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Abstract

The pogo phenomenon refers to a type of multidiscipline-related instability found in space launch vehicles. It is caused
by coupling between the fuselage structure and other structural propulsion components. To predict the pogo phenomenon,
it is essential to undertake adequate structural modeling and to understand the characteristics of the feedlines and the
propulsion system. To do this, a modal analysis is conducted using axisymmetric two-dimensional shell elements. The analysis
is validated using examples of existing launch vehicles. Other applications and further plans for pogo analyses are suggested.
In addition, research on the pogo phenomenon of Saturn V and the space shuttle is conducted in order to constitute a pogo
stability analysis using the results of the present modal analysis.
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1. Introduction

Spacelaunchvehicles exhibitmanytypes of multidiscipline-
related instabilities caused by coupling between the fuselage
structure and other structural subsystem components [1].
These problems are mostly due to coupling between the
flight mechanics and flexural modes of a launch vehicle. The
buffet phenomenon involves the structural dynamics and the
aerodynamics. Longitudinal instability is related to coupling

between the structure and propulsion system. The term ‘pogo’
has been used in relation to this type oflongitudinal instability
because its resulting motion resembles that of a pogo stick.
This paper primarily investigates the pogo phenomenon of
a launch vehicle, which is self-excited longitudinal dynamic
instability arising from the interaction between the launch
vehicle structure and the propulsion system. It is also one of
the most complex problems associated with liquid-propellant
launch vehicles. In order to predict the pogo phenomenon
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accurately, a relevant analysis requires the following
elements: a detailed structural dynamics analysis, the
characteristics of the feedlines, a propulsion system analysis,
and a closed-loop stability analysis. The pogo phenomenon
can cause damage to the payload and can harm astronauts
and, in the worst cases, can lead to engine failure. This
phenomenon has occurred in many launch vehicles. The
second reference listed shows a summary of these incidents
involving launch vehicles in the United States. Most
correspond to the NASA human space flight program during
the 1960s which experienced the pogo phenomenon. Thus,
it became essential to make accurate predictions of the pogo
phenomenon during the development of launch vehicles.
Titan ITin the Gemini program showed longitudinal vibration
at 10-13 Hz for 30 seconds starting ninety seconds after its
launch. Such vibration reached its maximum amplitude of
+2.5g at approximately 11 Hz. Restraining it below +0.25g
was required by NASA [2]. The Saturn V vehicle of the Apollo
project also showed pogo instability. AS-502 in 1968 recorded
longitudinal vibration of 5 Hz with maximum acceleration of
0.6 g between 105-140 seconds during the first-stage (S-1C)
burning process. Longitudinal oscillation was observed in
the first two Saturn V manned flights. Finally, a passive pogo
suppressor was installed in the space shuttle main engine
(SSME).

As mentioned in the previous section, the capability
to predict the pogo phenomenon accurately is crucial. A
few researchers have investigated the pogo phenomenon
since the 1960s. Rubin [3] and Oppenheim [4] developed a
comprehensive stability analysis of the pogo phenomenon.
A launch vehicle, feedlines, and a propulsion system were
idealized using their mathematical models. These models
were linear time-invariant models. Pogo stability has also
been analyzed using a closed-loop system. The possibility of
the pogo phenomenon was examined according to stability
of this system. For a more accurate closed-loop pogo stability
analysis, it will be necessary to predict the natural vibration
characteristics of the structures and feedlines of vehicles.

Many launch vehicles, such as the Delta [5], Atlas [4],
Titan, Saturn V [6, 7] types as well as the space shuttle [8, 9]
have been analyzed with regard to the pogo phenomenon.
An accumulator was considered in Ares I-X in order to
suppress the pogo phenomenon [10]. A passive pogo
suppressor was applied to these launch vehicles. NASA
space vehicle design criteria were also established for
the pogo phenomenon [11]. The Ariane series in Europe
and H-II in Japan were also subjected to a pogo analysis
[13]. Chinese researchers have also studied also the pogo
phenomenon recently. Zhao et al. [14] conducted a relevant
parametric study. Hao at el. [15] analyzed a vehicle structure
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using NASTRAN. They also used a rational function and the
finite element method to assess the propulsion system.
In Korea, similar research was conducted on the KSR-III
vehicle [16].

