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The advances  in  des ign  s ta te -of - the-a r t  f o r  s p a c e  vehicle  s t r u c t u r a l  
v ibra t ions  have not kept  pace  with i m p r o v e m e n t s  i n  env i ronment  defi- 
ni t ion and test ing.  As veh ic les  become l a r g e r  and m o r e  expens ive ,  
th i s  gap  m u s t  be  e l imina ted .  The need  for  a un i form des ign  approach  
throughout  the  a e r o s p a c e  indus t ry  i s  p r e s e n t e d  and a p roposed  bas i s  
d e r i v e d  by the MSFC i s  explained.  

Considerable attention and effort have been 
devoted during the past 10 years to the defini- 
tion of space vehicle vibration and acoustic en- 
vironments, and to the development of better 
test  techniques and equipment. Instrumentation 
of test  vehicles has grown tremendously in both 
the number and the range of measurements, and 
data acquisition systems have been improved in 
order to make the information more accurate 
and useful. The introduction and refinement of 
random testing equipment and procedures, the 
development of high-force shakers, and the in- 
creased recognition and use of acoustic testing 
have contributed to much more reliable space 
vehicles. Although there i s  still a wide varia- 
tion in the approaches to vibration and acoustic 
testing, the need for these- tests is now accepted 
by all aerospace manufacturers. 

For the most part, however, efforts a t  op- 
timizing design procedures for vibration and 
acoustic environments have been unsuccessful, 
and comparatively little has been accomplished 
in this area. There i s  still a widespread belief 
among designers and manufacturers that i t  is  
not possible to design for vibration, or that the 
only way to consider vibration and acoustic en- 
vironments i s  to design for the static loads with 
an arbitrary factor applied to these loads to 
cover vibration, acoustics, and other mysterious 

unknown loads. The component or  structure is 
simply tested (and often redesigned and retested) 
to determine its adequacy under the specifica- 
tion environments. It  is  true that this proce- 
dure usually will accomplish the end result of a 
satisfactory component or  structure, but in 
many cases it will result in an overdesign or in 
a costly test and redesign effort. 

At present there is  wide variation in meth- 
ods and philosophies of designing for vibration 
and acoustics in the aerospace industry. This 
state of confusion i s  the result of the varying 
experiences of manufacturers with different 

' 

missile and space vehicle programs, and of the 
absence of a centralized controlling or monitor- 
ing agency to establish a recommended proce- 
dure which has been successfully demonstrated 
on several design programs. The two extremes 
of this variation a r e  the total disregard of vi- 
bration loads in design and the very conserva- 
tive analysis using maximum environmental 
levels and assumed response amplifications 
greater than those normally encountered in 
practice. The f i rs t  extreme invariably requires 
much redesign and retesting before an accept- 
able product i s  achieved, while the latter usually 
produces an overweight or  non-optimized de- 
sign. The most desirable approach i s  one in 
which a design is based on vibratory and acoustic 
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loads of carefully selected probability of occur- 
rence and based on the most thorough and accu- 
rate  structural analysis possible, combined with 
developmental testing. 

The assurance of required vehicle reliabil- 
ity through analysis and testing has become 
much more important because of the manned 
space flight program. At the same time, we 
must develop more efficient space vehicles in 
order to increase their payload weight capabil- 
ity. In order to satisfy both these requirements, 
design for vibration must be more accurate than 
i t  has been in the past. The technology of pre- 
dicting structural response must be improved, 
and design procedures must be developed uni- 
formly throughout the aerospace industry. 

In order to define the reliability of a space 
vehicle, the reliabilities of its components must 
be known. If various components a r e  designed 
and tested to criteria which a r e  not compatible, 
or even similar,  the definition of reliability of 
the whole system becomes impossible. Design 
procedures for static loads, thermal s t resses,  
pressures, and wind loads a r e  relatively uni- 
form throughout the industry, but vibration and 
acoustics design have been left open to inter- 
pretation. 

As an example, let us examine a large 
space vehicle now under development. The 
engine manufacturers do not believe in vibra- 
tion load design, and since their contracts do 
not specifically require them to design for vi- 
bration, they use the cut-and-try method of 
building and testing. When vibration failures 
occur they merely beef up the failed part and 
continue testing. The f i r s t  stage manufacturer 
i s  a t  the exact opposite pole, using a large force 
of dynamics analysis to calculate vibratory and 
acoustic forces for each component and sub- 
structure, and using very conservative load 
prediction techniques. The second stage manu- 
facturer i s  somewhere in between the two ex- 
t remes,  performing limited analyses in support 
of design within his s t ress  analysis section, 
analyzing only those items which look question- 
able from vibration standpoint, and using a 
much less  conservative load prediction proce- 
dure than that of the f i rs t  stage producer. The 
third stage i s  designed using still another ap- 
proach to vibration and acoustic loads, and 
finally one payload design has a s  yet not con- 
sidered vibration in the preliminary design 
analysis. 

