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Section 1.0

SUMMARY

The initial results of a study of the structurzl dynamic
properties of tactical missile loints arc presented. The scope cf this
phase of the investigation has included:

1. A review of the types of mechanical joints in common usage
and the methode employed in estimating and representing
joint load/deflecticn characteristics in structural dynamic
response studies.

2. A parametric study to identify and {llustrate the controlling
mechanisms and relative importance of joint and airframe
structural properties and geometries.

3. The préliminary evaluation of a method for extracting joirt
compliances from measured modal data.

4. A simplified test series using idealized models to explore
and illustrate the effects of load path discontinuities and
dissymmetries.

Based or comments and replies receivad in an industry survey
(included as an appendix to this report), tactical missile loints ara
isenerally represented in dynamic analysis by equivalent rotational springs
selected by trial and error to match measured resporge characteristics.
Most respondents cited significant reductions in airframe flexural mode
frequencies due to jcint deflections, indicating subitantial losses in
local airframe stiffness. Using a classification basis proposed in a
NASA study, a joint considered to be "moderate" in compliance, for
example, is shown to result typically in a ninety=five percent ioss in
effective airframe stiffness for a reference span of half a body diameter.

Parametric analysis and test results fllustrate the effects of
joint location and rating on airframe dynamic response characteristics
and show the sensitivity of joint ccmpliance to load path dissymmetry.
Load path discontinuities and dissymmetries are concludad to be a major
contributor to joint compliarce.

A method of steepeet gscent applied to che problem of extracting
Joint compliance from measured modal data is developed and shown to hava
considerable promigse. Direct analysis of joint characteristics usiag
finite element modeling techniques, applied in a test case for correla-
tien purposes, similarly shows significant potential as an analytical
tool. The status of the study at the completion of the first phase is
reviewed and the objectives of the second phase outlined.

1
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Section 2,90

INTRODUCTION

The trend with high performance missiles as with aircraft is
toward structural design raquirements in which airframe stiffness plays
an increasingly fmportant role. The source of afrframe stiffness
requirements can stem from a variety of system desfign considarations
including static and dynamic aercelastic stability margins, airframe
aeroelastic coupling with guidance and control systems, and ztructural
dynamic loads and response induced by logistic and flight eavironments.

Experience has shown that many of the machanical joints commonly
employed in tactical missiles to serve modular design requirements can
result in substantial and often unpredictable raductfons in the stiff=-
ness cf the primary structure. In the absence of reliable analysis
methods for estimating joint effects on airframe stiffness, common
practice is to rely on experimental data for defimition of joint proper~
ties. The shortcoming of this approach, however, is that data obtained
for a particular joint design on a given missile often cannot be extra-
polated with any confidence tc a different airframe design or even, in
many cases, to 3 different location on the aame airframe. The lack of
reliable methods for predicting the load/deflection behavior of mechani-
cal joints is a limitation of increasing concern in the development of
efficleat structures for advanced tactical missile airframes and ia the
early assurance of structural integrity in the design development phase.

The study described in this report represents the first phase in
a basic investigation of the structural dynamic properties of tactical
missile joints being undertsken by the Pomona Division of General
Dynamics for the Naval Air Systems Command.

One of the initial tasks has been z compilation of the types of
mechanical jolnts in common usage together with a review of the current
methods employed in estimating and representing joint load/deflection
characteristics in structural dynamic responze ntudies. This effort has

included a iiterature search as well as an aerospace industry survey and
is summarized in Sections 3.0 and 4.0.

Followlng this, a parametric study was undertaken to investigate
the centrolling mechanisme and relative importance of joint structurai
properties by examining their effects on the structural dynamic response
of representative missile structures. The results of this study are
presented and discusged in Section 5.0 with the first part, Section 5.1,
devoted to the effects of variations in joint complisance, location and

number, and the second part, Section 5.2 concerned with joint dissymmetry
and elastic coupliang behavior,

POMONA OPERATION
(D) 6- 588
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Section 6.0 presents a preliminary evaluation of an analysis
procedure for extracting joint compliances from measured wmodal response
data. The assumption is made that in most cases the basic airframe
stiffness and weight distributions are adequately defined, with the
primary unknown befng the alrframe joint compliances. Given a set of
measured mode shapes and frequencies, the objective is to devise a
rapid means for cenverging on the effective joint complfances. The
accuracy and limitations in the current form of the analysis are reviewed.

A limited test program described in Section 7.0 has been accom-
plished vsing highly simplified models tec illustrate and verify some of
the parametric analysis results. The models employ section property

discontinuities and dissymmetries intended to simulate mechanical joint
behavior.

Section 8.0 presents a status review for the first phase of this

investigation and outlines the scope of the study planned for the second
phase.

POMONA OPERATION

(0}




" ‘;‘v-‘:l‘

LR A Rt L)
Kisis
.

A an e
bE it v R

Feft R

he

-~

.:»#»%Wu.;hm;..:,.a,;,ﬁ.

.
A Do

ELE

S e

.at;"‘:’ff‘ ; %7

R

A

o
e

ity

2
WPy SR
e,

SRLA

h LA
AFLLCH T

LYkt
o
37

cae e
i 4
ks
. ¥
.
Fotann ey e

h L
sS4 ¥

§
L F
Lt

e
pladtic

™

e
,;‘4‘1".,« i

e
A ey aiien

P
o Mt e

e i
e LA

o
HEAXEAT

Al A A
vy
"

ittty

e

)

b

Figeinn®.
O

A
i

DS b A

SR

,.
RN
xS

el 2 it

GENERAL DYNAMICS
Electro Dynamic Division

Section 3.0

THE STRUCTURAL DYNAMIC ROLE OF TACTICAL MISSILE JOINTS

Mechanical joints are a zommon feature of tactical missile struc-
tures used to join major alrframe sections such as guidance, control,
ordnance, autopilot, aud propulsion. The great variety in the types
of joints uged for these purposes is illustrated in the results of an
aerospace ilndustry survey presented in the Appendix to this report.
Sketches of some typical joints f{n common usage fn tactical missile
airframs design are shown in Figure 31,

Although both separable and non-separable joints are included in
the survey, the ones of primary interest to this study are of the
separable design. Non-separable jcints designed for permanent attach-
ment of sections tend to be stiffer, atronger, consistent and more
predictable in their properties by virtue of being weldad, bonded and/
or riveted with many fasteners. Separable jolats, howuver, especially
those designed for ease of assembly and disassembly under field and
depot conditions, exhibit behavior under dynamic loading which is often
difficult to predict and sensitive to many parameters which cannot
readily be specified or controlled. Torque values, for example, are
frequently specified for joint fasteners in an attempt to control inter-
face preloads. Measurements made with instrumented boits, however,
have shown that the axial load in bolts torqued to the same value can
vary significantly due to dimensional, frictional, and thermal varfations.

The characteristics of airframe joints that {nfluence the structural
dynamic behavior of tactical missiles can be categorized as follows:

1. Compliance
2. Energy dissipation
3. Energy transfer

3.1 COMPLIANCE

The most prorcunced characteristic of the typical airframe jcint in
a tactical missilie is its local compliance. A joint constitutes a
disturbance in 1oad path which can result in substantial losses in
effective stiffress in the vicinity of the joint. The consequences of
joint stiffnees losses are wel' illustrated by examining the bending modes
for an actual tactical missile. The missile used in this example is the
Standard ARM. The type, locaticn, and estimated compliance of the aix
principal airframe joints are shown in Figure 3~2., The bending mcdes for
the airframe were computed using a conventioral lumped parameter beam
representation in a modified Holzer-Myklestad modal analysis method
(Reference 7). Values for the joint compliances were derived by a trial

POMONA OPERATION
{0) 6.588




R ST SRR S T TR T T T -

K
iy
i

. B SR S SN T g S e e
AT B IS P T R R i grtiiincal st i BBt d i) =-

?T:‘w;z‘{:; T A R R R A
Ao < AT =
W8

£1)

GENEBRAL DYNAMICS

Elsciro Dynamic Division

and error matching of the alrirame modes measured in ground vibration
testing. The first three bending mode frequencies for this alrframe
with and without joint compliance are tabulated below and the corres-
ponding mode shapes shown in Figure 3-3. 1In this example, the influence
of internazl appaniages and the control surfaces is purposely omitted in
order to show the direct effect of the airframe joint compliance.