In order to predict the pogo phenomenon, knowledge
of the structural dynamic characteristics of the launch
vehicle is essential. Therefore, this paper concentrates on a
structural analysis of a launch vehicle as part of an overall
stability analysis of the pogo phenomenon. There have been
numerous modal analyses and experiments conducted
on launch vehicles. For efficient structural modeling,
one-dimensional modeling has been available since the
1960s and 70s using lumped masses and one-dimensional
springs. This methodology has been published in many
NASA documents [17, 18] involving a range of criteria [19,
20]. Kim et al. developed a method for the one-dimensional
modeling of a space launch vehicle [21]. In their attempt,
the interaction between the tanks and the liquid propellants
was highlighted, specifically the hydroelastic effect. Because
the characteristics of the tank component were significantly
influential, it was necessary to reflect the hydroelastic effect
correctly in the one-dimensional model.

Two- and three-dimensional models have been
considered for more accurate analyses. Archer et al. [22,
23] developed a structural modeling method using a two-
dimensional axisymmetric shell. Previously, the Saturn
V vehicle and the space shuttle [24] were modeled using
NASTRAN. Comparisons of the natural frequencies and
mode shapes between the analyses and experiments were
also done.

This paper will attempt to establish an improved process
for predicting the pogo phenomenon. For this purpose, a
modal analysis of a complete space launch vehicle will be
conducted. For an accurate modal analysis, an improved
structural model will be developed. Two-dimensional
modeling will be considered to improve the current one-
dimensional model [25, 26]. In more detail, the paper will
adopt a two-dimensional axisymmetric shell element.
The hydroelastic effect will also be considered. A relevant
computer program will be developed and validated using a
sample launch vehicle. Structural dynamic characteristics
will be obtained through a modal analysis of the space
launch vehicle.

In addition to the structural dynamic analysis, a pogo
stability analysis will be conducted. Because documents
pertaining to the Saturn V vehicle and the space shuttle with
regard to the pogo phenomenon are available, analyses will
be conducted on those two vehicles. Ultimately, this paper
will contribute to the realization of improved pogo stability
analyses.
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2. Pogo Stability Analysis

2.1 Simplified Pogo Analysis of Saturn V

Pogo phenomenon analyses were developed and
conducted on the Saturn V vehicle and the space shuttle.
Fundamentally, the pogo phenomenon is analyzed using
two transfer functions in a closed-loop system. The first of
these is related to the structural system, G(s), and the second
is linked to the propulsion system, H(s), as shown in Fig. 1.
Therefore, G(s) and H(s) should reflect the characteristics of
a realistic system accurately. Such a closed system will be
analyzed under a certain flight condition in which the pogo
phenomenon could arise. Finally, the pogo phenomenon
will be predicted according to the stability of the closed-loop
system.

A pogo stability investigation of the Saturn V vehicle was
conducted by Sterett et al. [6]. They provided a complete
summary of the evolution of the pogo analysis methodology.
They analyzed the second stage, S-II, and the third stage,
S-IVB, as well as the first stage, S-IC. In addition, von
Pragenau [7] suggested a simplified pogo closed-loop
analysis, as shown in Fig. 2. This diagram illustrates a system

Transfer Function G(s)
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Fig. 2. Simplified pogo closed loop analysis

consisting of both a LOX tank and a thrust chamber among
several supply/propulsion components in a launch vehicle.
In his result, the relationships among the propellant force Ps,
the constant gain E, the thrust T, the force Fs, the cavitation
stiffness Ks, the orifice effect of the pump Ds, and the
disturbance force fwere obtained. The thrust T was caused
by the propellant force Ps, and the force Fs was defined as
the sum of the thrust and the disturbance force f. These are
expressed in Egs. (1) and (2).

P-E=T (1)
F=F-E+f @)

In the structural model including the orifice effect,
cavitation, and propellant, the propellant force Ps was
related to the force Fs. The relevant expression among the
system, the propellant force, is given in Eq. (3). All of these
equations utilize the Laplace transform.

F,
P= s
1+ﬂ+sﬂ+szﬂ (3)
m D K

s s S .

The closed-loop system equation will become complete
by combining Egs. (2) and (3). The resulting equation can
then be written as follows:

PS: .f 4
1+ s 2 )
m D K

B} s s -

Finally, the stability will be determined by the sign of the
eigenvalues s. Such a determination criterion is expressed in

Eq. (5).

E<1+% )

m

This complete relationship of the closed-loop system is
illustrated by the block diagram shown in Fig. 3. This result
represents a simplified but complete process of analyzing
the pogo phenomenon.