From the above information, how does one 
attempt to define system reliability from the 
vibration and acoustic aspect? The answer is 
that one cannot readily predict the reliability of 

this system design until extensive ground and 
flight tests have been completed. Furthermore, 
if the ground test specifications and procedures 
a r e  not uniform and compatible, their results 
will be difficult to use in establishing reliabil- 
ity. Since design of new vehicles and their com- 
ponents for vibration and acoustics a r e  based 
primarily on the environmental specifications, 
a uniform system design requires uniform 
specifications for all portions of that system. 
To further point out this problem, components 
and stages a r e  often used on more than one ve- 
hicle system, and uniform design and test 
specifications and procedures for all  systems 
would facilitate the selection and evaluation of 
these components for use on new vehicles. 

The need for vibration testing of space ve- 
hicle structures and components prior to flight 
testing the system assembly became obvious a s  
these vehicles grew more complex and costly, 
and extensive development and qualification 
tests a r e  now accepted a s  integral parts of ve- 
hicle programs. In a similar manner, increas- 
ing complexity and cost of structural compo- 
nents and of test programs require good 
assurance before designs a r e  released for man- 
ufacture that they will withstand their environ- 
mental vibration and acoustic conditions. This 
assurance can come from a proper considera- 
tion of these environments in the structural 
design, through analysis and development testing. 

The vibration and acoustic environment 
conditions which a r e  significant in design usually 
result from engine or stage static firings or 
system flight tests. The energy sources are:  
combustion and exhaust flow noise; turbopump 
vibrations; ignition, release, and cutoff dynam- 
ics; and, aerodynamic and buffeting pressures 
resulting from high-speed flight through the 
atmosphere. In addition to the conditions of 
static and flight tests,  ground handling and 
transportation conditions should be covered in 
the environmental specifications. The sources 
of vibration energy a r e  generally random in 
nature, but their mean level variation with fre- 
quency and time can be predicted with fairly 
good confidence The transfer character- 
istics of the vehicle structure modify the sta- 
tistical nature of the environment in such a way 
that, a t  a typical structural section, the response 
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usually resembles several superposed sinus- 
oids which have randomly varying amplitudes. 

The dynamics analysts and the designers 
rely on the specification writers to describe 
the vibration and acoustics environment accu- 
rately and in sufficient detail to permit predic- 
tion of vibration loads. Some of the require- 
ments of a good specification from the design 
viewpoint a r e  described below: 

1. The specification must be based on well 
defined and meaningful reliability values. These 
should be established considering vehicle or 
system mission, criticality of individual struc- 
tures, and cost. 

2. The specification must be in sufficient 
detail to cover the wide variation of environ- 
ments which occurs between structures of dif- 
ferent mass and geometry. It should also be 
specific a s  to whether the values listed a r e  to 
be regarded a s  inputs or  responses. 

3. The definition of time or condition for 
which the environment applies should be in- 
cluded wherever possible, since vibration loads 
must be added to other time varying loads. Fig- 
ure 1 illustrates this need. 

F i g .  1 - F l i g h t  
t i m e  vs loads 

4. The specification should be kept current 
so that i t  includes any effects of design changes, 
results of analyses and tests, etc. It  should be- 
come increasingly accurate and detailed a s  
more knowledge i s  obtained. 

The effects of the vibration and acoustic 
environments which a r e  important to a struc- 
tural designer a r e  the loads or s t resses induced 

in materials and connections, and the displace- 
ments which result from these loads. The loads 
a r e  response inertial loads which cannot be 
considered a s  static loads except at the point or 
section for which they a r e  calculated. Similarly, 
the displacements must be defined with respect 
to points on a structure. Since the environment 
i s  basically random, the loads and displace- 
ments must be described in terms of probabil- 
ity of occurrence, and in terms of the contrib- 
uting modal frequencies. 

Assuming that the specifications have been 
perfected to the level or state described above, 
it remains for the designer and the dynamics 
analyst to achieve a structural design which i s  
best suited to withstand the environments of 
that specification in conjunction with other con- 
ditions. The basic intent of this paper is  to 
prescribe an organizational arrangement, and 
a functional procedure which will make the 
achievement of this end more probable and less 
costly in time and effort. An outline of this 
procedure i s  shown in Fig. 2. 

