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INTRODUCTION 

The 5-4 Rocket Test Cell and its Thrust Measuring System (TMS) at Arnold Engi- 
neering Development Center (AEDC) were modified to provide multicomponent force 
measurement of large solid rocket motors having nozzle gimbaling capability. To 
verify the structural integrity of a combined TMS and motor system, a large finite 
element model of the RIS and motor was developed using the MSC/NASTRAN computer 
program. Due to the importance of obtaining accurate estimates for the dynamic 
force levels, it was necessary to certify that the model adequately simulated the 
physical system. This was accomplished by performing a modal analysis test on the 
TMS and motor combination. The objectives of this paper are: (1) to discuss the 
physical characteristics of the TMS and motor that influence the MSCINASTRAN model; 
(2) to compare the frequency response characteristics computed using the MSC/NASTRAN 
model to those obtained from the modal analysis test; (3) to discuss the experiences 
gained in modal analysis testing; and (4) to demonstrate how state-of-the-art exper- 
imental and analytical methods are used in the design of ground test facilities. 

Due to economic and/or time constraints associated with performing experimental 
investigations on 1:-rge, complex structures, the structural analyst rarely has the 
opportunity to determine how well his finite element representation simulates the 
characteristics of the actual structure. Finite element calculations have been 
shown to agree -cry well with experimental data for simple components. However, 
little data is available concerning how well they agree for complex structures 
comprised of many components. Since the TMS and motor combination are comprised of 
structural components from aerospace, mechanical, and civil engineering disciplines, 
the methods, results, comparisons, and conclusions drawn from this activity will be 
of interest to the dynamics and structures communitg in general. 

5 
In the following sections, descriptions of the TMS, finite element model, and - _  modeling assumptions will be given in conjunction with the analysis methods. Subse- 

quent sections will discuss the e~peritlental effort and compare the experimental 
data to the computed results. 
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THRUST-MEA,URING SYSTEM 

During simulated altitude testing, the motor is restrained by a large fixture 
which is referred to as the Thrust-Measuring System. The TMS is designed to react 
and measure the six components of thrust developed by the motor, and is r~ted at 
2.2 MN (500,000 lb) axial force and 222.2 kN (50,000 lb) side force. The 11s 1s 
very massive, using eight W 36 x 400 beams to react the primary forces. The 
location of the TMS within the J-4 Rocket Test Cell is shown in figure 1. Figure 2 
shows the main thrust stand structure prior to installation in the test cell. 

During testing, the TMS is required to withstand large dynamic forces created 
by ignition and gimbaling transients. The magnitude of the dynamic forces may be 
several times the static values and is a function of the mutor dynamics and its 
interaction with the TMS. 

The MS contains a large number of structural c~nirect~~rrs, many 01 which con- 
tain secondary members which intersect with primary m e ~ h ~ r s  st odd angles. In 
g;neral, the depth of the seco~dary members is significantly less than that of the 
prixary member, and the secondary members are welded only to the flange or web of 
the frame member. Consequently, the mechanical behavior of the connections is 
quite complex. Three typical connections are shown in figures 3a, b, and c. 

Figure 3a shows one of eight connections where the main thrust-measuring system 
structure connects to a 3.048-m (10 ft) support column. The support column is made 
from 0.91-m (36 in.)-diameter thick-walled pipe and has longitudinal stiffeners 
located every 36 deg around its circumference. As seen in figure 3a, several 
secondary support and bracing members attach tc the main girder and intersect it 
at cdd angles at 1:arious locations (i. e., flange or web) . Since the secondary 
member intersecting the main girder web is much smaller than the mai.1 girder, the 
plate behavior of the main girder web will influence the stiffness of the con- 
nection. 

Figure 3b shows another connection used several times in the TMS. Again, note 
the relative size of the main girder and secondary member; the plate behavior of 
the web will influence the connection stiffness characteristics. Also shown in 
figure 3b is a typical triaxial strain gage accelerometer and mounting block instal- 
lation. The orientation and positioning of the accelerometers and mounting blocks 
are discussed in a subsequent section. 

Figure 3c shows anott.?r typical connection in which the secondary members 
intersect the main girder at odd angles, and are much smaller than the main girder. 
Clearly, the load-deflection behavior of these connections will be quite complex. 

FINITE ELEMENT ANALYSIS 

Experience has shown that significant dynemic intelactions may develop during 
ignition and gimbaling transients. The magnitudes of the dynamic interactions are 
influenced by coupling between the vertical and lateral motion of the TMS as it 
responds to the load transients. Therefore, it is necessary that the complicated 
modes of vibration characterizing the TMS be adequately defined. 