2.2 Pogo Suppression in the Space Shuttle

For the space shuttle, arelevant pogo integration panel was
organized by various NASA research centers and contractors
[8]. As a result, a passive pogo suppressor was developed
and installed, although both passive and active devices
were investigated simultaneously. The relevant analytical
model and the methodology used were quite systematic.
Owing to the specific configuration of the space shuttle,
with an external tank, a feedline of a significant length (31
m) was designed and adopted. Liquid oxygen is significantly
heavier than liquid hydrogen, which is the main fuel of the
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Fig. 3. Block diagram of a simplified pogo analysis

space shuttle. Therefore, the analytical model of the space
shuttle was composed of a LOX tank, a longitudinal lateral
feedline, a low and high LOX pump, and a chamber [9], as
shown in Fig. 4. A few specific flight conditions, i.e., the lift
off, maximum dynamic pressure (max. Q), the condition
before solid rocket booster (SRB) jettison, and that after
SRB jettison, all prone to pogo instability, were selected
and analyzed. The analytical model used was composed
of 14 variables for the propulsion system. The variables
consisted of the generalized coordinates of the fuselage, g,
the pressures of two thrust chamber points, P, and the flow
rates of the tank outlet to eight points, Q, as listed in Eq. (6).
In the generalized coordinates of the fuselage, g,, subscript n
denotes the n-th mode of the fuselage.

I:] = {P23P4’P59P7=P8’Pc? Qza Q23Q37Q47Q57Q7= QS’qn}r

(VS)]+ [ENF(s)]} -H=0

©®)
7

The complete system became a 14-order variable system,
as expressed by Eq. (7). [V(s)] is the complete system,
composed of both structural and propulsion state variables.
[E] is the position of the pogo suppressor. [F(s)] denotes the
characteristics of the pogo suppressor. Pogo instability was
examined through an eigenvalue analysis of the system.

Tank
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—

8.5 m (28 ft

Fig. 4. Pogo analysis of the example space shuttle
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This was done by employing several structural modes of
each flight condition and varying the natural frequencies
by #15%. Pogo instability occurred when the damping
ratio decreased significantly and became negative. This
analysis procedure suggested what would be required for
formulating the pogo analysis. The first variables needed
would be the characteristics of the structural system in terms
of the generalized coordinates, here represented by g. The
second would be an analytical model of the feedlines and
propulsion system in terms of the pressures and flow rates.
The relationship between the structural system q and the
propulsion system P and Q would also be needed.

3. Structural Modeling and Modal Analysis

3.1 Modal Analysis of the Launch Vehicles

This section focuses on the structural dynamic response of
a launch vehicle. The transfer function G(s) will be required
to predict the response. G(s) is referred to as “the plant”
in Fig. 3. The transfer function G(s) refers to the natural
frequencies and mode shapes of the launch vehicle. A modal
analysis will be conducted to determine the transfer function
G(s) via an appropriate structural model. The modal analysis
proceeds as follows. Assuming that the launch vehicle is an
undamped system, mass and stiffness matrices are used in
the modal analysis. These are expressed by Eq. (8).

[M]{%}+[K] {x} =0,

op [M]{x}+[K]{x} =0,

®)
©

o2 {x} = ~[K]M] " {x}, (10)

Equation (8) can be rearranged to become Eq. (10).
Equation (10) is an eigenvalue problem. When the eigenvalue
problem is solved, the eigenvalues will become the natural
frequencies and the eigenvectors will become the mode
shapes. Equation (11) is a generalized form using the natural
frequencies and mode shapes ¢. Then, by dividing the left-
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hand side of Equation (11) by [M][4], the second-order
differential equation for ¢ can be simplified. This is expressed
as Equation (12). Equation (13) shows the situation when
the resultant force (excitation) exists. It is expressed in terms
of the generalized coordinates, and {¢} denotes the modal
displacement.

[M][$1E}+KIP1EY =0,
{EHHQ{E =0
{E1+[QIE =91 [F],

When Egs. (12) and (13) are obtained, the transfer function
G(s) will be constructed.