In order to be most efficient, the consider- 
ation of vibration and acoustics must be included 
in the preliminary design or concept phase of 
structural development. The reason for  this is 
quite well known to dynamics analysts who have 
had to recommend that a design be changed ex- 
tensively in order to have better dynamic char- 
acteristics. Once a design concept has been 
studied from the normal aspects of weight, static 
strength, producibility, and the like, it is  very 
difficult and costly to convince the designer, a s  
well a s  management, of the necessity for chang- 
ing the design, thus requiring restudy and re- 
evaluation. During the preliminary phase, the 
configuration and material selection a r e  most 
readily influenced, and parameter studies can 
yield valuable results. An illustration of this is 
shown in Fig. 3.  

The preliminary design phase i s  an appro- 
priate time to consider the use of materials and 
fabrication techniques which will improve the 
vibration and acoustic response characteristics 
of a structure. These practices and materials 
have been in existence for several years,  yet 
their use is still resorted to only in problem 
areas where standard techniques have proved 
unsatisfactory. The usual practice is  still to 
modify the equipment to take the structural re- 
sponse environment rather than design the 
structure to have a minimum environment. I 
submit that we are  reaching the limits of the 
use of such a philosophy. This subject has been 



Fig .  2 - Dynamics  suppor t  of design 
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As an example of the applications of dy- 
namics analysis to the preliminary design 
phase, let us take an imaginary payload struc- 
ture and assume the mission of this payload, its 
maximum structural weight, exterior shell con- 
figuration, and vehicle location and interface 
definition a r e  the only fixed or predetermined 
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characteristics. It is  known that certain com- 
ponents and equipment must be included in this 
payload, but their exact location and method of 
support a r e  left to the designers. Working with 
the designer, the dynamics analyst can study 
possible configurations to compare their re- 
sponse to the vibration and acoustic excitations 
of the launch vehicle. If a particular internal 
component i s  sensitive to acoustic energy, 
methods of acoustic isolation such a s  those 
employed in submarines and oceanographic re- 
search vessels6 may be employed in structural 
configuration. Arrangements of structure to 
de-tune o r  de-couple resonances can be studied 
analytically by making use of analog computers 
and small-scale dynamic model tests. Mount- 
ings of components which a r e  sensitive to vi- 
bration may be studied to determine if grouped 
"cannister" mounting is  superior to a dispersed 
mounting arrangement. In these studies, simple 
mathematical models a r e  utilized in analysis, 
such a s  in Fig. 4. 

Once the payload configuration and compo- 
nent locations have been established, the dy- 
namics analyst can provide the designer with 
approximate vibration loads for components and 
structures for use in his preliminary design, 
and can tell him which components require vi- 
bration isolation mountings. An iterative proc- 
ess  is then conducted, a s  the designer derives 
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Fig .  4 - P r e l i m i n a r y  
dynamic  m o d e l  

structural details such a s  member sizes and 
materials and the dynamics analyst incorpo- 
rates  these in his study to provide more accu- 
rate  loads and recommends changes. It follows 
naturally that a s  the stage of design progresses 
the analysis should become more and more 
detailed, i.e., the mathematical model of a 
structural system should include more mass- 
spring-damper elements, and sub-system 
studies should be made in order to provide de- 
tailed design information. Figure 5 illustrates 
a detailed analysis model. 
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Fig .  5 - Deta i l  dynamic  m o d e l s  

Development tests provide valuable support 
to design and should be considered in any large 
structural development program. These tests 
may range from small scale model tests and 
tests  of individual structural components 
through an exact replica of the system. Their 
purpose may be merely to provide response 
information (damping, and the like) about struc- 
tural elements, or they may be used to select a 
design concept for  the system. When used to 
supplement a thorough analysis, they permit 
accurate prediction of environmental response 
and more efficient structural design. 

As was indicated previously, the support of 
final design i s  an extension and refinement of 

the preliminary design analysis work, making 
use of the results of development tests and, 
when possible, qualification and static firing 
tests. In the case of long-duration programs, 
designs may be improved a s  the result of static 
firing tests and flight tests. The environments, 
or the structural response, may be shown to be 
less severe than that predicted, and the need 
for weight savings may justify redesign for the 
actual environment. 

One principle which should be kept in mind 
i s  that the accuracy of prediction techniques 
for environments and of the load calculation 
procedures does not warrant carrying the re- 
sulting accelerations, loads, o r  pressures to 
more than two or  three decimal places. Ad- 
mittedly, it is  much more impressive (on the 
surface) to tell the designer to include an 
acoustic response s t ress  of 11,976 psi in his 
design that i t  i s  to quote a figure of 12,000 psi, 
but a predicted acoustic level of 155 * 2 db does 
not warrant such accuracy. 