Table 3=1

JCINT EFFECTS ON STANDARD ARM MODES

Mode Mode Frequency (Hz) Freq. Stiffness
No. Without With Loss Loss
- Joints Joints % %
1 62 51 18 32
2 159 115 28 48
3 302 206 32 53

The estimated equivalent loss in airframe generalized stiffness for
each mode ig based on the approximate assumption of no change in general~

ized mass:
( -£->‘ = —ﬁ- . .—”-i = —ﬁ
4 M, Ko Ky

This assurption 1s not strictly speaking true since changas in mode
shape are obvious, but it does give a fair indication of the powerful
inflvence that the joints have on the airframe stiffness.

Table 3-2 presents for comparison purposes similar information
obtained in the Industry Survey (Appendix I) for several other tactical
missiles. 1In this case, data only on the first mode are shown. The
equivalent stiffness loss for the airframe has again been estimated on
the same basis as previously discusased.

Tue significant point is that substantial joint compliance effects
are evident on many representative tactical missile airframes. In view
of this, it is clear that accurate estimates of joiant compliance are

ikely to be of critical importance in predicting airframe response
characteristica.

POMONA OPERATION
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Table 3=~2

ESTIMATED JOINT EFFECTC ~ MISSILE FIRST MODE CHARACTERISTICS

Missgile Number of 1st Mode Stiffness
Joints Freqg. Lose Loss

% %
Sidewinder 4 ? 13
SRAM 6 17 31
Standard (MR) 7 17 31
Standard (ER) 7 18 33
Phoenix 10 29 49

3.2 ENERGY DISSIPATION

Tactical missile joints clearly play a major role in dissipating
vibratory energy. This ccaclusfion is unavoidable considering the nature
of tactical missile structuree and the fact that a substantial portion
of the total potential energy in the lower modes of interest is stored in
the joint load/deflection characteristics. Missile airframe structure
baetween joints typically consists of a simple single element cylindrical
section (as opposed to built up structurs) in which the only source of
damping is that inherent in the material properties. Connections asgoclated
with internal appendage mountings of course constitute another source of

energy dissipation, but are not believed to be a major contributor to air=~
frame damping in the lower modes.

The precise nature of energy dissipatioa in mechanical joings is not
well understood but is believed to involve two basic mechanisms:

1. S8liding friction
2. Gas pumping

Sliding frictioa is suspected to be the dominant source in the low to

moderate frejuency rauge with gas pumping effects becoming important at
higher freguencies (Ref. 6).

It is interesting to note that the modal damping of missile struc~
tures is generally in the same domain as aircraft structures (at least
in the lower modes, typically ranging from 1 to 3 percent of critical)
although their structural configurations are considecably different,
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Alrcraft structural damping, however, tends to be distributed more
uniformly over the structure rather than localized at a few major joints
28 in the case of missile structures. Mizsile structural dynamic

response in consequence often exhibits abrupt and sizable phase shifts
across joints,
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3.3 ENERGY TRANSFER

Missile airframe joints, in addition to their compliance and

damping characteristics, are responsible for two important forms of
energy transfer:

S

NSO B L)

- ASTRE ST

1. Elastic coupling of missile response coordinates.

2. Energy transfer in the frequency domain through joint interface
non-linearities and impact.

AR

The elastic coupling behavior of joints {s believed to result from
a non=axially symmetric distribution of load paths through a joint
interface. A conceptual model of this is developed and applied in
Section 5.2 of this report. A representative example of cross plane
response attributed to joint elastic coupling on an actual tactical
f missile is presented in Figure 3-~4. The data describes the angular
3 response in pitch (in-plane) and yaw (cross-plane) at the autopilot rate
gyro station for a unit force at the control surface station driving the
pitch plane. In this example, the cross-plane response 18 within 2 dB
g g of the inw~plane response in both of the first two duminant modes.
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H The transfer of egnergy in the frequency domain attributable to air-
= frame jointo, 18 a result of joint stiffnees nou~linearities. This
characteristiz manifests itself in two forms: as harmonic distortion of
S the response with certain forme of stiffness non=linearities, .and as a

high frequency noise source when free play results in impact of the con-
tacting surfaces cof the joint.
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An example of the harmonic distorticn response which an airframe
joint can produce is takean from Reference 3. These results were obtained
during an investigation of the effact of out=~of-tolerance thread lead on
the coupling nut used in the airframe joint shown in Flgure I=15. The
tests were conducted using 2 dummy forward section attached to a vibra-
tion fixture via the co. >ling nut joint., The asseanbly was excited with
4g peak sionusoidal vibration in a lateral direction at 30 Hz, which was
approximately two octaves in frequency below the first lateral resonance
of the assembly. It was found that the presence of a set screw in the
coupling nut (used to lock the assembly) had a profound influence on the
agssembly respornse cnaracteristics. The lateral response acceleration
time history was monitored at a joint in the dummy guidance section well
removed from the joint. The acceleration traces are presented in Figure
3«5a for one of the coupling nut specimens with the set screw removed and
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with the set screw properly installed. 7Tt can be seen that the accelera-
tlion response is a very clean sinusoid when the set screw is properly
installed but that harmonic distortion of the response occurs when the
set screw Ls not installed.

An example of the generation of high frequency acise due apparently
to free play in a joint can be seen ian Figure 3s8b, The test condi-
tions are exactly the same as those described above. The coupling nut
has been replaced with a second sample. The absence of the set screw
results in an acceleration response with considerable high frequency
energy content. In this instance the harmonic distortion and high
frequency noise occurred only when the joints were improperly installed,
that is when the set screws wzre not in place. These examples have beeu
cited only to show in a qualitative sense the phenomena of airframe
joint energy transfer characteristics in the frequency domain.
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Section 4.0

STRUCTURAL DYNAMIC MODELING OF AIRFRAME JCINTS

4.1 AIRFRAME REPRESENTATION

A common ipproach to modeling the structural dynamic characteristics
of tactical micsiles consists of developing a non-uniform beam meodel
using a lumped parameter representation for the distributed stiffness
and weight. Mode shapes and frequencies are computed for this representa-
tion by a variety of standard modal analysis procadures in order to
provide generalized coordinates for use in all types of structural
dynamic and aeroelastic response studies. The adequacy of the non-uniform
beawm model is of course dependent upon structural details peculiar to the
individual missile design, with particular emphasis in the present study
focused on the load/deflection behavior of the missile joints.

The development of the lumped parameter representation for the air-
frame weight and stiffness distributfon (with the exception of the joint
compliance characteristics) is usually a straightforward process ianvolv-
ing the simple geometric and material properties of the structure.
Mechanical joints, however, constitute a more difficult and less straight-

foryard mode.ing task.