(11)
(12)

(13)

3.2 Structural Modeling of a Complete Launch Ve-
hicle

Structural modeling is the first step of a modal analysis.
Structural modeling is done to obtain the mass and stiffness
matrices of the launch vehicle in this case. Structural
modeling methodologies can be categorized according to
the dimensions of the structural elements used. In this paper,
a two-dimensional shell element is used specifically for the
structural modeling step. In more detail, such an element
is termed a two-dimensional axisymmetric shell element.
Archer and Rubin [22] introduced this methodology, after
which the relevant software was developed. The purpose
of the software was to predict the structural dynamics
of an axisymmetric launch vehicle while focusing on
the longitudinal direction. This paper adopts a similar
methodology, as defined below.

The liquid-propellant launch vehicle is composed of the
payload, a tank, the propellant, the engine, instruments, and
the external shells. The characteristics of each component
are discussed below. In this approach, a launch vehicle
will be disassembled into the following three components:

i Launch Vehicle

iy

the spring-mass component, the shell component, and
the fluid component. The spring-mass component is a
lumped mass and a one-dimensional massless spring. This
element is identical to that used in the conventional one-
dimensional structural modeling approach. The payload,
engine, and instruments are modelled by spring-mass
components that are heavy and exhibit little influence upon
the fuselage. Tanks and external shells are modelled using
shell components. These components account for most
of the structure in the launch vehicle. They also contribute
to the creation of the mass and stiffness matrices. The
detailed mathematical procedure is based on the Rayleigh-
Ritz method. The shell elements have longitudinal, radial,
and rotational coordinates, and they are divided into the
upper elliptical bulkhead, the lower elliptical bulkhead,
and a conical shell in accordance with the geometry of the
shell. A fluid component is used to represent the liquid
propellant. The fluid component has coordinates identical
to those of the shell element, creating, however, only a mass
matrix. Therefore, when under vibratory motion, the effect
of the fluid mass matrix will be added to the structural shell
element. Additionally, the motion of the shell element and
that of the fluid will become identical. The fluid component is
surrounded by the following three shell elements: the upper
bulkhead, the conical shell, and the lower bulkhead. This
element does not create additional degrees of freedom, as
does the virtual mass in NASTRAN. The complete procedure
is illustrated in Fig. 5.

3.3 Formulation

The implementation procedure for the formulation of the
shell element is conducted using the Rayleigh-Ritz method
based on polynomial functions. The displacements of an

individual shell component are expressed in Egs. (14) and
(15).

Local coordinate
(General coordinate)

Rayleigh-Ritz method

Stiffness
matrix

Polynomial Function
§o+§1+gz+___+§w

1
System coordinate :
(Space coordinate) X

I

Fig. 5. Structural modeling of a launch vehicle using two-dimensional shell elements
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MT‘\

W)= T &) (14)
k=1 ,
,7 —
(&)=Y B (15)
=1 ,
10 10
e (£)= Y a,&"s V(€)= b,e" (16)
n=0 n=0 .

The displacements of the shell and the direction of the
u(¢&) and v(&) coordinates are shown in Fig. 6. Equation (16)
is the formulation of a mode shape using the polynomial
functions. a,, and b,, are arbitrarily specified coefficients,
and ¢ is a dimensionless variable corresponding to the
geometry of the shell. This variable can be described under
the following three categories: the conical shell, the upper
bulkhead, and the lower bulkhead, as shown in Fig. 7. The
upper and lower bulkheads are ellipsoidal shell elements.

g=%sm¢0’ (17)
_¢

& 5 (18)

§=r (19)

Equations (17), (18), and (19) are the dimensionless
variables of the conical shell, upper bulkhead, and lower
bulkhead. The shell stiffness and mass matrices are shown in
Egs. (20) and (21), respectively.

[ v o vy
omoa,  omoay oaop,  o0aoB;

v o v o
0a-0a, 0a-0a, 0a-0f,  0a-0B
[K]= ;/ 1 zb U L2/ ﬁl , U ﬁl/ (20)
v v o'v &
opoa,  opodag  opoB  OPopy
vy v o

| aproa, opr0a; 0B;0p,

X
&

Fig. 6. Coordinates of the shell elements
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0000,  0dy0a; O0az0f, — 0az0p;
[M]: l; 1 2U U 2U 1 2b Vv (2_1)
o’y o ’r T
opoa,  ofoa; OB OB 0BoBy
v o o’r T
| OBpocy  Ofyoay  OPyOB  OPyofy |

Vand T are the potential and kinetic energy, respectively.
The coordinate used in the modeling of the shell component
is shown in Fig. 6.

