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EXPERIMENTAL INVESTIGATION OF T m  LONGITUDINAL 

VIBRATION OF A REPRESENTATIVE LAUNCH VEHICLE 

WITH SIMULATED PROPELLANTS 

By James  A. Schoenster and Robert R. Clary 
Langley Research Center 

SUMMARY 

The results of a n  experimental investigation of the longitudinal vibration of a full- 
The vibration character- scale representative launch-vehicle structure are presented. 

ist ics of the vehicle supported upright were determined for frequencies between 5 and 
100 hertz by means of force-controlled vibration techniques. 

Resonant frequencies, resonant response accelerations, and damping values were 
determined and the degree of nonresonant vibration was investigated. Static deflections 
of the propellant tanks due to various levels of simulated propellants were also measured. 

The vibration characterist ics of the vehicle were influenced by the simulated pro- 
pellants. The acceleration data were not always sufficient to identify and to separate the 
various modes of the vehicle. In these cases, a definition of the effect of the contained 
liquid on the vehicle structure was required for  proper association of the modes. In gen- 
eral, there was good agreement between the resonant frequencies selected for  detailed 
study when one source of excitation, two sources of excitation, o r  the Kennedy-Pancu 
method of data interpretation were used. However, data obtained f rom the two sources 
of excitation and the Kennedy-Pancu plots indicate significant nonresonant amplitude con- 
tributions to the total response amplitude obtained with a single source of excitation. 

Acoustic resonances of the air column above the liquids in the propellant tanks were 
detected but did not have a significant effect on the acceleration response of the vehicle 
containing liquid. 

INTRODUCTION 

During the development of large complex launch vehicles, a significant amount of 
effort is directed toward obtaining an understanding of their structural dynamic character- 
istics. Studies are aimed at determining means of overcoming potential problems such as 
self-generated instabilities in the guidance and control systems and excessive vibration 
loadings on the components and payload of the vehicle. These studies have included 
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experimental investigations of the lateral response of both full-scale vehicles (refs. 1 
and 2) and scaled models (refs. 2 and 3); however, very little experimental data have been 
obtained concerning the longitudinal vibrational responses of large launch vehicles. Con- 
siderable interest in obtaining this type of data was generated by a need for a better under- 
standing of the phenomenon called pogo, which caused severe longitudinal oscillations in 
several launch vehicles including the Thor-Agena (refs. 4 and 5). Pogo is an instability 
caused by coupling of a longitudinal vibration mode with the dynamics of the propellant 
feed system and engine operation. 

A research program has therefore been undertaken to determine the character of 
the longitudinal vibrational response of a representative launch vehicle. In reference 6, 
the results of an experimental and analytical study of the longitudinal vibration of a sim- 
plified Thor vehicle structure were described. A subsequent experimental investigation 
of the vibrational response of the full- scale Thor vehicle with simulated propellants and 
tank-ullage pressures  is reported herein. Included is a description of the testing tech- 
niques, the source of excitation, and the effects of nonresonant responses on the forced 
vibration modes, resonant frequencies, and damping of the structure due to the behavior 
of the vehicle. 

SYMBOLS 

f frequency, hertz 

f n resonant frequency, hertz 

A f change in frequency, hertz 

acceleration due to gravity, 980.7 centimeters/second2 g 

k stiffness, newtons/centimeter 

X,Y, Z test-vehicle axis system 

e displacement phase angle relative to force, radians 

change in phase angle, radians A8 
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Ae/Af change in phase angle as a function of change in frequency of two displacements 
bounding a resonant frequency and determined from Kennedy-Pancu graphs 

P twice the ratio of structural damping to critical damping for  an equivalent 
viscous damped system 

APPARATUS AND TEST PROCEDURE 

chem 

Description of Test Vehicle 

A structurally complete Thor vehicle (model DM- 18A) shown tically in fig- 
u re  1 was used in this investigation. The assembly consists of four basic sections: the 
fuel-tank section, the center-body section, the liquid-oxygen-tank section, and the engine 
and accessories section. Station numbers are used to  identify locations along the length 
of the vehicle (Z-axis) .  The diameter of the aft three sections (the engine and accesso- 
ries section, the liquid- oxygen-tank section, and the center-body section) is 2.44 meters, 
and the diameter of the fuel-tank section tapers from 2.44 meters  at the aft end to 
1.90 meters  at the forward end. Each section is fastened to its adjacent section o r  sec-  
tions with forty 6.35-millimeter (1/4 inch) bolts connecting corresponding attach angles 
of the involved sections. The assembled vehicle, as shown in figure 2, is approximately 
14.5 meters  in length. 

Some secondary components such as attitude controls and vernier engines were not 
available for  installation and were simulated with mass in the form of lead ballast at var- 
ious points. These ballast masses  and other details of the various sections are shown in 
figures 3 to 14, and data on the mass and center of gravity a r e  presented in table I. 

Details of the fuel tank and its bulkheads are shown in figures 3 to 6. The fuel-tank 
section (fig. 3) extending from station 151.0 to station 336.0 (fig. 1) is approximately 
4.7 meters  long. The interior of the fuel tank is shown in figure 4. 
pattern construction with ring stiffeners and fuel slosh baffles extending around the tank 
circumference. 
rosion (ref. 7). 

The wall is of waffle- 

The interior of the tank is coated with an epoxy compound to re tard cor- 

The forward and aft bulkheads of the fuel tank are shown in figures 5 and 6, respec- 
tively. 
extending radially. 
is connected to  a port on the forward bulkhead for  pressurization of the fuel tank. 
fuel-transfer-tube attachment is located at the center of the aft bulkhead. 

