogo analysis methodology. 

He also analyzed the second stage, S-II, and the third stage, S-IVB as well as the 

first stage, S-IC. von Pragenau[11] suggested a simplified pogo closed loop model, 

as shown in Fig. 2.2. In his result, the relation among the propellant force Ps, thrust 

T, the force Fs, and disturbance force f was obtained as written in Eqs. (1), (2). 
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 sP E T⋅ =                                  (1) 

s sF P E f= ⋅ +                               (2) 

The relevant expression among the system, the propellant force, and the force is 

also given in Eq. (3) 

21

s
s

s s s

F
P

m m ms s
m D K

=
+ + +

                           (3) 

The closed loop equation will become complete by combining Eqs. (2) and (3). 

Then, the resulting equation will be as follows. 

21
s

s s s

fP
m m mE s s
m D K

=
+ − + +

                        (4) 

Finally, the stability will be determined by the sign of the eigenvalues s. Such 

determination criterion is expressed in Eq. (5). 

1
s

mE
m

< +                                  (5) 

This complete relation of the closed-loop system is illustrated by the block diagram 

shown in Fig. 2.3. This result is one simplified example of the process of analyzing 

pogo phenomenon. 
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Figure 2.1 Closed loop system of the pogo phenomenon 
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Figure 2.2 Simplified pogo closed loop model 
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Figure 2.3 Block diagram of a simplified pogo analysis 
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2.2 Pogo Suppression in Space Shuttle 

In the case of the space shuttle, relevant pogo integration panel was organized 

for discussing and deciding the methodology of the pogo suppression in the space 

shuttle by various NASA research centers and contractors[14]. As a result, passive 

pogo suppression device was installed even though both passive and active devices 

were suggested simultaneously. The analytical model and the method was 

noticeable. Because of the specific configuration of the space shuttle having an 

external tank, a feedline of significant length (31 m) was utilized. Liquid oxygen is 

quite heavier than liquid hydrogen, which was the main fuel of the space shuttle. 

Therefore, the analytical model of the space shuttle for predicting pogo was 

composed of only LOX tank, longitudinal lateral feedline, low and high LOX 

pump, and chamber[16, 17], as shown in Fig 2.4. A few specific flight conditions, 

lift off, max. Q, before solid rocket booster (SRB) jettison, after SRB jettison, 

which have high possibility for pogo instability were selected and analyzed. The 

analytical model used was composed of 14 variables which were the generalized 

coordinates for the structural system, pressures, and the flow rates for propulsion 

system, as listed in Eq. (6). 

2 4 5 7 8 2 3 4 5 7 8
ˆ { , , , , , , , , , , , , , }c t nH P P P P P P Q Q Q Q Q Q Q q=       (6) 

ˆ{[ ( )] [ ][ ( )]} 0V s E F s H+ ⋅ =                        (7) 

The complete system became the 14th order system, as written in Eq. (7). [V(s)] is 

the complete system composed of both structural and propulsion system. [E] is the 
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position of the pogo suppression device. [F(s)] is the characteristic of the pogo 

suppression device. Pogo instability was determined through an eigenvalue 

analysis of the system by employing several structural modes of each flight 

condition and varying the natural frequencies of ±15%. The result of the analysis 

is shown in Fig. 2.5. This case was the end-burn using the 35th mode. The pogo 

instability occurred when the damping ratio decreased quite significantly and 

became negative. Such process of analysis suggested what would be required for 

constructing the pogo analysis. The first would be the characteristics of the 

structural system in terms of the general coordinates, q. And the second would be 

the mathematical model of the feedlines and propulsion system in terms of the 

pressures and flow rates. The relation of the structural system, q and propulsion 

system, P and Q would be essentially needed. 
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Figure 2.4 Pogo analysis for the space shuttle 
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Figure 2.5 Stability result of the space shuttle  

without the suppressor for the end-burn using the 34th mode [16] 
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Chapter 3 

Structural Modeling and Modal Analysis 

 

3.1 Modal Analysis of the Launch Vehicles 

This thesis focuses on the structural dynamic response of a launch vehicle. For 

predicting the response, transfer function G(s) in Fig. 2.1 will be required. Transfer 

function G(s) is the natural frequencies and mode shapes of the launch vehicle. 

Modal analysis needs to be conducted for obtaining the transfer function G(s) via 

an appropriate structural modeling. Modal analysis can be expressed in the 

equations as follows. Assuming a launch vehicle to be an undamped system, mass 

and stiffness matrices are used in the modal analysis, as written in Eq. (8).  