The tresults of the industry survey indicate that load/deflection
characteristics of mechanical joints in missile airframes are most
frequentiy represented by a flexurzl or rotational spring. Some beam
3 § modal analysis programs directly admit the assumed joiat stiffaess or
2 its reciprocal, the jcint compliance, while other programs require that
E the joint effects be accounted for by reducing the airframe stiffness In
the local region of the joint, One advantage of this latter procedure
from a conceptual standpoint is that the amount of local stiffness
reduction (required to account for the joint compliance contribution)

REELAHI 8 e

E

= 3 provides a direct basis for judging the gignificance of the joint rela~
. S tive to the basic airframe stiffness. A simple relationship between

E 3 these two commen methods for representing joint compliance can be shown
. by equating the net change in slope per unit moment over the reference
A airframe length selectad for the local stiffness reduction as follows:
;5 § Reduced Stiffness Rotatioaal Spring Model

. f— £ — r———.e —
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£
é
g i where:
§ £ = reference length over which airframe stifiness is
& assumed to be reduced.
E
§ &M = total bending slope change per unit moment over the
£ reference length.
g
% Z, = basic (unmodified) airframe section properties in
% the region of the joint.
; Z, = effective (reduced) airframe section properties in
the region of the joint.
& = mat.rial flexural modulus of elasticity.
Cqy = rotational compliance attributable to the joint

Combining these expressions and letting Ay denote the stiffness
loss or reduction ratio, Ke = Z_ /r

g{
3 and:
/
K, =
7
,,.‘.Zf(e_"_-

In comparing the two methods for joint representation, the selec-
tion of the effective length for the joint influence cn airframe stiff-
ness is somewhat arbitrary. Both models are idealizations which over-
simplify the structural deformation in the local region of the joint.
Additionally, the deflection models for the two methods are equivalent
only in the sense of matching slopes for applied moments. The signifi-
cance of this difference is ugually small if the effective length is
on the order of the body diameter or less. Modal analyses were conducted
for the tactical missile example given in Section 3.l using both methods
of joint representation for comparison. An effective length of half a
body diameter for joint induced stiffness loss was used in this compari-
son, and virtually no differences in either frequencies or mocde shapes
were noted for the first three modes. The choice of half a body
diameter for a reference length in judging icint effects appeaxs
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reasonable and basing the reference length on body diameter will be
shown to be useful from a dimensional analysis and scaling standpoint
in parametric studies.

4,2 DETERMINATION OF JOINT COMPLIANCE

1t » more difficult question in aodeling tactical missile ailrframe
joints is not how but what to model. Compliance estimates based on local
grction properties and fastener elastic characteristics are iavariably
unconservative (low). Lf representative missile hardware exists, one’
approach is to perform either static or dynamic load/deflection tests in
which joint compliances are directly measured. Another common experimen-
tally based technique is to match by trial and error a measured set of
mode shapes and frequencies, assuming joint compliances to be the only
unknowns in the modal analysis representaticn., An attempt to avtomate
this approach is described in Section 6.0.

In some instances a ver similar joint has been used in an earlier
application and an extrapolation of its compliance characteristics can
be made with acceptatle confidence., This {s not always th~ case, how-
ever, and there are many examples where a given jcint desiyn behaves
quite differently on different airframes or in different locations.

Lacking experimental data or the opportunity to test representative
hardware, which is usually the case in pre-design or early design studies,
the analyst is confroated with the task of making a best judgement
estimate of joint compliance characteristics. One approach to Joint
compliance estimation being used by several of the respondents to the
industry survey is that outlined by Alley and Leadbetter of NASA Langley
in Reference 1. 1In this reference Alley and Leadbetter preseat order of
magnitude relationships batween joint flexural compliance and joint type
which they derived from launch vehicle test data. The compliance
characteristics are claszified from excellent (smail compliance) to loose
(large compliance) according to the table shown in Figure 4-1 which
ccvers the various types of joints examined in their study.

The relationship of the magnitude of joint compliance to the joint
classification is shown in the curves in Figure 4-1. Alley and Lead-
better established these curves based on 10 measured values of compliance
and the assumption that the compliance is inversely proportional to the
third power of the airframe diameter. The curves given in their figure
may be approximated by the following relationship.

A 20)3
D

flexural compliance, radians/inch-pound

n

G

where C

diameter of the airframe at the joint
location, inches

(=}
1]
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A = compliance coefficient, radians/inch-
pound

The magnitude of the compliance coefficient A is a function of compliance
classification and is found in the following table.

COMPLIANCE COEFFICIENT - A
] COMPLIANCE (Radians/Inch~Pound)
£ CLASSIFICATION NOMINAL RANGE
Excellent 1{10)~10 < 3(10)"10
Good 1(10) ™9 3(10)°10 o0 3(10)~°
Moderate 1(10) "8 3010) ™~ ro 3(10)78
JLoose 110y -7 > 3(10) "B

4.3 JOINT COMPLIANCE COMPARISONS

The results of the industry survey provide a basis for comparing
some of the compliance values which have been assigned to various tacti-
cal missile joints. Using the Alley/Leadbetter proposed classification
criteriz as a framework for comparison, Figure 4~<2 presents joint com-
pliance estimates for four tactical missiles ranging from 2.75" to 18" in

i diameter. Although only data for single joints are shown:-for Sidewinder
and Thor, the range of Standard ARM joint compliances is seen to vary
nearly two orders of magnitude. An additional comparison with the "NASA"
rating criteria using the Standard ARM as an example is given In Figure
4-3. In this comparison, an additional parameter, stiffness reduction
ratio (Ag) equivalent to the joint compliance has been computed using
the expression for &g developed in Section 4.1. It is particu;arly
revealing to note that for this airframe, even the joints considere:
"good" represent a local (half body diameter) stiffness loss of aearly

70 per cent, while the "moderate" joints approach 95 percent sti.ffness
loss.

The applicability of this conclusion to other missiles s showm in
Figure 4-4 which is based solely on the joint classificatisn criteria
proposed in Reference 1, in combination with the missile Jtiameters and
average alrframe stiffness properties listed in the Industry Survey
(Appendix I). The figure is not intended to show actual joint character=
istics of these missiles but only the influence that “Excellent”, “Good",
or "Moderate" joints would have on local stiffness. The "Test Specimen"
listed in the bottom row refers to the simple models used in tke tast
program degcribed in Section 7.0.
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Section 5.0

PARAMETRIC STUDIES

5.1 JOINT STIFFNESS AND LOCATION

The purpose of the pavametric study discussed in this section is
to determine and illustrate the effects of variations in joint stiffness
and location on missile response characteristice. Emphasis is placed
initially on studying effects rather than the causes of the various
joint parameters in order to arrive at an understanding of their rela-
tive importance.

The primary tool used in the parameter study is a standard beam
medal analysis program. This program accepts a lumped parameter beam
bending model for the missile structure under conaideration and gener~
ates mode shape, shear, bending moment, and resonant frequency informa-
tion. The approsch taken in determining the influence of the joint
parameters on missile response characteristics “as generally been to
investigate a single parameter at a time. The joint compliance values
used in this report are reciprocals of the flexural spring rates atiri-
buted to the joints. For the purpose of the parametric study, only
flexural or rotational compliances have been considered at joints since
shear deflections are generally a seccad order effect.

A non-dimensional presentation of the results is shown to provide
a useful basis for ~stimating the effects of changes in joint compliance
and location on the frequencies of a unifcrm beam. These trends devel-~
oped initfally for uniform beams with single joints are shown to be
extrapolatible with surprising aczuracv to uniform beams with multiple
Joints. As might be expected, however, some discrepancies are likely in
applying the results to non-uniform beams representative of actual tacti-
cal missiles. One example based on ar actual missile with five joints
nevertheless indicates that good qualitative estimates of joint effects
on the first mode frequency are nossible.

5.1.1 Method of Analysis. The modal analysis program used in the
parametric study is based on a modified Holzer-Myklestad method. A
missile can be described analytically as a non-uniform elastic beam
(the main beam) to which varivus appenduges are attached, Joint local
deformation characteristics can be simulated by placing local springs at
stations where joints occur. The main beam is represented as a series
of lumped masses and ‘rertias connected by weightless beam elements., The
beam elements represent the average stiffness properties between the mass
stations. The appendages are represented in the same macner as the main
beam and attachment of an appendage to the main beam may be accomplished
with local springs representing attachment compliances. The computer
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program is capabie of handling bending, torsion, and longitudinal
motions; however, only bending analyses for s free-free bazam have been
coneidered in these studies. The program starts with an assigned
frequency and iterates with increasing frequency until the boundary
conditions are met and a natural frequency is found. At each natural
frequency found by the program, the modal displacement at some selected
normalization station (in these studies the first station) is set equal
to unity. The deflections, slopes, bending roments, and shears are
obtained at all missile stations relative to the displacemeat of the
first station. Hence, all quantities are obtairied as "normalized™
values.

For the purposes of the parametric study a "nominal" uniform beam
was selected which has weight, stiffness, and a first mode regonant
frequency (50.188 Hz) similar to a representative tactical missile.
The schematic diagram below shows the "nominal® uniform beam and its
associated physical properties.