A large finite element model of the TMS and motor combination was developed 
using the MSC/NASTRAN computer program. The finite element model of the TMS (shown 



graphically in figure 4) is comprised primarily of bean1 elements. Truss elements 
were used to represent the load-measuring column behavior; the flexures were 
treated as pinnkd connections. ~x~erimentall~ obtained axial stiffness coeffi- 
cients for the load-measuring columns were used to establish the equivalent prop- 

! erties of the truss elements. 

The magnitude of the effort required to model the connections using three- 
dimensional continuum or plate elements dictated that assumptions be made regarding 
the kinematic behavior of the connections. It was often necessary to idealize a 
connection as being either fixed or pinned; in some cases linear constraint equa- 
tions were written to describe the kinematic behavior of the connections. This 
type of connection idealization is universally used in the day-to-day application 
of finite element programs to the analysis of frame structures; it is also one of 
the more significant approximations. In later sections, the impact of the connec- 
tion modeling assumptions will be discussed in light of the accuracy of the computed 
modes. 

Mass and stiffness matrices of the solid rocket motor were obtained from the 
motor manufacturer and added to the structural model of the TMS. The case of the 
motor was represented using shell elements, and the propellant was represented by 
three-dimensional, continuum-type elements. A simplified material representation 
of the propellant was used which represented its anticipated frequency respcnse 
characteristics. However, the viscous character of the propellant was not con- 
sidered. 

The motor and TMS models were combined using standard substructuring methods 
(references 1 and 2). Since the two models were developed by two different compa- 
nies, it was not possible to use the automated substructuring techniques available 
in the MSC/NASTRAN computer program. Therefore, the partitioning and merging 
matrix operations necessary to combine the two models were implemented through 
direct matrix abstraction program (DMAP) modifications to the appropriate rigid 
format solution modules. The partitioning vectors for both the motor and TMS 
matrices were supplied as input in the bulk data decks. The mass and stiffness 
matrices representing the motor were transmitted to and from permanent disc storage 
using the INPUT4 and OUTPUT4 I0 modules. 

The combined TMS and motor model was used to compute the first thirty natural 
frequencies and mode shapes of the system. The system response to various excita- 
tion sources was obtained through superposition of the modal responses. To make 
the analysis more manageable, the integration of the uncoupled equations and the 
subsequent summation of the modal responses were performed outside of NASTRAN,using 
in-hoase software as illustrated in figure 5. Using this technique, stresses were 
obtained in an interactive manner on an element-by-element basis. When it was 
determined that the stress history in a particular element was required, the 
stress-displacement matrix for that element was created using the geometric and 
material data from the NASTRAN bulk data deck. The appropriate modal displacement9 
were subsequently determined using the eigenvalues and time histories of the 
generalized coordinates; the appropriate stresses were then computed. This tech- 
nique proved to be very efficient and significantly decreased the amount of periph- 
eral storage required to retain the dynamic stress and displacement histories. The 
only quantities saved were the time histories of the generalized coordinates and 
the mode shapes, or eigenvectors. It was also very convenient since the analyst 
did not have to specify which displacements and stresses he wished to have printed 
out or retained priot to executing the actual analysis (as required by many finite 



element programs). This method also significantly reduced royalty costs associ- 
ated with using MSC/NASTRAN, since NASTRAN was used only to assemble the component 
matrices and compute the natural frequencies and mode shapes; all remaining com- 
putations were performed outside of N A S W .  

EXPERIMENTAL MODAL SURVEY 

In recent years an impact testing technique commonly referred to as "modal 
analysis testing" has been developed which enables the natural frequencies and 
modal properties of a system to be determined experimentally. In addition, the 
mode shapes may be displayed in animated motion on a graphics computer terminal. 
The modal analysis methods enable the structural analyst to study a particulai uode 
of the structure and to compare the frequency and mode shape to those obtained from 
a finite element analysis. In addition, the damping associated with a particular 
mode can be obtained and used as input to the finite element model. One benefit of 
the modal analysis method is that it provides experimental data in a form directly 
compatible with the results of a finite element analysis. The analyst may then 
evaluate which modes are accurately represented, and may gain insight as to how the 
finite element model may be improved. 

Modal testing requires both the excitation and the response of the structure 
to be recorded. The excitation and response time histories are transformed to the 
frequency domain, and the frequency response function relating the response to the 
excitation is obtained. The selective acquisition of a family of frequency re- 
sponse functions having a common excitation point enables the modal parameters of 
the structure to be obtained. For detailed treatments on modal analysis methods, 
the interested reader is referred to references 2 through 10. 