The bulkheads are ellipsoidal with integrally milled reinforcing stiffeners 
Strain gages are attached to each bulkhead. A large-diameter tube 

The 

. The center-body section (fig. 7) extending from station 336.0 to 369.0 (fig. 1) is 
approximately 0.84 meter long. This section is of semimonocoque construction with 
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several ballast weights attached to the sides. It has two hinged access  doors, two non- 
hinged access  panels, and several cutouts for  tubing and wiring in the .wall. 

The liquid-oxygen (lox) tank is shown in figures 8 to 10. This section extending 
from station 369.0 to station 636.7 (fig. 1) is approximately 6.8 meters  long. It is 
formed of two subsections: the liquid-oxygen tank (5.9 meters  long) and the liquid- 
oxygen-tank skirt  (0.9 meter long). The subsections are connected by a riveted butt 
joint at station 602.5. The interior of the liquid-oxygen tank (fig. 8) is of waffle-pattern 
construction with ring stiffeners at intervals along its length. The fuel-transfer tunnel 
extends through the liquid-oxygen tank. The interior of the tank is also coated with an  
epoxy compound to  re ta rd  corrosion (ref. 7). 
oxygen tank have an ellipsoidal shape with integrally milled reinforcing stiffeners extending 
radially. The forward bulkhead, with strain gages attached to the outer surface and with 
plumbing lines for  tank pressurization connected to the ports, is shown in figure 9. The 
center-body section is shown connected to the liquid-oxygen-tank section in this photo- 
graph. Also shown is the fuel-transfer tube protruding f rom the center of the bulkhead. 
The aft bulkhead and aft skirt  of the liquid-oxygen tank a r e  shown in figure 10. Attached 
to the center of this bulkhead is the lox bellows which connects to one inlet of the turbo- 
pump. Protruding from the surface of the bulkhead a r e  the fuel-transfer tube and fuel 
bellows which connect to the other inlet of the turbopump. Three large gas bottles a r e  
mounted on the interior surface of the semimonocoque aft skirt. 

The forward and aft bulkheads of the liquid- 

The fuel-transfer tube and associated insulation a r e  shown in figure 11. The insu- 
lating sections, which a r e  made of glass-fiber laminates and expanded polystyrene, pro- 
vide both insulation and rigidity to the fuel-transfer tube. This transfer tube is inserted 
through the liquid-oxygen tank with the aid of the fuel-transfer tunnel shown in figure 8. 

The engine and accessories  section (figs. 12 to 14) extending from station 636.7 to 
station 722.0 (fig. 1) is approximately 2.2 meters  long. This section is of semimonocoque 
construction with circumferential stiffeners (figs. 12 and 13). Three thrust beams, con- 
structed of forged and machined fittings and extruded angles and webs, a r e  spaced 120' 
apart on the wall and extend the length of the section. At the top of these beams a r e  
forged thrust fittings that provide the attach locations for  the engine assembly. (See 
fig. 14.) 

The engine assembly consists of a large tripod-shaped thrust f rame to which the 
functional elements required to operate the engine a r e  attached. Bracing and attachments 
for subsystems, which use smaller  sections of tubing, are provided. The heaviest items 
of the functional components a r e  the turbopump, thrust chamber, and gimbal block. The 
turbopump and associated inlet ports that connect the propellant-feed lines to the turbo- 
pump a r e  shown in figure 14. For this s e r i e s  of tests, the thrust chamber was removed 
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and the excitation and support systems were attached directly to the gimbal block (figs. 12 
and 13). 

Suspension System 

The test  vehicle w a s  supported upright along its longitudinal axis on a low-frequency 
support system (fig. 15). The system w a s  designed to have a minimum effect on the test  
vehicle while maintaining it at a fixed predetermined elevation. 
liquid propellants required that the vehicle be supported in an upright, or vertical, posi- 
tion; 
of propellant conditions precluded the use of interchangeable helical springs. A unique, 
automatically controlled, air-bellows system was developed to meet the requirements of 
the suspension system. 
and lower end of the vehicle. A detailed description of this support system is given in 
reference 8. 

The use of simulated 

The vehicle w a s  too heavy to be supported directly on the shaker, and the wide range 

Lateral restraint  was  provided by two se t s  of cables at the upper 

Instrumentation 

The instrumentation w a s  designed to provide data necessary to define the longitudi- 
nal natural frequencies and mode shapes of the test  vehicle. 
top and bottom of both propellant tanks were recorded. The input force to the test  vehicle 
w a s  provided by an electromagnetic vibration exciter and measured by a force gage, which 
w a s  located between the shaker and the gimbal thrust pad of the vehicle. A servo- 
oscillator maintained a predetermined constant level of input force. 

P res su re  variations at the 

The primary transducers were lightweight crystal accelerometers and utilized 
charge amplifier signal conditioning equipment. P re s su res  were measured by strain- 
gage- type pressure transducers. Relative strains on the bulkheads of both propellant 
tanks were also measured. 
3-kilocycle ca r r i e r  signal conditioning equipment. 

Both the pressure transducers and strain gages used 

Shown in figures 16 and 17 are the locations of the accelerometers on the test  vehi- 
cle. The table in each figure lists the identification number, station number (Z-axis) ,  and 
radial distance from the center of the vehicle for the accelerometers mounted on the vehi- 
cle. The sketches, using the identification number, show the approximate location of these 
transducers. 
propellant tanks and at the bottom of the fuel-transfer tube. 
locations of the strain gages on the bottom bulkheads of the fuel and lox tanks. Data were 
recorded on an FM tape recorder. 

P re s su re  transducers were located at both the top and bottom of the two 
Figures 18 and 19 show the 
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Experimental Procedure 

The propellant tanks were filled with water in increments, and the change in vehicle 
mass  and change in water height were measured to  define the mass  in t e r m s  of the height 
of the water in each tank. During this operation, radial static displacement of the lox- 
tank wall and longitudinal static displacement of the bottom domes of the fuel and lox 
tanks were measured with dial gages. 