- L —3o
P ke
0

L = 176 IN £ = 50.186 Kz

P = 13.5 IN w/L = 5.92 LBS/IN

2.9 (10)% LB-n2

X Joint Location ~ IN

This analytical model approximates the distributed uniform beam weight
as twenty one point masses., The effacts of jolnt lccation and compli~
ance on mode shape, bending moment distritution and on modal frequency

have been examined using this "nominal” uniform beam.

5.1.2 Joint Location Effects. Figure 5~1 shows the bending
moment distribution over the half span of the "nominal" uniform beam for
the first three bending modes. Only the half spsn distribution is shown
since the bending moment is an even fuaction about the midspan station
for the first and third modes and an cdd function about the midspan
station for the second mode. The bending moment has been normalized to
a unity modal displacement of the beam at 0% span. Since the deflection
across a rotational joint is dependent on the magnitude of the bending
moment at the jolat, the importance of joint location is immediately
evident. As shown, the bending moment reaches a pea¥ at 507 span in the
first ard third modes while the second mode bending moment gr~s to zaero.
Hence, a sorit rotational spring located at the center of the eam wil
produce significant changes in the modal characteristics of .ae first
and third modes while the second mode will be unaffected.

Using a "moderate" joint as determined by the NASA criteria shown
in Section 4.2, the effect of joint location on the first bending mode
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shape of the uniform beam was examined. Figure 5~2 ghows the first
bending mode shapes for the "nominal”™ uniform beam with a "moderate"
joint at 0% (no joint), 10%, 20%, 30%, 407%, and 50% span. Joints
located between 50% and 1007 span would have the same effects on the
first mode characteristics as joints located between 50% and 07 spac.

Figure 5-3 shows the corresponding first mode bending moment distvi-
butions which result from placing a '"moderate'" joint at the same range of
locations aleng the beam., As shown, the normalized bending moment
decreases when a loint 18 located on the beam. The change in the bending
moment distribution 1s caused by the alteration of the mode shape and
reduction in modal frequency when a joint is added to the system.

Figure 5-4 shows the effect joint location has on the first mode
natural frequency of the "nominal" uniform beam for a "moderate" joint.
The maximum reduction in first mode frequency occurs when the joint
location is at 530% span as might be expected. A joint located between
0% and 107 span causes lfttle change in the first mode frequency while
a joint location between 40% and 507 span cauges a large change in the
first mode bending frequency.

5.1.3 Joint Compliance Effects. Figure 5-5 shows the affect of
joint compliance on the first bending mode shape of the "nominal" uni-
form beam with a joint located at 50% span. As expected, the mode shape
bccomes more deformed -t the joint location as the joint stiffness
decreases from no joint to a "good" joint to a "moderate" joint.

Figure 5-6 shows the resulting bending moment distributions for no joint,
for a "good" joint, and for a '"moderate'" jeoint. Again the distribution
becomes increasingly altered as the joint spzing becomes softer.

Figure 5-7 shows the effect of joint stiffness on the reduction of the
first mode bending frequency due to joint location.

3.1.4 Noan~dimevsional Presentation. Based on the uniform br n
study, a useful non-dimensional relationship can be derived betwet..
joint compliance and beam stiffness. This relationship provides a means
of easily assessing the significance of alteving a jcint parameter. The
slope change across a rotational joint is equal to the product of the
bending moment at the joint and the joint compliance { «¥;" = MC, ).
The change in slope per unitr length on a uniform beam without joints is
equal to the bending moment divided by the beam stiffress (a« @y [l=M/x2).
A compliance ratio per unit beam length is obtained by dividirg the joint
rotation per unit moment by the beam rotation per unit lensth,
ad/ads /£ = £7Cq + This term can be conveniently non=dimensional-
ized by dividing by the total beam length £ . A nondimensional compliance
ratio, £7C/4 | is thus chtained which relates joint compliance, beam
stiffness; and beam length. This expression, not surpriaingly, is
directly related to the stiffness reduction ratio derivad in Section 4.1.

24

POMONA OPERATION
(D) 6-938

LS bk

A
N

i

Wl it dhonenidi s s ¢ty ok nin B SGUEeRS

3%




A

s B
PERIL ks

=4 ﬂ'«

1 A b g G P

cta RIS Vi sttt i B

p i

o ~
ol

o

BRLteL o

pra AU & i

"

e e wmmwmmmmwrmmm,

AT L mmeeme e e = o o oo o

SENRBRAL DYNAMICE
Electro Dynamic Division

Using total beam length to non-dimensionalize the compliance ratio
offers the advantage of general applicatia: to all uniform beams regard=
less of fineness ratio (length divided by diameter). The use of body
diameter as a basis for non-dimensionalizing, however, Ls believed to
offer better physical insight in judging the significance of joint com~
pliance relative to airframe stiffness. A veference ‘length based on
diameter also permits direct comparison with the joint compliance rating
system discussed in Section 4.2. The results presented on this basis,
however, apply explicitly only for airfremes with a fineness ratio of
13 as used in the parametric study. Both non-dimensionalizing parameters
are given in Tables 5-1, 5-2 and 5~3 which summarize in tabular form the
effects of non=-dimensional joint compliance and location on the mode fre-
quencies of a uniform beam. Corresponding plots of the first mode
frequency ratic versus compliance ratio (EIC/L) and stif.ness ratio
(KR) are presented in Figures 5-8 and 5-9 respectively. 1t is signifi-
cant to note that a single "moderate” joint at the midspan of a uniform
beam can be expected to reduce the fii'st mode frequency by approximately
35 percent.

5.1.3 Multiple Joint Applications. The uniform beam results for a
single joint as displayed in Figures 5-8 and 5-9 can be extrapolated to
multiple joint configurations by a simple summing procedure in which a
number of joints of various compliances at arbitrary locations are refer-
enced and summed as an equivalent single jcint compliance located at a
common reference station such as the midspan. The steps in this proced-
ure zre as follows

1. At each desired joint location deterniine the resulting frequency
ratic for a siungle joint of specified compliance u«t that
location.

« Determine the equivalent joint compliance which would be
required at a common reference station such as the midspan to
produce the same frequency ratio.

3. The sum of the individual equivalent joint compliances yields
an equivalent single joint at the reference station.

4, The frequency ratio associated with this single equivalent
joint is found to give a very close estimate of the multiple
joint effect on the first mcde frequency ratio for a uniform
bean,

An example of the application of this procedure is presented in
Table 5-4. The “calculated" frequency ratios for the multiple joint
configurations listed were determined by modal analysis, with the
"egtimated" values determined by the procedure described. In this
instance, the use of compliance ratio, ETC/L, offers an advantage over
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'i~ stiffness ratio, Ky, in that the incremental equivalent compliances can
= 3 be added directly.
%‘ 3.1.6 Tactical Missile Application. For an actual tactical missile,
- non=uniformities exist in both the mas¢ and stiffness distribution in

H
k=
*

addition to multiple joints. The effect of these considerations would be
expected to severely limit the applicability of the uniform beam results
- in estimating joiut effects on an actual missile. The following example,
. however, {llustrates that a good qualitative estimate of joint compli~-
ance effects is nevertheless possible. Figure 5-10 displays a typical
airframe stiffness distribution, in this case for the medium range
Standard Missile. The significance of the narrow EI spikes showing dis~
continuous increases in airframe stiffneas which are cften meticulovsly
computed and included in modal analysis computations is virtually zero,
having very little effect in theory as shown by the calculated frequency
= changes in the figure. This conclusion, however, definitely does not

5 apply in the case of discontinuous decreases in EI as vill be demonstrated
in the test resulcs presented Ln Section 7. The following table 1lists
the five principal airframe joints, their compliances and locations, and
the comparison between the computed (medal analysis) and estimated fra~
quency ratios by the procedure of Section 5.1.5.
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STANDARD MISSTLE (MR) JOINT CHARACTERISTICS

v :

e 3 Joint Compliance Compliance Ratiq_E;C/L(lO)z !