In order to accomplish the close and strong 
support of the designer, a s  was described above, 
it i s  necessary to have a strong dynamics anal- 
ysis group consisting of engineers familiar 
with design a s  well a s  with vibrations and acous- 
tics. The theory and methods of analysis a r e  
well established and a r e  described quite ade- 
quately in the l i t e r a t ~ r e , ~ -  l o  and can be learned 
by engineers with the above experience in a 
short while, so that with a small nucleus of 
dynamicists one can develop an effective analy- 
s i s  group in a matter of a few months. Figure 
6 illustrates methods of analysis which a r e  
commonly used. 

The possible organizations which may be 
used a r e  diverse, but for most effective coordi- 
nation one where dynamics analysis, s t ress  
analysis, and design a r e  together under one 
organizational head is recommended. The most 
desirable a r e  those arrangements which pro- 
vide close teamwork with minimum organiza- 
tional bottlenecks. When such organizational 
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F i g .  6 - Analysis  procedure 

alignments a s  described above a r e  not possi- 
ble, an alternate arrangement would be for the 
dynamics analysis group to have drawing sign- 
off responsibility, just a s  the s t ress  analysis 
group normally has. This does not insure the 
close support during the early design stage 
described previously, and must be 'supplemented 
by liaison activity. The effective utilization of 
development testing indicates the similar need 
for  close organizational ties with a testing 
facility whose services would be available 
quickly to the analysis personnel. For a ma- 
jority of these tests,  a small facility would be 
sufficient, and large tests  could be performed 
by other laboratories. 

One of the major problems in designing 
for  vibrations and acoustics i s  the selection of 
a "sigma level" for  design, or  a design factor 
fo r  the levels given in the environmental speci- 
fications. Ideally, one would determine the ex- 
pected number of cycles of each level of vibra- 
tion and do detailed fatigue damage study to 
arr ive a t  a design. This is  not feasible eco- 
nomically, nor i s  it warranted by the accuracy 
of the specifications and load calculation pro- 
cedures. It remains for the dynamics analyst, 
therefore, to select an optimum procedure for 
deriving design loads, pressure, and s o  on, 
from the specifications. This must be done 
considering the probability and confidence level 
of the specification environment, the required 
confidence in the vehicle design, and the manner 
in which the designer uses or t reats  the loads 
which a r e  given him. 

The environmental specifications derived 
by the Propulsion and Vehicle Engineering 
Laboratory a t  the Marshall Space Flight Center 
consist of acoustic specifications and random, 
sinusoidal sweep, and sinusoidal resonance 
dwell vibration specifications. In addition, 
shock test  specifications a r e  included. The 
sinusoidal resonance dwell levels have been 
determined to represent the optimum design 
vibration environment level, considering the 

confidence level requirements of man-rated 
vehicles and the design practices of contractors 
(as required by design criteria). The resulting 
design if felt to be near optimum, with an effec- 
tive confidence level of 97.5 percent and a prob- 
ability of 2.8 sigma for the predicted environ- 
ments. 

The procedure described above is  not being 
specified a s  the optimum procedure, for use by 
all  agencies because it has been shown to be 
perfect. Rather, it is  being recommended in 
order to achieve some degree of compatibility 
in design in at least a segment of the industry. 
If all  contractors on even one vehicle program 
utilize this procedure and experience similar 
results (hopefully they would be successful re- 
sults), this could be used a s  a basis for deriving 
an improved procedure. It  could be pointed to 
as an example of a complete system design with 
compatible, uniform consideration of vibration 
and acoustic environments. 

I would like to recommend to the leaders in 
this field, both in government and industry, the 
formation of a representative working group to 
study the serious problem of structural design 
for vibration and acoustic environment. The 
specific a reas  of study would include the follow- 
ing: 

1. What a r e  the design practices which 
have been most successful in producing struc- 
tures to withstand their environments ? 

2. In those successful practices, what was 
the relationship of design to specifications? 

3. What was the statistical confidence in 
the specification environment ? 

4. What was the target confidence level in 
the successful design procedure ? 

5. I s  the concept of uniform and compatible 
specifications feasible ? 

6. If compatible specifications is a possi- 
bility, what steps a r e  needed to achieve this 
goal ? 

7. What research has been done, and what 
must be done in order to better define the opti- 
mum design procedure ? 

It i s  suggested that this working group con- 
s i s t  of personnel from government agencies, 
universities, or independent laboratories. Rep- 
resentatives of industry and government could 
be requested to assist in exploring the problem 
areas. Should this working group derive 



positive results, i t  should make them widely 
known over the entire engineering field. 

by a conscientious engineering working group, 
the a r t  of designing structures for vibrations 
and acoustics can become a science. 

With the application of the principles I 
have described above, and with careful study 
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