{ } { }[ ] [ ] 0M x K x+ =                           (8) 

2[ ]{ } [ ]{ } 0n M x K xω + =                           (9) 

2 1{ } [ ][M] { }n x K xω −= −                        (10) 

Equation (8) can be rearranged to become Eq. (10). Equation (10) is an 

eigenvalue problem statement. When the eigenvalue problem is analyzed, 
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eigenvalues will become the natural frequencies and eigenvectors become the 

mode shapes. Equation (11) is a generalized form using the natural frequencies and 

mode shapes. Equation (11) shows the situation when the resultant force 

(excitation) exits. It is expressed in terms of the generalized coordinates; {ξ} is the 

modal displacements. 

  [ ][ ]{ } [K][ ]{ } 0M φ ξ φ ξ+ =                          (11) 

{ } [ ]{ } 0ξ ξ+ Ω =                                (12) 

{ } [ ]{ } [ ] [ ]T Fξ ξ φ+ Ω =                            (13) 

When Eqs. (12) and (13) are obtained, transfer function G(s) will be constructed. 
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3.2 Structural Modeling of the Complete Launch Vehicle 

Structural modeling is the first step for the modal analysis. Structural modeling 

is obtaining the mass and stiffness matrices of a launch vehicle. The method of the 

structural modeling is categorized by the dimension of the elements used. In this 

thesis, two-dimensional shell element is used for the structural modeling. This 

element is concretely two-dimensional axisymmetric shell element. Archer and 

Rubin[41] suggested this methodology and the relevant program was developed 

using this method. The purpose of the program was to predict the structural 

dynamics of axisymmetric launch vehicle focused on the longitudinal direction. 

This thesis also uses such method and explains the method as follows.  

Liquid launch vehicle is composed of the payload, tank, propellant, engine, 

instruments, and external shells. The characteristics of each component are 

considered for the structural modeling. This method disassembles a launch vehicle 

into three components; spring-mass component, shell component, and fluid 

component. Spring-mass component means lumped mass and one direction 

massless spring. This element is the same one used in the previous one-

dimensional structural modeling method. Payload, engine, and instruments are 

modelled by the spring-mass components that are heavy weight and exhibit little 

influence upon the structure. Tanks and external shells are modelled by using the 

shell components. This component is used in the most part of the launch vehicle. 

This element contributes to the creation of the mass and stiffness matrices. The 
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detailed mathematical process uses Rayleigh-Ritz method. The shell element has 

longitudinal, radial, rotational coordinates. Then, the shell elements are divided 

into upper elliptical bulkhead, lower elliptical bulkhead, and conical shell 

according to geometry of the shell. Fluid component is used to represent the liquid 

propellant. The fluid component has the same coordinate as the shell element does, 

but creates only mass matrix. Fluid component is surrounded with three shell 

elements; upper bulkhead, conical shell, lower bulkhead. This element does not 

create additional degree of freedom as the virtual mass in NASTRAN does. The 

complete process is shown in Fig. 3.1. 
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Figure 3.1 Structural modeling of a launch vehicle  

using two-dimensional shell elements 
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3.3 Formulation 

The implementation procedure of the formulation for the shell element is 

performed by using Rayleigh-Ritz method based on the polynomial function. The 

displacement of an individual shell component is expressed in Eqs. (14) and (15). 

1

( ) ( )
U

k k
k

u uξ α ξ
=

=∑
                              (14) 

1

( ) ( )
V

l l
l

v vξ β ξ
=

=∑
                               (15) 

2
2 ( ) 1u ξ ξ= + , 

1 2
2 ( )v ξ ξ ξ= +                         (16) 

Displacements of the shell and the direction of u(ξ), v(ξ) coordinates are shown 

in Fig. 3.2. Equation (16) is an example of the mode shape using the polynomial 

function. ξ is a dimensionless variable according to the geometry of the shell. This 

variable can be described under the following three categories; conical shell, upper 

bulkhead, and lower bulkhead, as shown in Fig. 3.3. 

sin o
sξ φ=
                                   (17) 

o

φξ
φ

=
                                     (18) 
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o

π φξ
π φ
−

=
−                                     (19) 

Equations (17), (18), and (19) are the dimensionless variables of the conical shell, 

upper bulkhead, lower bulkhead. The shell stiffness and mass matrix are shown in 

Eqs. (20), (21). 