To adequately define the complicated mode shapes of the TMS and the motor 
combination, three-dimensional accelerometer readings were required at 54 different 
locations on the structure. This resulted in having accelerometer response data 
at almost every major connection on the structure (figure 6). An actual motor 
hzving an inert propellant was used to insure that the dvn:!mic characteristics of 
the motor were properly represented. 

The quality of the modal analysis results is directly proportional to the 
quality of the excitation and respcinse time hictory data. A major problem at the 
onset of the modal analysis effort was to determine how to excite the strhcture to 
such an extent that the low-frequency response (1-30 Hz) of the structure could be 
measured. It is a relatively easy matter to excite the high-frequency modes of a 
structure, but to adequately excite the low-frequency modes of massive structures 
is not as simple. In addition, a tJ.me constraint required that the modal testing 
be completed within a short time, including instrumentation and hardware setup. 

Impact Method No. 1 

Two different instrumentation and impact device configurations were tried. 
The basic idea behind the first setup was to obtain accelerometer response data at 
as many locations as possible for each impact. The advantage of this approach is 
that it enabled the experimental data to be obtained quickly. A major disadvantage 
is that every channel of the data cannot easily be visually inspected cn an oscil- 
loscope as the data are being recorded. Therefore, it is not known until the data 



a r e  being reduced whether a l l  channels c o n t a i n  good d a t a .  
I 

Accelerometers a v a i l a b l e  f o r  t h i s  t e s t  were i n  t h e  5- and 10-G range and were 
of  t h e  s t r a i n  gage type.  Computations performed us ing t h e  f i n i t e  element represen-  
t a t i o n  of  t h e  s t r u c t u r e  i n d i c a t e d  t h a t  a 400-kN (90,000 l b )  impact f o r c e  would b e  
requ i red  t o  e x c i t e  t h e  low-frequency modes s u f f i c i e n t l y  t o  o b t a i n  a good s i g n a l .  
A device  designed t o  d e l i v e r  t h e  impact f o r c e ,  shown i n  f i g u r e  7,  consisted o f  a 
pendulum having a swing r a d i u s  of  3.048m (10 i t ) .  The pendulum bob [a 10.16-cm 
(4 in.)-diam by 60.96-cm ( ? 4  in.)- long s t e e l  c y l i n d e r ]  was al lowed t o  swing f r e e  
and impact on t h e  a n v i l  con ta in ing  a q u a r t z  f o r c e  r i n g ;  i t  was manually caught on 
rebound t o  prevent  m u l t i p l e  impacts. The pendulum impact device  was designed t o  
e x c i t e  modes having a s i g n i f i c a n t  p a r t i c i p a t i o n  i n  t h e  l a t e r a l  d i r e c t i o n .  

Severa l  problems were encountered which l i m i t e d  t h e  use fu lness  o f  t h e  pendulum 
impact device  and a s s o c i a t e d  ins t rumenta t ion.  These a r e  l i s t e d  below: 

1. The impact device  d id  not  y i e l d  c l e a n  impulse t ime domain p r o f i l e s  and 
corresponding frequency s p e c t r a .  D i s c o n t i n u i t i e s  i n  t h e  impact a n v i l  and 
f o r c e  r i n g  assembly r e s u l t e d  i n  p a r t i a l  r e f l e c t i o n  of t h e  impact f o r c e ,  
and the  "hammer" c h a t t e r e d  wi th  t h e  a n v i l  s u r f a c e  dur ing con tac t .  D e t a i l s  
of t h e  a n v i l  assembly a r e  shown i n  f i g u r e  8. 

2. Ins t rumenta t ion problems prevented ob ta in ing  good d a t a  on a l l  r ecorder  
channels f o r  a given impact. 

3. The accelerometers  W E - e  no t  s e n s i t i v e  enough t o  o b t a i n  good s innal - to-  
no i se  r a t i o  s i g n a l s .  

Impact Method X'3. 2 

To overcome the  problems encountered wi th  t h e  h igh  energy impact s e t u p ,  a 
commercially a v a i l a b l e  instrumented s l edge  hammer and a h i ~ h  s e n s i t i v i t y  se i smic  

C 

$. 
accelerometer ,  shown i n  f i g u r e  9, were used. The s l edge  hammer is capable  of  
developing up t o  a 22-kN (5,000 1b) impact load,  and provided a f l a t  impulse spec- 

s 
5 trum over  the  frequency range of i n t e r e s t .  The se i smic  accelerometer  has  a r a t e d  

s e n s i t i v i t y  down t o  G ,  and weighs approximately one-half ki logram (one pound). 
Response d a t a  obta ined us ing  t h i s  hardware were on t h e  o r d e r  of 1 0 ' ~  6. Compared 
t o  the   firs^ impact device ,  t h e  instrumented s l edge  hammer provided a r e l a t i v e l y  

3 
low l e v e l  energy inpu t  i n t o  the  system. 