. Location Ce x (10)8 Actual Equlv. :

E .22 1.5 24.70 5.06

. .35 0.6 9.85 6.52 :

= 3 41 0.5 8.25 6.90

= .87 1.15 18.95 0.88

A .92 1.0 16.45 0.31

e r—a) -

= 3 L &

% Qi 1st Mode Frequency Ratio Error

g '? Calculated Estimated A

i .834 .810 3 Z
g; % The implied accuracy of the estimate is somewhat misleading since ;
gf : an average alrframe stiffness must be assumed for the total alrframe and 2
%, 5 the answer {s obviously .ensitive to this assumption. The answer does E
g‘ S(
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suggest, however, that the procedure may be useful in providing good
qualitative estimates of joint effects,
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5.2 CROSS PLANE SPRING COUPLING AT AIRFRAME JOINTS

5.2.1 1Introduction. Double peaked modes are cften observed in the
vibration testing of tactical missiles. This condition is most usuazlly
e accompanied by substantial energy transfer or cross talk between in-
E plane and cut~of=nlane response. The cause of this coupling can frequent=-
E ly be traced to the behavior of one or more of the airframe joints.
"Breaking" and retorqueing of the joints will in many instances signifi-
cantly alter or in some cases eliminate this response characteristic.
One of the major problems created by this type of mechanical joint behave
ior is the uncertainty it in“roduces in describing missile airframe
response for control system design studies. One typical frequency
response, measured on the nose of a grain-out extended range Standard
Missile for constant force excitation at the tail station, is presc :ed
in Figure 5-11. Peaks occur at both 63 Hz and 68 Hz. The peak at the
- lower frequency is 1.5 db or about 20 percent greater than the peak at
2 the higher frequency. It has been determined that for this airframe the
severity of the double peak characteristic {8 primarily controlled by tiie’
forward-most joint which is a split ring continuous land design (Figure
1-15). Reseating and overtorqueing of the coupling nut will generally
bring the peaks closer together in frequency and fncrease the magnitude
of the peak response.
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The objective in this section is to develop a conceptual model for
the source of elastic coupling in airframe joints and to examine joint
coupling effects on airframe response through parameteric analysis.

i

5.2.2 (Conceptual Model for Joint Elastic Coupling. It is believed
that joint elastic ccupling is caused by irregularities in the mating
surfaces of the joint. These irregularities produce a non-axially
symmetric load distribution in the joint and, hence, create spring coup=-
ling characteristics. Discrete irregularities can be idealized as
springs concentrated at the points of protrusions around the airframe
circumference. If concentrated springs (with spring rates k;) are
assumed to be located in the plane of an airframe joint as shown below,

kY

P A AT e N

g

oo etubi '8 ks
Pt

RO

e

4

nor
3

avh gt
LGN E:

“l’j‘y‘v‘

o2,
WA P

PO

POMONA OPERATION
(D) ¢-388

TR
RN E R, o

TR SR SEOEIRIYL AT N Wt

e I R A

T




GENERAL DYNAMICS
Eilactro Dynamic Division

an equation can be derived expressing the bending moment across the
joint in the 'Z' and 'Y' directions as a function of the spring rates
H ki, angles @, , and joint rotations &g and &, ., The expression for

bending moment across a joint is
- M, Z X swie. -Lf_' K; Sin&; cOS e..—, oy
! = - 2
y -2 & swe; cose, I & costo, oy
or
z Ma Kea ~Kar Sa
5 M, “Kym * Ky xy
3 : where
- L3 M = bending moment across the joint
' K = rotational sti{ffness of tha jeint
, ¢ = rotation across the joint
= #,Y = two reference missile axes which are perpen=
E dicular.
oy o
- E A useful relationship for investigating joint coupling effects can
2 be developed by reducing the general case to a three spring idealization.
1 Since three points define a plane, this idealization offers a piausible
! 5 medel for the pcints of joint interface contact and becomes especially
. valid when the source of the preload in the joint {e.g. bolts in tension)
’ X represents a minor contribution to joint compliance.
: . Considering the plane of the joint for the three spring idealization,
- and equal spring rates:
E - 5 28
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The spring wmatrix in the ya coordinate system becomes:

/‘f. A rak o o

/‘fy o A~ aK o

whare:

/
,e:-;—(A”*A;-'b/(,)rz
and g 2

ak = (/--3- s o) x

It is significant to note that for all values of & a plane of symme-~
try exists (defined by the ¥ axis and the missile longitudinal axis)
and that the ¥Y-&£ coordinates remain decoupled. The special case of

axial symmetry ( aXK = O ) exists when @ = 60° (120° spacing between
springs).

The joint deflaction characteristics viewed from a y ~®’ coordinate
reference rotated through 45 degrees will exhibit maximum apparent coup-
ling through A K £{n the following transformed spring matrix:

,
”
’ ¢
Mr -AK K o,

Figure 5-12 presents the variation in A X with spacing angle &
for the three spring idealization joint model. It should be noted thzt
the limiting case of 100 percent coupling, XK=k implies a zerc spring

about the oty coordinate and maximum coupling in the y> & ‘ coordinate
frame.

For actual airframes, particularly with multiple joints, coupling
effects on airframe dynamic response can become sizable and quite com=-
plex. Although each joint may have a plane of syrmetry with respect to
its load/defelction characteristics, the probability of alignment in
multiple joint planes vf symmetry is quite small.
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5.2.3 Joiat Spring Coupling Psivametric Study., A computer program
which accepts generalized modaul properties for a linear damped system
and computes the frequency response of the desired structural transfer
function ha3s been used in the parametric study of joint spring coupling.
The spring coupling term governs the response in any one plane which is
solely due to an input in a picne perpendicular to the plane of response.

The equations of motion of a linear system undergoing forced
vibrations may be written in matrix form and Laplace operator notation

[«3 =*- (2] = - [a]] 3 - &3

where -
M;j“ = gencralized mase matrix
E@j: = generalized damping matrix
:o‘-j: = generalized spring matrix
{ g‘; = time varying generalized coordinates of the aystgm

{ﬁ;} = generalized rforces acting on thie system

Q
"

the Laplace operator, SX = -;{- .

If !’, is the time varying generalized coordinate representing the

forcing function,
{’:;3 = p’? 5;

[#] =* - [4] = +[a] &3 = &F =

‘The response of the system is a linear combination of the coordinate
respo.ses, which is found by Cramer's Rule:
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e )
e _ F4% _ ?g . g
where

O(S) = the determinant axpansion of the left=hand side of
the aquations of motion

A4(¢S) = the determinant expansion of the left-hand side of
the equations of motion after substituting the right=
hand side into the {th column

Ce = a numerical coefficifent (mndal deflectfon at point
of interest on beam)

4 = the sectional response of the system to the forcing

function ¥ £

If the response is desired in terms of velocity or acceleration,
the response equation may be multipiied by s or 82, respectively:

2 _3%y®) & Sfey®
., o= * 5, =~ o6

The generalized coordinates used in the parametric study consist of
in=plane and out~of=plane banding modes and in-plane and out=of=plane
“hinge" modes. The bending modes have no compliance at the joint of
interest, and consequently have no change of slope across the joint,

The "hinge" modes treat the beam as two rigid mesmbers connected with a
local spring at the joint of {nterest. The local spring represents the
joint compliance in the two individual planes and the joint coupling
characteristics between the planes.