2 2 2 2

1 1 1 1 1 1

2 2 2 2

1 1
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2 2 2 2

1 1 1 1 1 1

2 2 2 2
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2 2 2 2

1 1 1 1 1 1

2 2 2 2

1 1

[M]

U V

U U U U U V

U V

V V U V V V

T T V V

T T V V

V V T T

V V T T

α α α α α β α β

α α α α α β α β

β α β α β β β β

β α β α β β β β

 ∂ ∂ ∂ ∂
⋅⋅ ⋅ ⋅ ⋅ ⋅ 

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂


 ∂ ∂ ∂ ∂

⋅⋅ ⋅ ⋅ ⋅ ⋅∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂=  ∂ ∂ ∂ ∂ ⋅⋅ ⋅ ⋅ ⋅ ⋅
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂


 ∂ ∂ ∂ ∂ ⋅⋅ ⋅ ⋅ ⋅ ⋅
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

   

   














                 (21) 

V and T are the potential and kinetic energy, respectively. The coordinate used in 

the modeling of the shell component is shown in Fig. 3.3. 
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( )21 2

2
o

s

V r N N M K M K N dsφ φ θ θ φ φ φ φ φπ ε ε ρ= + + + +∫
       (22) 
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     (23) 

 

Each elemental stiffness matrix is formulated in Eq. (23); potential energy is in Eq. 

(22). C11, C12, C22, C33, C34, C44 are the orthotropic stress-strain and orthotropic 

moment-curvature coefficients. Finally, the elemental stiffness and mass matrix are 

obtained as in Eqs. (24) and (25). K1, K2, … , and K13 are the approximate 

analytical coefficients. 

1 2

3
1

4

13

( {u} {u} {u} {u}

[{u} {u} {u} {u} ][ ] 2
[{v} {v} {v} {v} ]

[{v} {u} {u} {v} ]

T T

T T

T T

T T

r K K

KK r r d
K

K

π φ

 ⋅ ⋅ + ⋅ ⋅ 
 + ⋅ ⋅ + ⋅ =
 + ⋅ ⋅ + ⋅ 
 + ⋅⋅ ⋅ + ⋅ ⋅ + ⋅ 

∫
∫

   

   

 

       (24) 

( )[ ] 2 {u} {u} {v} {v} dsT TM t rπ= ⋅ + ⋅∫                    (25) 

Fluid component provides only the mass matrix. The fluid motion is expressed 
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in terms of a function of the generalized displacements for the shell components. 

The fluid motion and coordinate are shown in Fig. 3.4. Mass matrix of the fluid 

component is obtained by Eq. (26). This fluid is assumed to be incompressible and 

inviscid. ˆ ( )mu x  is equal to the change in volume below a given location x divided 

by the corresponding tank cross sectional area. Radial fluid motion varies linearly 

with the space coordinate. 

( )
3 0

ˆ ˆ ˆ ˆ ˆ ˆ ˆ[ ] 2 { ( )} { ( )} { ( , )} { ( , )}
H r T T

b
H

M u x u x v x r v x r dr dxπ γ
−

= ⋅ + ⋅∫ ∫
   (26) 

Each component of the shell and fluid is estimated to provide the mass and 

stiffness matrices. These matrices are in the local coordinate (generalized 

coordinate) shown in Fig. 3.1. These matrices can be transformed into the system 

coordinate (space coordinate). As a result, all the components are combined to give 

one mass and one stiffness matrix of the system. This completes the structural 

modeling. 
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Figure 3.2 Displacements and the coordinate of the shell 
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(a) conical shell 

 

 

(b) elliptical bulkhead 

Figure 3.3 Geometry of the shell component 
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Figure 3.4 Definition of fluid motion 
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Chapter 4 

Numerical Results and Discussion 

 

4.1 Construction of In-house Program 

The present in-house program is developed using the methodology explained 

in the previous chapters. MATLAB is used for the baseline program. The variable 

‘sym’ is used to represent the symbolic variables for the normalized variable 

changing from 0 to 1. The function ‘int’ is used to express the definite integral for 

the matrix element. Eigenvalue problem is solved by the function ‘eig’. The present 

numerical integration was conducted using a variable size of steps in MATLAB for 

more accuracy instead of 16-point Gaussian weighting methodology in Ref. 41. 
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4.2 Validation using an Example Launch Vehicle 

Example input and output is provided in Refs. 41 and 42(Figs. 4.1 and 4.2). 