_1 o 2
V—EJ.27zr(N¢g¢+NggH+M¢K¢+M¢K¢+N¢ pP)ds  (22)

)

o¢ e, |0¢
C—L+C,—2 |2
oa, oa, |0f,
A -
e, 2k rc, 28 (0%
| 0@, oa, |0p
5? [ oK oK
v =2x[r He, 2o e, Ko | Do Ly 23)
oa, op, | 7o, oa, |op,
. -
+ LM—_‘*+C446§ 2.9
T oa, oa, | op,
0 0p Op
¢ oa, op,

Longitudinal vehicle axis
X
Upper edge of T
shell component 1

Lower edge of
shell component

(a) Conical shell
Longitudinal vehicle axis

Outer edge of

I l' -
shell component ! ﬂ,","" a H
Mo '

(b) Ellipsoidal shell

Fig. 7. Geometry of the shell element
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Each elemental stiffness matrix is formulated in Eq. (23);
the potential energy is given by Eq. (22). On the right-hand
side of Eq. (22), ¢, ¢, denotes the strain, K, K, represents
the curvature, and p is the meridional rotation. Finally, N}
is the initial meridional stress. In an orthotropic shell, N,
N, M,, N, all refer to the stress in the meridional directions
and principal directions in the hoop [22]. C,,, C,,, C,, C;,,
C,, and C,, are the orthotropic stress-strain and orthotropic
moment-curvature coefficients. Finally, the elemental
stiffness and mass matrices are obtained by Egs. (24) and
(25), respectively. K;, K,, ..., and K, are the approximate

analytical coefficients.

[ (K -y + Ky - )
+ K5 [{u}-fu)” + {u)-fu}]
+Ky v v+ v vy
+ o +K13 [{V}{u}Z +{u}.{v}7']

[K]:271'J.r ndg  (24)

[M]zszr({u}-{u}T +{v}-{v}T)ds (25)

The fluid component provides only the mass matrix. The
fluid motion is expressed as a function of the generalized
displacements of the shell components. The fluid motion
and coordinates are shown in Fig. 8. The mass matrix of
the fluid component is determined by Eq. (26). The fluid is
assumed to be incompressible and inviscid. 4, (x) is equal
to the change in volume below a given location x divided by
the corresponding tank cross-sectional area. The radial fluid
motion varies linearly with the spatial coordinate.

H r
1=2my, [ [ 7 (t03-tiC0)T + G0y B AY dids (26)
Each component of the shell and fluid is estimated to

provide the mass and stiffness matrices. These matrices are
described in the local coordinates (generalized coordinates)

X

N
Shell 1 i )
Upper bulkhea i 'k

E U (x)

free surface .4 ‘
Shell 2 109 .
Conical shel L
Flu y

Shell 3

Lower bulkh&ad

Fig. 8. Definition of the fluid motion
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shown in Fig. 5. These matrices can be transformed into the
system coordinates (spatial coordinates). As a result, all of
the components are combined to provide one mass and one
stiffness matrix.

4. Numerical Results and Discussion

4.1 Construction of the Present Analysis

The present analysis is developed using the methodology
explained in the previous sections. MATLAB is used for the
baseline program. The variable ‘sym’ is used to represent
the symbolic variables for the normalized variable when
it changes from 0 to 1. The function ‘int’ is used to express
the definite integral for the matrix element. The eigenvalue
problem is solved by the function ‘eig’ The present numerical
integration is conducted using a variable size in steps
for enhanced accuracy instead of the 16-point Gaussian
weighting methodology described in the literature (Ref. 22).

4.2 Validation using a Sample Launch Vehicle

The example input and output were sourced from the
literature (Refs. 22 and 23). The present example is a single-
stage liquid launch vehicle that is axisymmetric, as shown in
Fig. 9 (a). A further structural model of the example is shown
in Fig. 9 (b). This model is composed of 11 shell components,
four spring-mass components, and two fluid components
and thus has a total of 30 degrees of freedom. The four
spring-mass elements are used to represent the payload,
equipment, and engine. The two fluid components serve to
represent the oxidizer and the fuel. The mass and stiffness
matrices are compared for each element against the existing
analytical prediction included in Ref. 22. The difference for
each element is less than 2%. Finally, mass and stiffness
matrices of 30 30 are obtained for the present example
launch vehicle. The eigenvalue problem is solved using these
matrices. The natural frequencies are then obtained by the
present program.