The displacaments in the "hinge" modes are such that they are mass
orthogonal with respect to rigid body translation and pitch about the
center of gravity. The "hinge" modes are not orthogonal to the bending
modes, however, and hence in each plane we have mass coupling terms

£
/‘{‘.. ‘.»‘t.,:. aj-m q‘i[’ ox
°

where
m = ruaning wass (mass per unit length)
& = ith bending mode shape
&; = "hinge" mcde shape
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The only coupling between the two planes of motion occurs solely in
the structural spring matrix. When Lagranges' equations arc used to
- derive the equations of motion, it can be seen that the structural
E 3 spring terms result frem the stored energy assoclated with the unit deflec=-
£ 3 tions of all the generalized coordinates. The hinge modes store energy
4 only by rotation at the joint, and since the bending modes have no change
L of slope at the joint, there is no spring coupling between the bending
- A and hinge modes. Consequently, the spring matrix for the bending modes
- B is a diagonal matrix. The two hinge modes have both diagonal terms and
A off diagonal terms, which represent energy transfer between planes. The
= $ 5 spring terms for the hinge modes are given by the following relations:

e 2
. Pec = D = (‘¢£;) Kz = (a ¢€; >z Kyy

b — ’ ) r 3

% = Pux Al B Ky = (2Bie) Kay

(?~ where ,

' Py change of slope across the joint for the hinge

. o modes (a®, = a 3y

e } Kzz = Joint spring in the Z plane (Kyy = Kzz)
Kzy = chosen as a parameter (a percentage of K;;)

1,j = mode counters of hinge mode in z and y planes, ;
. respectively,

A The demping matrix used in this study, [P3 , 18 a diagonal matrix.

o The [M] and [Q] matrices have the following form when considering
= three bending modes and one "hinge” mode in both the y ard z planes:

x
X X X X

[M'j]g X X X

. ot o N
o LN b
L Gl L A TRE L R i

x X
X X
XX XX

Y ) 1, o
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[ x
X
X
- X X
[®:] = X
X
X
X )(_J
where r N
= First bending mode in Z=-plane

= Second bending mede in Z=plane
= Third bending mode in Z~plane

= "Hinge" mode in Z~plane

= Second bending mode in Y~plane

= Third bending mode in Y=plane

g

%

A

s(

!} = First Leading mode in Y~plane ,r
&

X,

= "Hinge" node in Y-plane J

A< can be readily seen, the above set of generalized coordinates is
very ccavenient for a parametric study of joint ccupling characteristice.
Any change of joint coupling only involves the temms of the [Q] matrix
that couple the hinge modes. Y1 it is desired :o change the joint
compliance in the planes or to have different compliances in .2 planes,
this again only involves the spring terms pertaining to the hinge modes.
Consequently, the effect of variations of the joint properties can be

iavestigated with 3 minimum of change to the overall set of equations
of motion,

The effects of joint spring coupling on the dyna.ic response char-
acteristics of a unifomm beam have been studied analytically using the
"nominal" beam of Section 5.1.3 with a single local fiexural compliance,
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The bending frequencies and mode shapes for these studies were computed
using the modified Holzer-Myklestad computer program discussed in
Section 5.1.1., A damping ratio of ovne percent of critical was assumed
for all modes and the frequency responge curves were computed and plotted
using the transfer function program described earlier in this section,

The amount of cros. plane spring coupling is denouted as a percentage of
the in=plane joint spring term.

Figure 5~13 shows the effect of spring coupling on the frequency
responsa characteristics of a uniform beam with a ‘'good" joint at 50%
span. The anceleration response was computed for a point at zero span
for force excitation at 1007 span. The various curves are for zero,
50% and 757 croes plane spring coupling. As can be seen, the peak
response decreases with increasing spring coupling and doubled peaked
modes occur. TIncreasing attenuwation exists at the center frequency as
the spring coupling increases (the valley between the two peaks becomes
deeper). Figure 5-14 shows the effect of joint spring coupling on the
response characteristics of a uniforn beam with a "moderate" joint at
50% span. The effects of spring coupling are much more pronounced for
a "moderate" joint than for a '“"good" joirt. Since tite bending moment in
the second mode is zerc at the joint location for both of these cases no

effects of joint stiffmess or coupling are seen in the second beading
mode.

The trend in the magnitude of jolnt coupling effect on the first
bending mode frequency as the joint compliance is varied is illustrated
in Figure 5~15. In this figure, the total frequency shift (.AQ/SL )
as a function of joint elastic coupling is shown for both the "moderate"
and “gocd” joint located at the midspan of the nominal aniform beam.

Tite point to be made is that relatively small amounts of elastic
coupling in mecanical joints can produce substantial changes in both
gain and resonant Trequerny characteristics. Control system body mode
coupling fi'.ters typicall; designea for a body mode frequenzy tolerance

of %£5 percent may be forved to cope with a much larzer range of response
uncertainties,

5.2.4 Spriag Coupling Studies .or an Actual Tactical Missile.

As was pointed out earlier, Figure 3~11 shows a measured Standard Missile
ER frequency response for a force excitation at the tall station, A
study has been conducted which attempts the modeling of thne wissile in
suci 2 manner as to predict a response similar to that of Figure 5-1l.
The stifiness coupling terms were calculated using two sets of assumed
modes which represent the missile dynamic characteristics in two ortho-
gonal glases., Thre two sets consisted of four modes each. The frequency
response of the resulting equatiore of motion was comtated using the
computer grogram previously wentioned. The Z-plane frequency responses
to Z-plane force input, calcvlated sith and without spring coupling
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becween the "Z" and "Y" planes, are shown in Figure 5-16, The case in
which no coupling exists between the two planes shows a single sharp

peak in the first mode. The case in which elastic coupling is introduced
between the Z-plane and the Y~plane aqual to 50 nercent of the total
generalized spring is shown to provide a double peaked response in close
agreement with the measured data of Figure 511, It is felt that this
joiant stiffness coupling is a first order model of an important deviation
from the single plane response model used in classical structural dynamic
analysis of tactical missiles.
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QGENBRAL DYNAMICS
Electro Dynamic Division
Table 5-1 .
FIRST MODE FREQUI JCY EATIO VARIATION
YITE JOINT LOCATIUN AND RATING
NASA ;‘;u u " Jolnt Locatisa
RATING : S 6.2 [T 6.3 | 0.4 0.5
1.0 1.0 1.0 1.0 1.9 1.0
E .883 1.0 999 <997 594 . 993
.599 1.0 :997 990 |  .983 .979
G 429 .999 990 970 - 949 L9460
.189 - .997 +969 .909 .857 .838
&3 0698 | .991 904 .768 .682 .555
0227 A 970 ~.730 541 457 433
L - 00745 .i!»&'}T WA495 ~337 - .279 .263
_ 00232} o648 | 289 4 .19 | - .59 | .10
_ Table 5-2 -
-MODAL FREQUENCY RATIO VARIATION
WITH MIDSPAN JOINT RATING
- j,NASt’\ é-_‘*_. : 4 ,Freq. Rl!tl.(.- . .
RATING | L ~1st Mode | - 2nd Node ] 3rd Mode |
) o § - uo 1.0 1.0
- E 0.005108 .993 . .995.
: 0501648 -979- <985
G *0.05108. .940° ©.955
0.1648 838 < 892
¥ - & Ci5108 655 B A T CR
. T.648 433 2163
L 57108 263 +741
16.48 150 . JT32
~__ Table 5«3 S
MOBAL. FREQUENCY' RATLO- VARTATION
WITH "MODERATE™ JOINT -LCCATLON
Jolnt T Freq. Ratio .
Locaticn __isf Hods 4 " 2nd-Mode | “3rd Mode
.1 .991 942 .833
.2 504 - .750 796
i3 i .768 .764 .937
A .682 .888 .955
.5 .635 1.0 .816
- 52 _
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_Table 5-4 o
UNIFORM BEAM WITH MYLTIPLE JOINTS
CALCULATED ARD ESTIMATED FREQUENCY RATIOS _

Jolnt | Jeint Locations | Fréquency Ritio = lst Mode
JRating | % Jpan  ~ | Calculated | Estimated ] % Error

-good- | 10,20,30,40;50 | 869 .8€5 0.5
~Good 20540 - b L9460 - -940 ~

S A A M R S DA

- | oterate | 10,20,30;40,50 | 478 480 | o

luoose | 10,26;30040:50 | .69 | 167 1
“Loow.s - 10, 30; 50 .29 .25 | 1L
; 1

Lioose | aoido  J G | st

MR RAE
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GENERAL DYNAMICS

Elect ~» Dynamic Division

Section 6.0

EXTRACTION OF JOINT LOMPLIANCES FROM MEASURED MODAL DATA

Computed modes and frequencies of a tactical missile containing
joiats often will vary considerably from experimental mode shapes and
frequencies. Since the nass and basic stiffness properties of the
missile are known with a good degree of certainty, the values used for
che joint compliances must account for the discrepancies in wost cases.
1f there are multiple joiats and several modes involved, the task of
iteratively adjusting compliance values by handé to produce matching
results becowes laborious, time consuming, and often very f{rustrating.
Consequently, Lt is desirable tc automate a method that will extract
the joint compliances ir a manner such that thecretical results match
experimental results as closely as possible. The following section
of this report presents the equations, evaluaiion, and some limitations
of an initial effort to develop such a capability.