The present example is the single-stage liquid launch vehicle that is axisymmetric 

as shown in Fig. 4.1. The further structural modeling of that example is shown in 

Fig. 4.2. Its modeling is composed of 11 shell components, 4 spring mass 

components, and 2 fluid components and has total 30 degrees of freedom. Four 

spring-mass elements are used to represent the payload, equipment, and engine. 

Two fluid components are used to represent the oxidizer and fuel. Using these data, 

the present program is to be validated. Mass and stiffness matrices are compared 

for each element against those in Ref. 41. The difference for each element is 

smaller than 2%. Finally, mass and stiffness matrices of 30× 30, are obtained for 

the present example launch vehicle. Eigenvalue problem is solved by using these 

matrices. Natural frequencies are then obtained by the present program. Table 4.1 

shows the comparison of the natural frequencies against those in Ref. 41. The two 

sets of the results show good agreement.  

Comparison of the first mode shape between the present prediction and those 

in Ref. 41 is shown in Fig. 4.4. The relevant two-dimensional modeling uses 30 

coordinates, as shown in Fig. 4.3. These coordinates are composed of ones in the 

longitudinal, radial, and rotational directions. Among those, only the longitudinal 

direction coordinates are used to show the relevant mode shapes, as in Fig. 4.3. In 

Fig. 4.4, the blue line designates the mode shape of the complete launch vehicle in 

the longitudinal direction. The black squares are the coordinates of the tanks. It is 
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possible to be the outside of the blue line because the bulkheads exist inside of the 

launch vehicle. Both mode shapes are in good agreement. This shows that the 

present in-house analysis correlates well in terms of the natural frequencies and 

mode shapes. All natural frequencies except the rigid body mode are shown in 

Table 4.2 which is the result of the present analysis. The other mode shapes of the 

example single-stage launch vehicle in the present analysis are shown in Figs. 4.5, 

4.6, and 4.7, respectively. 
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Figure 4.1 Example single-stage launch vehicle 
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Figure 4.2 Relevant two-dimensional modeling 



３５ 
 

 

 

 

 

Table 4.1 Comparison of the natural frequencies 

between the present prediction and Ref. 41 

Mode 

Natural frequencies 
by the present 

prediction 

Natural frequencies 
in Ref. 41. 

Difference 
(%) 

1st mode 37.60 37.67 -0.18 

2nd mode 59.94 60.00 -0.10 

3rd mode 82.79 83.11 -0.38 

4th mode 114.80 114.81 -0.01 

5th mode 177.22 177.22 0.00 
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Figure 4.3 Numbering of the longitudinal direction coordinates in  

relevant two-dimensional modeling 
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  (a) Present prediction               (b) mode shapes in Ref. 41 

 

Figure 4.4 Comparison of the 1st mode shape  

between the present prediction and those in Ref. 41 
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Table 4.2 Natural frequencies of example single-stage launch vehicle  

in the present analysis 

Mode Natural frequencies (Hz) 

1st mode 37.60 
2nd mode 59.94 
3rd mode 82.79 
4th mode 114.80 
5th mode 177.22 
6th mode 224.79 
7th mode 289.89 
8th mode 376.16 
9th mode 450.34 

10th mode 469.97 
11th mode 475.33 
12th mode 512.31 
13th mode 539.82 
14th mode 546.67 
15th mode 552.68 
16th mode 692.26 
17th mode 738.07 
18th mode 790.52 
19th mode 838.53 
20th mode 864.86 
21st mode 915.48 
22nd mode 949.95 
23rd mode 1079.05 
24th mode 1367.32 
25th mode 1528.78 
26th mode 1659.36 
27th mode 1718.00 
28th mode 1968.86 
29th mode 3753.43 
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(a) 2nd mode shape                 (b) 3rd mode shape 

 

Figure 4.5 2nd and 3rd mode shapes by the present analysis 
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(a) 4th mode shape               (b) 5th mode shape 

 

Figure 4.6 4th and 5th mode shapes by the present analysis 
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(a) 6th mode shape               (b) 7th mode shape 

 

Figure 4.7 6th and 7th mode shapes by the present analysis 
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Chapter 5 

Conclusion and Future Works 

 

5.1 Conclusion 

This thesis develops the foundation and the method for the research about 

the pogo phenomenon by examining and referring to the previous researches. 

Those articles dealt with various launch vehicles in Europe and Asia as well as the 

famous launch vehicles of U.S.: Delta, Atlas, Titan, Saturn V, and space shuttle. 