- _  
The d a t a  were obta ined us ing a roving accelerometer  procedure i n  which a s i n g l e  

6 accelerometer  was moved t o  the  va r ious  response l o c a t i o n s ;  t h e  impact l o c a t i o n  was 
considered the  re fe rence  po in t  throughout t h e  modal a n a l y s i s .  To o b t a i n  a c c e l e r -  
ometer response d a t a  i n  t h r e e  orthogonal d i r e c t i o n s  of each d a t a  l o c a t i o n  on t h e  
s t r u c t u r e ,  i t  was necessary  t o  i n s t a l l  mounting blocks  a t  each l o c a t i o n .  The 
mounting blocks were f a b r i c a t e d  t o  provide a f l a t  s u r f a c e  pe rpend icu la r  t o  each 
of  t h e  t h r e e  measurement d i r e c t i o n s .  A t y p i c a l  mounting b lock  is shown i n  f i g u r e  
3b, wi th  a t r i a x i a l  accelerometer  mounted on i t s  top face .  

Since  on ly  one s ing le -ax i s  h igh s e n s i t i v i t y  accelerometer  was a v a i l a b l e ,  i t  
was necessary  t o  r e l o c a t e  the  accelerometer  i n  each of t h e  t h r e e  measurement v 

d i r e c t i o n s  a t  each measurement l o c a t i o n .  Th i s  was t h e  most time-consuming opera- f 
t i o n  of the  e n t i r e  job,  Tc ensure  t h a t  a l l  modes of t h e  s t r u c t u r e  had b e e n e x c i t e d ,  . - .  

. - 
I .  
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three different impact points having different impact directions were utilized. 
All three impact points were located on the aft firing ring of the motor. 

This method requires considerably more time than the previous method. However, 
since only one pair of response and impact time signals was being recorded simulta- 
neously, it was possible to view both the input and response signals on an oscillo- 
scope as they were being recorded. This made it possible to ensure that good data 
were obtained at each response location. This proved to be a very important 
feature. 

COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS 

A comparison of the computed and experimentally determined frequencies and 
mode shapes is shown in Table I. As seen in Table I, the frequencies and general 
shape of the modes agreed very well for most of the modes. An evaluation of the 
results of this comparison shows that the finite element model was capable of 
computing those modes which were associated with the load-measuring columns and 
motor combination. In addition, the shell-type modes of the motor were represented 
well. However, modes controlled by the accumulated flexibility of the large 
structural beam connections (4, 5, and 8 of Table I) were not in good agreement. 

CONCLUSIONS 

This investigation concludes that state-of-the-art structural analysis comput- 
er programs such as NASTRAN can be used to successfully represent the dynamic 
characteristics of large thrust-measuring systems. The finite element model must 
include accurate representations of all major components comprising the system 
(i.e., thrust butt, load-measuring columns. motor, and propellant). However, it 
was also observed that the finite element models of frame structures which utilize 
kinematic constraints to represent complex connections may not represent all modes 
cf the structure accurately. Fortunately, for the situation under consideration, 
the inaccurately represented modes did not contribute significantly to the response 
of the critical members. 

The dynamic certification effort was considered successful since the exper- 
imental data indicated that the dominant modes expected to respond to the ignition 
and gimbaling transients were adequately represented by the combined finite element 
model of the motor and TMS. 

The modal analysjs results identified areas in the TMS which were "dynamically 
sensitive," and a carelul review of the animated mode shapes suggested design 
changes which wou1.i improve the dynamic characteristics of the TMS. 

The commercially available instrumented sledge hammer and seismic acceler- 
ometer combination provided the highest quality data, and enabled the data to be 
reviewed as it was being taken. The ability to inspect the data in the field 
proved to be very desirable when this type of experiment is performed. It was 
concluded that relatively low input force levels can be used to excite the low- 
frequency modes of massive structures by tuning the impact spectrum of the hannner. 

The quality of the animated mode shape displays was adequate to determine 
the basic motion of the structure. However, in most cases one or more of the 

* 



points in the animated display of the structure were in obvious error. In addition, 
it was difficult to discern exactly how the structure was deforming during some of 
the higher frequency modes. 

Modal testing is a valuable tool for discerning the adequacy of a finite 
element representation, and can be successfully applied to very large structures 
used in ground test fac!litSes. 
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