6.1 METHOD OF ANALYSIS

A method currently being used to compute optimum trajectories is
applicable to the problem (References 2 and 3). It is called the method
of steepast ascent, and it uses the steepest linear slope in a function
space to proceed towards the minimum (or maximun) of scme computed
quantity, As applied to the problem of adjusting joint compliances,
it searches for a distribution of control variables {joint compliances)
and unspecified initial conditions (modal slopes) that will give an
optimum for a quantity (quadratic function of mode shape errors) that is.
a function of the integtated stats variables (modal defiections) Sube
ject to constraints {boundary conditions).

Ia general form, theé wmatrix differential equations to be Solved

for beam modal defluctions, internal forces, constraint quantities, and
optimizing quantity, can be expressed as

fw} =fe Cweiog, Y = [ Oy, 0] i} + (& (o 1%}

where

computed (state) quantities

Oy

~

Lard
1

~

differentiation with respect tu X

~
~
]

Py
[y
u

o control variables (quantities to be adjusted)

[?%i]: {;i} =

= coordinate along the beam

coefficient matrices
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Efectro Dynamic Division

I1f estimates are made for the initial valués of the state wariables {w)
and for -values of the distributéd -contfol variables -(e¢), the equations
can be integratéd numerically along -the length of the missile. In
general the boundary conditizns will not be met and the error (optimiza-
‘tion) function will-not be a-minimum. It is required to altex the con-
trol variables (&), in a method chat tends to satisfy the desired end
results, . )

For small chagg3r 43 ™ , tbe Tianar abneged Srou (e previous

3

sclution can be deascribéd by the linear perturbation equations

{3‘ ‘f%"}*’ [&J (;”k{} »;'9‘;«".1')] [J M} + E‘}f ( W, M2, x)]&' “‘}
where '

v . 2l64]
L"‘J.’.} '5'2,\,‘}

bl = SE

“The set of -equations- adjoint to the perturbation équ‘étjiohs are defined -
as - T ) . -

N P _ S 1.4 B 7

a3 - - [o] 63

[R."} = ‘a'dj;’ii;qt golutions’
. [ J‘ = matrix transpose

These adjoint solutions are related -to the perturbation salu:iéns by
the relationship

(Lnd frwid) = LU [T fr=}) o+ CLad foid)

=0
where

z X = 0,4 = beginuning and end of the missile.

This relationship proves very useful for properly selected solutions of
the ad joint equations. Let the quantity of interest at £ be designated

ﬁ(u/(l}). If we define the value of ,a;(;l) as ___2_?__ , the
3w CO)
S5
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adloint equations can be integrated backward from Xw 4 to =0 to
give solutions for {a;} . The left hand side of the equatioa relating
the perturbations to the adjoint solution can be seen to equal the
perturbation of & for this set of A's. Looking at the right hand side
of the equation, the A& are influénce coefficients that relate changes
iu the state variables at x=¢ and control variables to changes {n & .
The me:hod of steepest ascent uses this relationship to choose the manner
to vary &; and W; (o) in order to proceed rapidly to the desired value

of & . -

The particular steepest -ascent method followed is the second method
outlinéd in Re‘erem.e 3. ‘Dropping .matrix notatica, a genetalizen weighted
mean sguare ‘'step sizé" is defined us

- N - . "‘ o
&

where

dP = step silze

Aa® = a column of changes te (O)
(oniy involves those that are variable)
Fox = running change in the control vatiables
=, = weighting function matrices

¢ Y = ‘matrix transpose -

The desired amount of c}“ange to the peyoff -quantity Af) .and" the
neccssdry changes to neet -the constrainte@ﬁ-}am .spacified -and the
(P)* fecessary to accomplish tiis is minimized. This results id the
following . -

-f..;

-l -I
oz = E ,/ M-;

~

o = oy an
Jot. = &Y fa‘/ ‘/ A

where

- —p cF e o
7 =ﬁ%zzz4#&~,(;‘ Y F Ay ) O
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T e L i

A'/& = [A¢ : RAJ (influence functions corresponding

to changes in & and to the
3 constraints, -2 )

2 = [h I a J (only those correspending to w/. (o)
v/ ¢ 1 lxeo that are variable) ¢
4 3G
E: f = S (pceviously defined)

The a&# are used to alter the initial cenditions on the state

E . variables, (l«/;) , and Je used to alter the control variables slong

E . the missile. The differential equations are then integrated again to
give a new solution for Wy (x) and the process repeated uantil a ninimum

¢ is reached for & , the payoff quantity. If the differential equations,

& , and 4 are all linear with respect to the state variables it only

takes one pass to reach the answer. (In such 2 case, & 1is actually a
constraint, not an optimizing function).

S Fe oy v
AN T fme B R

YT
{ N

IRE LA

This general method was applied to the problem of finding joint

compliance values from beam bending mode data. The state variables
have the form

NS,
i
¥

(N

i o ¢ 0

H M

. W,

4 - b

%

= . J

3 where each submatrix corresponds to an input mode. For each mode or
- submatrix we have

-

W~ Deflection W
w Slope

g "

- { M} = < M~  Bending Moment >
S ~ Shear

3 &~ nth mode payoff quantity

E: 7'~  Mass coupling to trsgnslation
_ g P~-- Mass coupling to pitch )
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The cnly type of coatrol variable that we have is joint compliance,
consequently

& = Cg, a scalar

where Cy B2ading compliance

Two different sets of differential equations were used, The first
uses input mode shapes to describe the loadings on the missile, and the
second uses the computed shapes. In both cases a lumped mass model with
corstant stiffness between masses was used. The iumped masses and the
concentrated joint compliances result in discontinuities in some of the

differential equations, but this does not cause a problem with numerical
integration,

For the first set of equationa, we have (for each mode)

— —_

o O o o o o o
’
o o) s -q,ﬁ (o] (o] o] o

o (o) o -4 O o o o

[#:] " - o o o o o o o
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L r—121 swews

TILVIPAY NEEPS: Nt P R R

‘
~ ~
1 o
4
o
o
v
7} = Lol ;
3 1 2
= (¢n >x
i X
E ] o
G
- >
where
E: £ZL = bending stiffness
- P, = nth mode shape
¢ )x = qGuantity at a station k
= m = mass
x = distance from center of gravity
3 o, = frequenc: of nth mode

The second set of equaticns varies from the first only in that

(’?f/)” = = My w”z

gt e
AP I o

it J

and
3 &) = o

The boundary values W/ for the initial pass are
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The only boundary values that are azllowed to vary are theA¢,: ‘s which

are adjusted by % in subsequent iterations. The total payoff quantity
is taken to be

$=- ()
and the constraints (one for each mode) are
"n‘n bt (7;’*%),,,, =,
The adjoint equations are integrated. backwards to obtain the influence

function, once for those related to the payoff -quantity aad once for
each of the constraints. The initial conditions for those integraticns

are defipred by
Y ]
(M) =
{ ;¢ )} )

(4

for the payoff function and

c 2,
s (‘)p F"17))

for each of the coastraints. The irfluence functions are then used to
calculate changes to rhe initial deflection slopes and to the bending
compliances in a manner that will reduce @ and tend to match the

constraints. The process is repeated until ¢ is minimized to within a
specified tolerance.
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Both formulations of the deflection aquations were used in demon=
strating the feasibility of the overall method. The first formulation
has the advantage that the input mode shapes are reflected in the beam
loadings as wsll as the payoff quantity. It was used to make initial
alterations to the compliances, In the second formulation the input mode
gshapes appear only in the payoff quantity. The deflections are computed
in the same manner as would be done in a beam modal analysis and conse-
quently represent computed modes. In both cases the measured frequen~-
cles are used and are considered not to be variable. The frequencies

could be treated as cocatrol variables with a relatively simple altera -
tion.