Longitudinal response data were obtained while applying * 1334 newtons of vertical 
sinusoidal force at the gimbal block. 
100 hertz at a constant ra te  of 0.46 octave/minute (9.4 minutes per sweep). Several fre- 
quencies, at which a response was observed from the reaction of the input accelerometer, 
were selected fo r  more detailed study. Amplitude and phase data were recorded a t  small 
increments of frequency about the selected center frequency to obtain a better definition 
of the peak response. Vehicle resonant response amplitudes were then determined from 
the output of the various transducers along the length of the vehicle. 

The forcing frequency was varied from 5 to 

Methods of determining normal modes of a structure have been discussed by Lewis 
and Wrisley (ref. 9), Traill-Nash (ref. lo), and Asher (ref. 11). Their conclusions indi- 
cate that for complex structures several  sources of excitation a r e  required to obtain nor- 
mal modes. Due to the lack of adequate attachment locations on the test vehicle, it w a s  
impractical to use several  sources of excitation as suggested by the referenced reports; 
however, a second source of excitation was applied at the top of the vehicle to obtain data 
related to the degree of modal coupling. The second shaker, rated output of k222 newtons, 
was attached to the vehicle at station 151.0 by means of a wooden adapter. Some observed 
resonant conditions obtained with one shaker were also investigated with two shakers to 
determine the effects of two sources of vibration on both the resonant frequency and the 
resonant response accelerations. The force level of the shaker located near the aft end 
(station 691.1) was held constant at a selected frequency which yielded a 90' phase shift 
between this applied force and the acceleration at the point of input (station 691.1). The 
phase of the force output of the second (top) shaker was then adjusted to be in phase or 
out of phase (depending on the resonant condition being investigated) with that of the force 
signal from the bottom shaker. The level of force from the top shaker was then increased 
until a 90' phase shift was obtained between this force and the resulting acceleration at 
its point of application. Adjustments of the frequency of both shakers and the force level 
at the top shaker were necessary to  obtain the desired phase relationships. After satis- 
factory excitation conditions were achieved, the resonant response accelerations were 
determined. 
vehicle. 

The data from this study are reported only for  tests with the empty test  

The test configurations are listed in table 11. This table gives both pressurized 
(denoted by P in vehicle configuration designation) and unpressurized vehicle conditions. 
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Damping was determined by means of the method of Mead (ref. 12) and Pendered 
and Bishop (ref. 13) as applied to  data obtained from Kennedy-Pancu graphs (ref. 14). 
The damping factor p was calculated from 

2 p =- 
A8 

fn  2s 
where p 
damped system, - is the slope of the phase angle in radians with respect to frequency Af 
in hertz at the resonant frequency determined from the "best circle" of the Kennedy-Pancu 
plots, and fn is the resonant frequency in hertz. 

is twice the ratio of damping to critical damping fo r  an equivalent viscous 

PRESENTATION OF EXPERIMENTAL DATA 

Vibration and static data are presented in table 111, table IV, and figures 20 to  32. 
A brief explanation is provided for  each of the methods used to present the data. 

Resonant Frequencies 

Figure 20 presents a summary of selected resonant frequencies as a function of the 
total vehicle mass. 
shapes exhibit similar characteristics, Table 111 presents the experimentally obtained 
acoustic resonant frequencies in the air column above the liquid in both propellant tanks 
and the acoustic resonant frequencies calculated by using the frequency equation f o r  the 
vibration of an air column (ref. 15, p. 584). 

Curves are faired through frequency data points for  which mode 

Frequency Response 

Frequency response curves of the thrust-frame acceleration at the location of the 
input force (station 691.1) and the turbopump acceleration for  all pressurized configura- 
tions a r e  presented in figure 21. 
the length of the vehicle, pressures  at the bottom of the fuel and liquid-oxygen tanks, and 
relative strains at each of the two locations on the bottom bulkheads of the fuel and 
liquid-oxygen tanks are presented in figures 22(a), 22(b), and 22(c), respectively, for a 
typical test condition (configuration 6P). The strains were normalized to an arbitrary 
level to show the relative values. The response of the thrust f rame at station 691.1 is 
shown in figures 22(b) and 22(c) fo r  reference. 

Longitudinal accelerations at various locations along 

Resonant Response Accelerations 

Normalized acceleration responses are presented for  several  vehicle configura- 
tions (both pressurized and unpressurized) in figures 23 to 27. Measured accelerations 
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normalized by the acceleration at station 691.1 a r e  shown as a function of the nondimen- 
sional vehicle length. In figures 24 to 27, the sketches at the right of the figure indicate 
the direction of the forces  of the liquid masses  on the bottom bulkhead of each tank rela- 
tive to the structural forces  at the ends of the vehicle. 
the liquid masses  were determined from the outputs of the pressure transducers located 
in the tanks. 

The directions of the forces  of 

Nonresonant Response and Damping 

Kennedy-Pancu . .  method.- . ._ The effects of nonresonant contributions on the resonant 
response of the vehicle were studied by using the method of data interpretation suggested 
by reference 14. The graphs shown in figures 28(a) and 28(b) are Kennedy-Pancu plots 
(ref. 14) around the 29.5-hertz and 45.8-hertz resonant frequencies for configuration 6P, 
with station 691.1 as a typical example. This method of interpreting experimental data 
utilizes both amplitude and phase measurements to separate the normal mode response 
at a particular resonant frequency from the total response at that frequency. Amplitude 
and phase data a r e  plotted on polar coordinates for  small increments of frequency and a 
"best circle" is fitted to the data points f rom which a maximum change in the length of the 
circular a r c  with respect to a change in frequency is distinguishable. A diameter drawn 
perpendicular to the force phase reference should pass  through the point at which a maxi- 
mum change in the circular-arc  length with respect to a frequency change occurs. 
intersection of this diameter and the circle locates the resonant frequency, and the inter- 
section of the circle and the opposite end of this diameter locates the displaced origin. 