Accurate prediction capability is required for the pogo phenomenon in a 

liquid launch vehicle. This thesis is especially focused on the structural modeling 

and modal analysis of a liquid launch vehicle. More specifically, the transfer 

function G(s) is to be estimated for developing the pogo system. Formulation and 

the analysis program are developed using the idea of the axisymmetric shell 

element. The present in-house program is validated by comparing with the existing 

analytical predictions. 

The present methodology using the axisymmetric shell element adopts 

Rayleigh-Ritz method. In this methodology, a liquid launch vehicle is divided into 

the following three components; spring-mass, shell, and fluid components. The 

present shell element is different from that used in the general finite element 

method. Furthermore, fluid component does not generate additional degree of 
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freedom. 

The present in-house program is developed using the methodology 

mentioned above. Differences in the mass and stiffness matrix compared with the 

existing analytical predictions are smaller than 2%. In more detail, the present 

numerical integration was conducted using a variable size of steps for more 

accuracy instead of 16-point Gaussian weighting methodology. As a result, 

prediction of the natural frequencies and mode shapes using the present in-house 

program is in good agreement. This suggests that present in-house program will be 

accurate enough for structural modeling and modal analysis of the other launch 

vehicles. 
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5.2 Future Works 

 In the future, the other launch vehicles will be analyzed by using the 

present methodology. Finally, these results will be used to create the pogo system. 

The chances of the natural frequencies to overlap with those of the feedlines and 

propulsion system will be estimated. 

 This thesis is focused on only the modal analysis of complete launch 

vehicle without specific information of feedlines, pumps, and engines. But, the 

mode shapes of the propulsion system will be required in case of the space shuttle. 

More computation will be needed for understanding and estimation of those mode 

shapes. 
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국문초록 

포고 안정성 해석을 위한  

유탄성 효과가 고려된 축대칭 쉘 요소를 이용한 

우주 발사체의 구조 동적 해석 
 

심 지 수 

기계항공공학부 

서울대학교 대학원 

 

액체 추진제 우주 발사체에서 여러 시스템의 연성(coupling)에 의해 발

생하는 현상으로 몇 가지가 있다. 그 중에서 대표적인 것 중 하나로 우

주 발사체의 축방향 동적 불안정성인 포고 현상으로 구조, 공급계, 추진 

시스템의 연성에 의해 발생한다. 60~70 년대의 많은 발사체 개발 과정에

서 포고 현상이 발생하여 포고 현상을 예측하고 이를 억제하도록 하는 

것은 발사체 개발 과정에서 꼭 필요하다. 포고 현상은 우주 발사체의 구

조적인 특징이 근본적인 원인이며 추진제 소모에 따라서 전기체 구조 고

유진동수가 증가하게 되고 공급계 및 추진 시스템의 고유진동수와 일치

하게 되었을 때 구조적인 반응과 공급계, 추진 시스템이 닫힌계 시스템

을 형성하게 된다. 따라서 포고 예측을 위해서는 구조, 공급계, 추진 시

스템을 모델링을 필수적으로 수행하여야 하며 닫힌계 시스템을 구성하여 

그 시스템의 안정성을 판단하다. 
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본 논문에서는 포고 현상을 예측하기 위하여 시스템 구성을 위한 구조 

반응을 예측하는데 초점을 맞추고 있다. 이를 위하여 우주 발사체의 전

기체 구조 모델링 및 모드해석이 필요하며 특히 우주 발사체의 추진제 

효과를 반영하는 것이 중요하다. 이전에 1 차원 요소를 이용한 구조 모델

링에서 발전하여 축대칭 2 차원 요소를 이용한 구조 모델링에 대하여 연

구를 진행하였으며 NASA 문서를 토대로 정식화, In-house 프로그램을 작

성하였다. 본 기법의 기본적인 정식화 과정은 Rayleigh-Ritz 방법을 이용

하며 우주 발사체 전기체를 질량-스프링, 쉘, 유체 요소로 나누어 모델링

이 진행된다. 본 기법을 활용할 수 있도록 예시 1 단 발사체 형상과 구조 

모델링 과정이 있으며 입력과 결과 값이 있다. 이를 토대로 In-house 프로

그램을 작성하였으며 검증을 진행하였다. 

또한 Saturn V 와 우주왕복선의 연구 사례를 통하여 전기체 우주 발사

체의 모드 해석한 결과를 이용하여 포고 현상의 닫힌계 시스템을 구성하

는 방법과 해석 방법에 대하여 연구하였다. 

 

 

주요어 : 우주 발사체, 포고 현상, 유탄성 효과, 안정성 해석,  

구조 모델링, 동적 해석 
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