The results for the mode shape by the present analysis are
shown in Figs. 10(a) and 11. The relevant two-dimensional
model uses 30 coordinates. These coordinates are composed
of those in the longitudinal, radial, and rotational directions.
Among these, only the longitudinal direction coordinates
are used to show the relevant mode shapes. In Fig. 10(b), the
red line designates the mode shape of the complete launch
vehicle. The red star represents the coordinates of the tanks.
There are a few points outside of the line because bulkheads
exist inside a launch vehicle.

The three-dimensional NASTRAN eigenanalysis results

http://ijass.org
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are compared in order to highlight the validation of the
present analysis. The three-dimensional NASTRAN analysis
configuration is shown in Fig. 12. In it, the example launch
vehicle is constructed using the shell elements, and the
fluid contained inside the tank is modeled as a lumped
mass matrix. The total number of elements and nodes used
in NASTRAN modeling are 3,600 and 3,525, respectively.
Moreover, there exists no restriction on the degrees of
freedom in the boundarylocation because the launch vehicle
is in a free-free condition. Thus, the total number of degrees
of freedom used by NASTRAN reaches 21,150 because six
degrees of freedom are used per node (translation, rotation

Longitudinal axis

All structural components:
Aluminum ( E = 107 Ib/in?)

Payload: 5000 Ibs

414 in

Oxidizer density:
89.34 |b/ft

\ Oxidizer

Equi t:
NN| A 5d0'tbs
/’\ Fuel density:
56.1 Ib/ft3
50% Equipment:
UMM 500 Ibs
Fuel
Engine:
1400 lbs
60 in

(a) Example single-stage launch vehicle

f,

O Shell Component
A Fluid Component
[1 Spring-Mass Component

t\?:29

(b) Structural modeling of the vehicle

Fig. 9. Example single-stage launch vehicle
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along the x, y, and z coordinate). Given that in total there
are 30 degrees of freedom used in the present analysis,
there are thus 705 times as many degrees of freedom in the
NASTRAN analysis. Therefore, it can be concluded that the
present analysis is capable of providing accurate predictions
of the axial dynamic characteristics of a launch vehicle while
requiring far fewer computational resources.

(a) Longitudinal coordinates
1st mode shape (the present analysis)
T T T

450
/\ Coordinates on the surface (NASTRAN)
9'6 Coordinates on the surface (Present) A *
----- Qutline of the launch vehicle (Present) | A * T
# Tanks (Present) H
@ Engine (Present) ;
350 - A ¥ 7
I
'
I
300 - A ¥ 1
!
!
S 250 - ! .
e A X
£ 4
o 4
@ 200 s *
I A 7*1'
*| A
'I
150 - 4 1
a¥
v
100 1'*,' b
:
k. I 4
50 * :
i
o | * 1 1
0.15 0.1 -0.05 0 0.05
Displacement in longitudinal direction
(b) 1 mode

Fig. 10. Comparison of the first mode shape of the example launch vehicle
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Table 1 shows the comparison results up to the ninth
axial mode. The discrepancy between the present and the
NASTRAN analysis result was found to as low as 0.7%. And,
relatively large differences are found for the first and third
modes. This is because both results have different number of
degrees of freedom per node. Three-dimensional NASTRAN
results describe the radial motions by using six degrees
of freedom in the longitudinal direction. On the contrary,
the present analysis expresses only an axial motion in the

2nd mode shape
450 | T T T

T T

A\ Coordinates on the surface (NASTRAN)
o Coordinates on the surface (Present)
Outline of the launch vehicle (Present)
O Tanks (Present)
% Engine (Present)
350

300

250

Height (in)

200

150

100

50

& 1 I
0 0.1 02 03 04 05
Displacement in lonaitudinal directi

(a) 2™ mode
4th mode shape
! B

0.1

450

/\ Coordinates on the surface (NASTRAN)
O Coordinates on the surface (Present)
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longitudinal direction. Fig. 10 also shows the mode shapes
derived from the present analysis and NASTRAN. In Fig. 10
(b), the three-dimensional analysis results are illustrated
which correspond to the coordinates included in the surface
of the present analysis. A comparison of the two sets of results
shows that the results of the overall prediction are similar.
Fig. 11 shows additional mode shapes corresponding to the
second to the ninth mode as predicted by NASTRAN. And,
the first and third mode shapes are also in good agreement.
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Therefore, both predictions give similar results regarding the
axial natural frequencies of the example launch vehicle.