The 

Normal mode amplitudes and damping factors a r e  obtained from measurements 
taken with respect to the displaced origin. The distance between the displaced origin and 
the actual origin represents  the nonresonant response. In figure 28, the radial amplitude 
is the ratio of the displacement (determined from acceleration measurements) to the input 
force and the phase angle is the angle between the displacement and force. The best c i r -  
cle was fitted to the data and this resulted in the normal mode response being represented 
by the diameter JH and the nonresonant response being represented by the distance OJ. 
The slope of the phase angle with respect to frequency 9 used in equation (1) to deter- 
mine damping is obtained from A0 (fig. 28) and a selected value of Af (0.2 hertz for 
this example). The selection of Af is based on the assumptions of Mead (ref. 12). 

The resonant frequencies and damping values listed in table IV for some modes of 
several configurations were determined from plots similar to the ones presented in fig- 
ure  28. Further discussion of this method of data interpretation may be found in refer- 
ences 13, 14, 16, and 17. 

Two-shaker excitation.- Data f o r  comparison of two- shaker excitation with .one- 
shaker excitation are presented f o r  the empty vehicle in figure 29. Since it was necessary 
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t o  use a large adapter (85.4 kilograms) to attach the additional shaker at the top of the 
vehicle, the mode shapes compared a r e  those obtained with the second shaker removed 
but with f rame in place and those obtained with both shakers operating. 

Static Tests  

The data obtained during the loading of the propellant tanks with simulated propel- 
lants a r e  shown in figures 30 to 32. 
tions at stations 408, 492, and 576 as a function of the level of water in the liquid-oxygen 
tank. Deflections of the bottom bulkheads at the center of the dome and the quarter-point 
of the dome (i.e., halfway between the center and the outer edge of the dome) of the liquid- 
oxygen tank (fig. 31) and the fuel tank (fig. 32) a r e  presented as a function of simulated 
propellant mass  in the respective tanks. 

Presented in figure 30 a r e  the diametrical deflec- 

RESULTS AND DISCUSSION 

The vibration response characteristics of the full-scale test vehicle were determined 
for several vehicle configurations by means of force-controlled vibration techniques. 
Resonant response accelerations, damping values, and resonant frequencies were deter- 
mined for each of the vehicle configurations under the simulated free-free boundary con- 
ditions. In addition, an investigation into the degree of nonresonant vibration contribu- 
tions to the resonant response was performed. Static deflections of the propellant tanks 
due to various levels of simulated propellants a r e  also discussed. 

Re sonant Frequencies 

Shown in figure 20 is the variation of frequency with vehicle mass  of five resonant 
responses. These responses have been designated mode A, mode B, mode C, lox-tank 
acoustic resonance, and fuel-tank acoustic resonance. Mode A appears to be a simple 
tension-compression mode of the vehicle in which the ends of the vehicle a r e  moving out 
of phase with respect to each other. Modes B and C are associated with the motion of the 
liquid in the vehicle and cannot be described as simply as mode A. 
about the shape of these modes is presented later. A decrease in frequency with 
increasing liquid mass occurs for both modes A and B, as would be anticipated for a 
dynamic system to which mass was added. However, mode C is independent of the liquid 
mass  and remains relatively constant at f n  = 45 hertz. This type of response suggests 
the presence of a cantilevered mass  whose response frequency (45 hertz) is not coupled 
with that of the supporting structure. 

Further discussion 

It was possible to determine experimentally the trends of modes A, B, and C for  the 
vehicle with varying propellant level although it was not possible to relate these modes 
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with any of the modes fo r  the empty vehicle. The acoustic-mode frequency trends could 
be traced to  the empty vehicle and were dependent only on the distance between the liquid 
surface and the top bulkhead of the tank in which the liquid was contained. 

The frequencies of the empty vehicle are in general agreement with those frequen- 
cies shown in the longitudinal impedance plots of reference 6 fo r  an unpressurized Thor 
vehicle having both the oxygen and the fuel tanks closed. Most of the resonant frequencies 
in reference 6 are slightly higher than those obtained during the present series of tests, 
but this may be attributed to the 17-percent increase in mass  of the test  vehicle used. 
However, the 28-hertz and 34.5-hertz resonant frequencies identified as acoustic frequen- 
cies in the lox tank and fuel tank, respectively, agree very closely with the 27.7-hertz and 
34.0-hertz frequencies given in reference 6. 

Frequency Response 

Initial determination of the resonant response frequencies of the vehicle was selec- 
ted from frequency response plots obtained at several  stations along the length for a con- 
stant force input. The acceleration response of the thrust frame at station 691.1 (loca- 
tion of the applied force) shows several  distinct peaks f o r  each of the various vehicle con- 
figurations (fig. 21(a)). The frequencies at which resonances were identified and reported 
are indicated by the appropriate symbols. Generally, it may be noted that although the 
amplitudes for modes B and C are associated with peaks in the response curves, the 
response at mode A frequencies f o r  the higher mass  configurations are not clearly 
defined. The acceleration response curves for  the turbopump (fig, 21(b)) also show a 
complex response similar to that measured at station 691.1. 

Although some of the resonant frequencies may be easily selected by observing 
peaks in the response curves, such as the 29.5-hertz and 45.8-hertz resonant frequencies 
fo r  configuration 6 P  (fig. 21(a)), in many cases it would be difficult to select one frequency 
from the several responses which appear at close intervals in the response curves, such 
as 45 hertz as the resonant frequency of interest for configuration 7P. Responses at 
other locations along the length of the vehicle also indicate that the same difficulties 
would be present in selecting the resonant frequencies f rom those plots. 
at several locations on the vehicle for  configuration 6 P  (fig. 22) may serve as an example. 
In figure 22(a), peaks in the acceleration response for  the mode A frequency of 15.5 hertz 
were observed at stations 151.0, 336.0, and 369.0 but were not evident at stations 636.4, 
691.1, and 720.0. However, the resonant frequency for  mode C would be difficult to  select 
from the highly fluctuating responses at stations 151.0, 336.0, and 369.0. Many of these 
peaks are possibly attributed to the response of small components near the transducer 
which have a resonant frequency in the immediate frequency range of interest. 

The response 
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The response curves determined from liquid pressure transducers on the bottom 
bulkheads of both the fuel and lox tanks of vehicle configuration 6 P  are presented in fig- 
ure  22(b). The pressure reached peak values very close to frequencies identified as 
resonant frequencies by peaks in the acceleration response curves for modes B and C. 
In addition, peaks appeared at the mode A frequencies which were not observable in the 
acceleration response at station 691.1. Also, the response of the strain gages (fig. 22(c)) 
showed peak values close to the mode A, mode B, and mode C frequencies. Although the 
exact motion of the propellants is not known, the frequency response curves indicate that 
their effect is closely associated with the dynamics of the structure. Therefore, these 
data contribute to  the definition of the resonant response of the test vehicle. 

The acoustic frequencies were clearly identified by peaks in the response plots of 
air pressure measured at the top of the bulkhead in each of the two propellant tanks. 
effect of these acoustic resonances on the structural accelerations at station 69 1.1 is 
shown in figure 21(a). Only data from the empty vehicle exhibit significant peaks in the 
acceleration response curves and, with the exception of those of configuration 4P, the 
acoustic-mode frequencies would probably go unnoticed in the response curves. Even 
for  configuration 4P, a noticeable peak occurs only at the resonant frequency of the air 
column in the lox tank. A similar observation is made upon inspection of the accelera- 
tion response curves fo r  the turbopump (fig. 21(b)). The acceleration response along the 
length of the vehicle, the pressures  at the bottom bulkheads, and the strains in the bottom 
bulkheads do not indicate a strong response at the acoustic frequencies. 

The 

Resonant Response Accelerations 

The resonant response accelerations for the four modes (excluding acoustic modes) 
of the empty vehicle are presented in figure 23. The mode shapes are very similar. Only 
fo r  fn = 79.8 hertz is a phase difference indicated between the motion of one of the 
major components of the structure and the motion of the structure itself. 
the turbopump is out of phase for  this resonant frequency. 
nant frequency (fn = 88 hertz) the turbopump motion is again in phase with the motion of the 
aft end of the vehicle. 
on the vehicle, such as the end of the fuel-transfer tube and the engine gas bottles, but 
experimental evidence that would explain the differences between resonances at 54.0, 62.5, 
and 88.0 hertz was not obtained. 

The motion of 
However, for  the next reso- 

Several additional measurements were made at various locations 

The resonant response accelerations for  modes A and C of configurations 2 and 2P 
and of configurations 3 and 3 P  are presented in figures 24 and 25, respectively; those for  
modes B and C of configurations 6 and 6 P  and of configurations 9 and 9P are given in fig- 
u re s  26 and 27, respectively. The structural resonant response accelerations associated 
with mode A were not determined for  the greater mass  configurations because of the 
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inability of the accelerometers to detect the very low acceleration levels associated with 
these modes. However, it was possible to  relate the response at the mode A frequencies 
by observing the relative phases of the forces of the propellants on their respective bulk- 
heads. For mode A responses, the motions of opposite ends of the vehicle a r e  out of 
phase with each other and the forces  developed by the fluids in the propellant tanks are 
in phase with forces developed by the adjacent structures. Therefore, the force developed 
by the fluid in the fuel tank is out of phase with that developed in the liquid-oxygen tank. 

The structural resonant response accelerations at the mode B and C frequencies 
are similar in shape; neither acceleration has an apparent nodal point along the length of 
the structure. The motion of the aft end of the vehicle is somewhat higher in mode C 
than in mode B, but motions at all stations along the length of the vehicle are in phase with 
each other. A comparison of fluid forces indicates the difference between modes B and C 
and provides data demonstrating the necessary balance of forces required for  equilibrium. 
For mode B, the force generated by the liquid in the lox tank is in phase with that gen- 
erated by the adjacent structure while the force generated by the liquid in the fuel tank is 
out of phase with forces generated by the structure and the simulated liquid oxygen. For 
mode C the forces generated by the liquids in the two tanks are out of phase with those 
generated by the adjacent structures. None of the three experimentally determined modes 
could be related to the modes determined for the empty vehicle. Mode C, being independ- 
ent of vehicle mass  and having a relatively large amplitude in the thrust-frame area of 
the vehicle, may be associated with the dynamics of the attachment of the thrust f rame to 
the structure. In reference 6 the resonant frequency of the thrust f rame was found to be 
55 hertz when independently excited on the empty test vehicle. It is conceivable that the 
mass of propellant on the turbopump structure of this section could cause a drop in reso- 
nant frequency to approximately 45 hertz. 

The resonant-response accelerations for  the unpressurized vehicle agree with 
those of the pressurized vehicle (figs. 24 to 27). In general, the resonant frequency is 
slightly higher for the pressurized vehicle but in none of the observed modes is it more 
than 9 percent. 