It was also found that the pressure change caused by
the structural response at the bottom of the tanks will be
important for accurate predictions of the pogo phenomenon.
Such a change brings about variation of the pressures and
the flow rates of the feedlines. As a result, the thrust will
also change due to the pressure variation at the bottom of
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the tank. For the example of the single-stage launch vehicle,
the fourteenth degree of freedom is assigned to the bottom
of the LOX tank. Therefore, changing the pressure can be
done after analyzing the response of the fourteenth degree
of freedom relative to the response of the complete launch
vehicle. This pressure change will finally be estimated using
the relationship between the structural acceleration and the
pressure disturbance.
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Table 1. Comparison of the natural frequencies between the present and three-dimensional NASTRAN analysis

Natural frequencies by

Natural frequencies by 3-D

Difference between the

Mode the present analysis (Hz)  NASTRAN analysis (Hz) present and NASTRAN (%)
Ist mode 37.60 32.637 152
2nd 59.94 59.301 0.01
3rd 82.79 93.904 -11.8
4th 114.80 120.87 -5.02
5th 177.22 193.38 -8.35
6th 224.79 229.72 -2.14
7th 289.89 271.16 6.91
8th 376.16 382.24 -1.01
9th 450.34 459.26 -1.94

Fig. 12. NASTRAN three-dimensional analysis configuration

5. Conclusion

This paper suggests and develops an improved
methodology for the pogo phenomenon. Previous
researchers dealt with various launch vehicles in Europe
and Asia as well as some in the U.S. Accurate predictions are
required for the pogo phenomenon in a liquid-propellant
launch vehicle. This paper focused on the structural
modeling and on a modal analysis of a liquid-propellant
launch vehicle. Specifically, the transfer function G(s) was
estimated to develop the pogo analysis. The formulation and
analysis were developed using an approach which relied
on a two-dimensional axisymmetric shell element. The
present analysis was validated in comparison with three-
dimensional NASTRAN prediction results. The present
methodology using the axisymmetric shell element adopted
the Rayleigh-Ritz method. In this methodology, a liquid-
propellant launch vehicle was divided into the following
three components: the spring-mass, the shell, and the fluid
components. The present shell element differed from that

used in the general finite element method. Furthermore,
the fluid component did not generate additional degrees of
freedom. In more detail, the present numerical integration
was conducted using a variable step size instead of the
16-point Gaussian weighting methodology in order to
improve the accuracy.

Furthermore, the axial frequency predictions by the
present analysis were compared with the three-dimensional
NASTRAN analysis results. Both results yielded consistent
natural frequencies and mode shapes for the example
launch vehicle. The present analysis has an advantage in
terms of computational resource usage because it uses far
fewer degrees of freedom when compared with the three-
dimensional analysis.

In the future, several ideas will be added to the proposed
methodology in order to extract more accurate dynamic
characteristics of a launch vehicle. First, when the degrees
of freedom of the present shell element are expanded
to those for three dimensions, detailed launch vehicle
characteristics such as bending and breathing modes
will be available as well as the longitudinal modes. These
can be used to predict instability of the launch vehicle,
including the pogo phenomenon, more accurately. Second,
when the complex internal components of the launch
vehicle are modeled as simple shell elements based on
experimental results, a modal analysis can be conducted
without requiring a large number of degrees of freedom, as
required in as a three-dimensional full-scale finite element
computation. This will greatly improve the computational
efficiency of the analysis.

On the other hand, other launch vehicles can also be
analyzed using the methodology proposed here. Finally,
these results can be used to create a pogo analysis. The
chances of the natural frequencies overlapping with those
of the feedlines and the propulsion system can also be
estimated.
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Nomenclature

Ps = Propellant force

E =Thrust gain

f = Disturbance force

K, = Cavitation stiffness of a pump inlet
D, = Orifice effect of a pump

m, = Lox mass

m = Structure mass

(M] = Mass matrix

(K] = Stiffness matrix

, = Natural frequency

(4] =Mode shape vector

ulg] = Displacement of the shell component in the

longitudinal direction
v[£] = Displacement of the shell component in the
radial direction
& =Dimensionless variable for the shell element
av Cio Gy, = Orthotropic stress-strain coefficients
C,,, C,,, C,, =Orthotropic moment-curvature coefficients

t = Thickness of the shell

Va = Density of the shell

Vb = Density of the fluid

X = Coordinate in the longitudinal direction

= Coordinate in the radial direction
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