Nonresonant Response and Damping 

Kennedy-Pancu method.- The damping factors and resonant frequencies determined 
from the Kennedy-Pancu plots a r e  given in table IV for configurations 2P, 3P, 6P, and 9P. 
The resonant frequencies determined by this method a r e  in close agreement with those 
determined by the peak amplitude method using a single shaker. The damping obtained 
from mode C was  relatively constant with respect to the vehicle mass. A similar obser- 
vation cannot be made for  modes A and B. 
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Resonant frequencies and damping factors obtained from the use of Kennedy-Pancu 
graphs illustrated in figure 28 a r e  presented for modes B and C of configuration 6P. The 
"best circle" for both modes was fitted through at least  five data points which a r e  spaced 
at increments of 0.2 hertz. 
major diameter JH is selected to be the resonant frequency. Both plots indicate that 
there were some nonresonant responses OJ  to the experimentally measured amplitudes. 
For mode B the experimentally measured amplitude at f n  = 29.5 hertz is slightly l e s s  
than the "normal mode amplitude" JH, whereas for mode C the experimentally measured 
amplitude at f n  = 45.8 hertz is greater  than the normal mode amplitude. It should also 
be noted that the resonant frequency does not occur for either mode at the quadrature 
response frequency but at relative phase angles greater than 90' for mode C and less than 
90' for mode B. Data obtained f rom other transducers located along the length of the 
vehicle yielded s imilar  results, but the ratio of nonresonant amplitude to normal mode 
amplitude increased considerably. 
vibration, as determined from the Kennedy-Pancu graphs, would ra i se  doubts about the 
use of the assumption that the phase and amplitude of the nonresonant vibration remain 
constant over the frequency range of resonance investigation. For the empty-vehicle con- 
figuration, values of damping were not calculated because this ratio of nonresonant ampli- 
tude to normal mode amplitude was high (greater than 1). 

The frequency at which data were obtained closest to the 

This relative increase in amplitude of the nonresonant 

Two-shaker excitation.- In addition to the large shaker at the bottom of the vehicle, 
a second shaker w a s  attached to the top of the vehicle for some tests. With the two 
shakers, the proper phase relationships for only three resonant responses of the empty 
vehicle could be obtained. None of the resonant responses of the vehicle with liquid in 
the tanks could be adjusted to obtain the proper phase relationships. The three modes 
for the empty vehicle with the large adapter attached were at f n  = 60.5, 80.3, and 
88.0 hertz. In figure 29 a r e  presented the resonant response accelerations obtained by 
using one shaker and two shakers. With two-shaker excitation the amplitude at the top 
of the vehicle increased considerably at fn = 60.5 hertz and 88.0 hertz, but little change 
was noticed at other frequencies. The involved frequencies were affected by l e s s  than 
1 hertz. The resonant response accelerations at 80.3 hertz were relatively unaffected 
by the introduction of the second shaker. These data would indicate that the resonant 
response accelerations at 60.5 her tz  and 88.0 hertz a r e  strongly coupled amplitudes 
rather .than the normal mode amplitudes that analysis might predict. Measurements of 
the exact phase angles, which seldom were exactly 90' or 270' phase difference refer- 
enced to the input force, also indicated that the measured amplitudes did not yield normal 
mode amplitudes. 
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Static Tes ts  

The loading of the tank with simulated propellants caused little change in the liquid- 
The oxygen-tank diameter at the top (station 408) along either the X- or Y-axis (fig. 30). 

diametrical deflections in the middle of the tank (station 492) become significant only after 
the level of water is above that station and thereafter the deflections appear linear. The 
change in diameter at the bottom of the tank (station 576) increased approximately linearly 
along both the X- and Y-axes with increased propellant level and reached a maximum of 
0.0165 centimeter for  the X-axis and 0.127 centimeter for the Y-axis. 

Deflections of the bottom dome of the liquid-oxygen tank (fig. 31) show that the stiff- 
ness of the dome is approximately linear over the mass  conditions investigated. The 
stiffness determined from the slope of the faired curve through data taken at the center of 
the bulkhead is 1.9 X lo6 newtons/centimeter and that determined from the slope of the 
faired curve through data taken at the quarter-point is 3.5 X lo6 newtons/centimeter. 

The deflection data for the bottom fuel-tank bulkhead exhibited the same linear char- 
acteristics (fig. 32), over the mass conditions investigated, but the maximum deflections 
occurred at the quarter-point and not at the center of the bulkhead. The stiffness deter- 
mined from the slope of the faired curve through data taken at the center of the bulkhead 
is 2.2 X lo6 newtons/centimeter and that determined from the slope of the faired curve 
through data taken at the quarter-point is 1.0 X lo6 newtons/centimeter. This difference 
can be partially explained by the manner of construction of the fuel tank, which has the 
fuel-transfer tube connected at the center of the bottom bulkhead. This tube has sections 
of insulation wrapping where it passes through a tunnel in the liquid-oxygen tank, as indi- 
cated in figure 10. These fabricated sections enclose the tube for approximately 
6.71 meters  and can provide a resultant restraint  to the center of the dome. 

CONCLUSIONS 

An experimental investigation has been conducted on a representative full-scale 
launch vehicle to study its vibration characteristics under longitudinal excitation. The 
vehicle w a s  investigated with various liquid loadings and two propellant- tank ullage pres-  
sures. The conclusions of this investigation a r e  stated as follows: 

1. The vibrational response of the vehicle w a s  significantly influenced by the con- 
tained liquids. Proper  identification and association of the modes were made by 
obtaining data on the effects of the contained liquid, such as pressure and bulkhead strain, 
in addition to the effects of accelerations along the length of the vehicle. Because accel- 
eration data alone did not completely identify the vehicle resonant responses, association 
between the modes of the empty vehicle and the modes of the vehicle with contained liquids, 
with the exception of the acoustic modes, could not be made. 
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2. In general, there was good agreement between the resonant frequencies selected 
for  detailed study when one source of excitation, two sources of excitation, and the 
Kennedy-Pancu method of data interpretation were used. However, both the Kennedy- 
Pancu method and the two-shaker method indicated that a significant amount of nonreso- 
nant vibration was included in the measured resonant response accelerations obtained 
with a single source of vibration excitation. 

3. The resonant frequencies of the air column (acoustic resonances) above the 
liquid in both the liquid-oxygen tank and the fuel tank were dependent only on the height 
of the air column and did not significantly affect the acceleration response of the vehi- 
cle for  the various mass configurations investigated. 

4. Propellant-tank pressurization tended to increase the resonant frequencies 
slightly but did not appreciably affect the resonant response shapes. 

5. The modal damping of the vehicle was relatively constant with respect to vehi- 
cle mass  for  the resonant response whose frequency remained constant with respect to  
the vehicle mass  (mode C). 

6. The static longitudinal deflections at the bottom bulkhead of both propellant tanks 
and the diametrical deflection near the bottom of the liquid-oxygen tank increased linearly 
with increasing propellant mass  in  the tanks. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 7, 1967, 
124 -08-0 5- 19 - 23. 
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TABLE I.- TEST VEHICLE EXPERIMENTAL MASSES 

Sections of vehicle structure Components included in section 

I 

Engine and accessories 1135.7 
section (figs. 12 to 14) 

Total section Section center of gravity ' 
mass ,  kg at station - Item Item 

669.4 11 lead plates 
Adapter plate 

Mass, Center of gravity 
kg at station - 

~ 133.8 695.0 
20.3 688.0 

Liquid-oxygen tank 770.4 
(figs. 8 to 10) 

519.3 Bellows extension (fuel) 11.1 a629.7 
Bellows extension (lox) 4.7 a635.0 
Gas bottles 61.7 a620.0 1 Pressure-plumbing lines 8.8 a350.0 
Fuel-transfer tube 15.9 496.9 
Fuel-transfer tube insulation 24.9 a496.9 

Center-body section 148.0 341.8 6 lead plates 
(fig. 7) 

55.5 351.7 

Fuel tank 409.6 253.0 Pressure-plumbing lines 4.4 142.0 
(figs. 3 to 6) 

Total mass  of sections: 2463.7 kg at c.g. station 534.2 

Total mass  of assembled vehicle: 2464.4 kg at c.g. station 534.4 



TABLE 11.- VEHICLE CONFIGURATION DATA 

Configuration 

1 
2 
3 
4 
5 
6 
7 
8 
9 

2 P  
3 P  
4 P  
5P  
6 P  
7 P  
8P 
9 P  

Vehicle 
mass ,  

kg 

2463 
2463 
2463 
2463 
2463 
2463 
2463 
2463 
2463 

2463 
2463 
2463 
2463 
2463 
2463 
2463 
2463 

~~ 

Simulated liquid oxygen 

aMas s , 
kg 

- --- - 
2 720 
6 805 
9 435 

12 110 
14 650 
17 645 
20 640 
23 675 

2 720 
6 805 
9 435 

12 110 
14 650 
17 645 
20 640 
23 675 

Pressure, 
N/cm2 

Simulated fuel 

aMass, 
kg 

----- 
1 4 5 0  
3 630 
5 035 
6 485 
7 815 
9 435 

11 000 
12 610 

1 4 5 0  
3 630 
5 035 
6 485 
7 815 
9 435 

11 000 
12 610 

Pressure ,  
N/cm2 

aTo tal 
mass,  

kg 

2 465 
6 635 

12 900 
16 935 
21 060 
24 930 
29 545 
34 105 
38 750 

6 635 
12 900 
16 935 
21 060 
24 930 
29 545 
34 105 
38 750 

aMass to nearest  5 kilograms. 
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TABLE II1.- ACOUSTIC FREQUENCIES 'IN THE PROPELLANT TANKS 

Liquid-oxygen tank 

r 

Fuel tank 

~ Mode 
I- 
I A  
I- 

I B  
I- 
I C  

Configuration Calculated Experimental Calculated Experimental 
frequency, frequency, I frequency, frequency, 1 

~ Hz I Hz Hz 1 Hz 1, 

1 
2P  
3P 
4P 
5P 
6P  

28.3 
30.6 
36.4 
41.5 
48.5 
58.0 

28.0 
30.5 
36.0 
41.5 
47.5 
57.5 

35.6 
36.8 
41.2 
44.9 
49.6 
55.0 

34.5 
36.0 
40.5 
45.0 
49.0 
55.0 

TABLE 1V.- RESONANT FREQUENCIES AND DAMPING FACTORS 

FROM KENNEDY-PANCU PLOTS 

Configuration 2P I Configuration 3P Configuration 6P  I Configuration 9P I 

32.5 I 0.029 

45.4 0.027 44.7 1 0.023 45.8 0.030 45.6 0.027 



Station 722.0 636.7 602.5 369.0 336.0 151.0 

L i q u i d  -oxygen-tank 
s e c t i  on section section 

X 

Figure 1.- Schematic cutaway of test vehicle. 



Figure 2.- Assembled test vehicle. L-65-1727.1 



Figure 3.- Fuel-tank section. L- 65- 1427.1 



I 

, ‘\ 

Ring 
7 

Figure 4.- In ter ior  of fuel tank as  viewed looking aft. L- 65- 1612.1 



Figure 5.- Forward bulkhead of fuel tank. L-65- 1654.1 



S t r a i n  gage 

Figure 6.- Aft bulkhead of fuel tank. L-65-1425.1 



to 
-3 f i g i r r t :  7.- 1;rntrr-lmly wction. I tlrl 8518.1 



Figure 8.- In te r io r  of liquid-oxygen tank as viewed looking forward. L-65- 1617.1 



Figure 9.- Forward bulkhead of liquid-oxygen tank and center-body section. L-65-1421.1 



U 

Figure 10.- Aft skirt and aft bulkhead of liquid-oxygen-tank section. L-65- 1422.1 



' 1  

! 

L-64-7307.1 Figure 11.- Fuel-transfer tube and insulating sections (heating pads not included i n  test vehicle). 



Figure 12.- Engine and accessories section as viewed looking forward at the  -Y-axis side of the  vehicle. L-65-1616.1 
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I 

L-65-1610.1 Figure 13.- Engine and accessories section as viewed looking forward at the  +Y-axis side of the  vehicle. 
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Figure 14.- Engine and accessories section as viewed looking aft. L-64-6854.1 



Adapter f i x t u r e  

, --, A i r  bellows 

-Connector s h a f t  
- SuDDor t s tand 

L L  

Shaker 

Figure 15.- Longitudinal support system for  test vehicle. 

cables  

cables  

.oca ti on of i n p u t  f o r c e )  
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Tr‘, Station 

25’0.3 

336.0 

369.0 

490.0 

602.5 

636.7 

678.9 
691.1 
722.0 

(a) Longitudinal and radial locations. 

Figure 16. Accelerometer locations on the test vehicle. Data group 1. 
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Accelerometer 
o r i e n t  a t i  on 

0 +z 

S t a t i o n  b90.0 

+Y 

S t a t i o n  602.5 

I 

S t a t i o n  1.51.0 

S t a t i o n  250.3 

S t a t i o n  636.7 S t a t i o n  336.0 

S t a t i o n  678.9 S t a t i o n  369.0 

( b )  Radial location, looking aft, of accelerometers. 

Figure 16.- Concluded. 
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Accelerometer  I S t a t i o n  
i d e n t i f i c a t i o n  I ( Z - a x i s )  
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151.0 
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21 720.0 

19-- 720.0 
- 

21 I 720.0 
I - I _ _  - -  - 
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23 347.0 
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349.0 
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- - _ _  - 

~ - _ -  

25 618.9 
_ _ - - -  

26 618.5 
~ _ _ -  

27 669.1 I 
602.5 618.5 -Tq-6911, 
636.7 _-_ 

I 
669.1 E 691.1 1 

691.1 
l9,21 - 722.0 

Des c r i  p ti on 

.. - -  

At tach  a n g l e  

_ _  . .  

At tach  a n g l e  

A t t a c h  a n g l e  
- _ -  _. 

At tach  angle  

Top bulkhe  a d  
of f u e l  t ank  

Bottom bulkhe; 
of f u e l  t ank  

-. . . .  

-- 

Top bulkhead 
of lox t ank  

Bottom bulkhe: 
of lox t ank  

F u e l  t r a n s f e r  
f l a n g e  

~ - .  -,.- 

-~ 
P U P  

I n p u t  f o r c e  

Inpu t  a c c e  ler  - 
omete r  

(a) Longitudinal and radial locations. 

Figure 17.- Accelerometer locations on  the  test vehicle. Data group 2. 

38 



A c c e l e  r ome t e r 
o r i e n t a t i o n  

c7 +x 
0 +z 

n +Y 

+x 

Top lox- tank  bulkhead 

+Y 

B o t t om 1 ox-t an k bu lkhe a d  

+Y 

Fue l  t r a n s f e r  f l ange  

S t a t i o n  722.0 

+Y 

Top fue l - t ank  bulkhead 

+Y 

S t a t i o n  151.0 

+Y 

Bottom fue l - t ank  bulkhead 

(b) Radial location, looking aft, of accelerometers. 

Figure 17.- Concluded. 
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L-65-1425.2 
Figure 18.- Strain-gage locations on the bottom bulkhead of the fuel tank. 



Figure 19.- Strain-gage locations on the bottom bulkhead of t h e  liquid-oxygen tank. L-65- 1652.1 



0 Acoustic resonance, f u e l  tank 
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D Acoustic resonance, lox tank 
0 Mode A 
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Figure 20.- Variation of frequency with vehicle mass. 



Configuration 

1 

1 1 I I I I 

I I I I I 

30 'dB V 

0 Acoustic resonance, f u e l  tank 
0 Acoustic resonance, lox tank 
0 Mode A 
0 Mode B 
0 Mode C 
0 Other resonances 

2P 

0 20 h0 60 RO 100 
Frequency, Hz 

(a) Acceleration measured at  station 691.1 (location of inpu t  force). 

Figure 21.- Frequency response of various vehicle configurations when excited by a constant force of *1334 newtons. 
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Configuration 
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0 Acoustic resonance, f u e l  tank 
0 Acoustic resonaqce, l o x  tank 
OMode A 
QMode B 
OMode C 
CI Other resonances 
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Frequency, Hz 

(b) Acceleration measured o n  the turbopump. 

Figure 21.- Concluded. 
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I ~I I ! I 
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Frequency, Hz 

(a) Acceleration measured at various stations. 

Figure 22.- Frequency response of vehicle configuration 6P when excited by a constant force. 
(Acceleration at station 691.1 shown for reference.) 
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(b) Pressure measured on bottom bulkheads of fuel and liquid-oxygen tanks. 

Figure 22.- Continued. 
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(c) Relative strains measured o n  bottom bulkheads of fuel and liquid-oxygen tanks. 

Figure 22.- Concluded. 
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Figure 23.- Resonant response accelerations for  vehicle configuration 1. 
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Figure 23.- Continued. 
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Figure 23.- Concluded. 
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Figure 24.- Resonant response accelerations of vehicle configurations 2 and 2P. 
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Figure 24.- Concluded. 
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