6.2 TEST CASE

A test case was developed for the purpose of exercising and checking
out the joint compliance extraction technique, An analytical “test"
case was developed which was' free of experimental error. The figure and
tablie below ghow this test case which consists of an idealized missile
with four uniform and oné nonuniform beam sections connected by four
local flexural springs representing four joints.

w07 607 - 80%. - 1007%

- Span.

- Joint: . "~ Span. - I Joint : NASA -
NLmber - §--  Locatfon -3 Compliance x 108 . Rating
— : . . ] Rad/In-1b ) i

1 : 20 ‘ 1.5 R F=T

2 35 : el E-G

3 45 0.31 o G
.4 55 1.0 ) MG

-

Figure 6~1 shows the weight .and stiffress distributions selected for the
test case. A lumped parameter representation as discussed in Section
5.1 was used to compute the first four bénding mode shapés and natural
frequencies for use in the development of the compliance extraction

technique. The test model natural frequencies with and without the four
Jolunts are: o -
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Natural Frequencies Natural Frequencies Fraquency
With Joints Witout Joints Ratio
(Hz) (Hz)
40.3 50.4 .800
104.5 118.3 .883
196.1 231.5 847
313.3 389.9 .804

It can be seen, from the frequency changes shown above, that the joints
selected for the test case have a significant influence on the beam bend-
ing modes and are reasonably typical of actual tactical missiles.

The first four bending mode shapes and frequencies were utilized in
the joint compliance extraction computer prcgram. The stiffnass and
weight digtributious were assumed to be known correctiy. Erronecus.
initial values were assumed for the four joint compliances, with the:
maximim error being a factor of ten from the actudl compliance values:

The only unknowns were the four joint compliance values. Figure 6=2
shows the error in the originally assumed compliance of the four joints,
71 the error which existed after each of the six computational itera-
tions. The- first three itevations used the Input node shapes in sclving
for the four joint compliances. The seécond three itérations used the
mode shapes generated by the compliance extraction computer program in
solving for thé -compliance values. The first procedure ptoducas ‘better
results than the second procedure for this .particular test 2ase: because
a perfect set of input mode ‘shapes are belng used: Ia- ganeral this will
not be the ¢ase due to the experlmental ‘error in the node shapes. -As
shown, the convergéace of the solutien for the joint éoupliance values
1s very rapid: -Only cae 4teration is required for the -program to-con=
verge on the zolution. The computed joiat conpliance with the largest
erxor is that of the secéond joint which also has- the smallest compltance‘
of the four joints. .

6:3 SENSITIVITY ANALYSIS

The joint compliance extraction program is- seen to be functioning
properly for the test case discussed above. However, real test data
will vary from this ideal test cose because of the presence of experimen~
tal error in the data. Errors will be present in both the measured mode
shape§ and- frequéncies. The sensitivities for the joint compliance of
the test model to certain types of errors in the input .data have been

investigated.

Table 6-1 shows the effects of input modal frequency variations on
the feur joint compliances of the test model. The frequencies of all
four modes were varied simultaneously by amounts of plus 17, plus 27,
minus 1%, and minus 2%. The four joint compliances have a moderate
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dependence on the input freduencies.

The sensitivitifes of the four joint compliances to the numter of
input modes are shown in Table 6-2. At the present time, the results
are highly dependent on the number of measured modes. The zero values
in Table 6=2 are the results of the pingram trying to assume a negstive
value for these particular compliances. Four joint compliances are
present in the test case, and four input modes are required to produce
good results., If the number of modes considered is less than the number
of joints, the technique ¢.es not converge to a unique value for the
joint compliances. The table below shows the compliance results
obtained considering only one bending mode with two different sets of
initial compliance estimates.

Joint C/C Actual
No. Program Input Program Solution
1 .1 .64

2 5. 0

3 10, 3.7

4 .1 A48

1 67 .82

2 2.0 3.24

3 .65 .3

4 2.0 1.11

It i3 seen that the converged solution for the Jotnt compliance 1s
dependent upon the fnftial value used as an estimate during tha first
iteration when the number of modes uszed is less than the number of

unknown joiat compliances.

6.4 CURRENT RESTRICTIONS

‘The joint compliance extraction technique currently has several
restrictions., One of the restrictions is that the number of bending
modes used must equa. or exceed the riumber of unknown joints to obtain
accurate resulte. Also, only bending cases with free-frea boundary

- conditions can be run using the joint compliance extraction computer

program, and a method of handling appendages has nct yet been devised.

The feasibility of the joint compliance extraction technique has
beea demonstrated. Several limitations exist at the present tima, but
it is felt that these restrictions can be overcome. Note has been
taken of a2 promising technique for handling the type of problem being
considered here. This technique has recently been developed by Hall,
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Calkins, and Sholar of the McDonnell Douglay Astrconautics Company,
Huntington Beach, California (Peference 4). It is felt that this
method can be modified and applied to the problem of extracting joint
compliances from measured tactical missile elastic mode data.
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Tabie 6-1

SENSITIVITY OF JOINT COMPLIANCE
TO INPUT FREQUENCY ERRORS

Joint Modal C/C Actual
Number Frequency Using Generated Initial Estimate
Variations Modes

+2% -888
+1% .957

1 0 .998 .1
1% 1.06
2% 1.11
+2% -348
+17%, .312

2 0 .356 3.
=17 .929
2%, 1.26
+27 4]
+1% 1.24

3 0 .86% 10.
1% 1.31
2% 1.33
+22 1.63
+17 828

4 (¢ 1.13 .1
-1% -946
=27 1.01
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Table 6-2

SENSITIVITY OF JGINT COMPLIANCE

TO NUMBER OF MODES USED

No. of Modes Joint C/C Actual
Used Number
1 . 644
2 0
1 3 3.
4 477
1 .9
2 0
2 3 5.97
4 0
1 1.02
2 ¢
2 3 3.32
4 425
1 1.0
2 +356
4 3 864
b 1.13
€8
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Sectioa /.0

EXPERIMENTAL VERIFICATION

A limited tes:z program using highly simplified joint test models
has been conducted to illustrate and verify some of the results of the
parametric analyses. A principal source of airframe joint compliance
18 believad to result from strain field disturbances. Almost all
joints by definition represent a significan® iuterription and altera=~
tion cf the load paths between sections. In mary cases. the number of
load paths is equivalent to the numbar of principal fasteners. The
conuueptual joint model discuased in Section 5.2.2 provides a useful
design basis for representing both axially symmetric and non-axially
symmetric joint test specimens. Physical propeirty control is s criti-
cal rejuirement in developing simple inexpensive mudels of airframe
joints, The design approach t:ken and described in this section has
provided a total of 12 test specimens in three control groups, having
physical properties easily defined and controlled, and requiring only
very simple machining.

7.1 TEST MODEL

The joint simulation models consist of alumicum tubing with circum=-
ferentigl slots cut out at the midspan of the beams. These slots
produce local strain field disturbances under loading which are intended
to be analogous to those occurring in a missile airframe joint. Slot
geometries were selected to provide reductions in local section proper~
ties (EI) ranging from 60 to 97.5 percent of the basic cross section.
The net compliance producad by these slots is shown to be sigaificantly
larger t'.2n that predicted by considering only the area reduction over
the length of the glots, The strain field disturbance is propagated a
sigaificant distance from the sectional discontinufty. 1In deriving an
equivalent beam representation for the test models, the EI distribution
in the vicinity of the joint has to be reduced in addition to the EI
reduction at tks joint, or a lecal joint compliance muat be introduced
at the joiant 11: ovder to predict proper mode shape and frequency data.

The joint simulation models are described in Figure 7-1, Model
numbar 1 is a uniform tube without a joint, the standard or reference
for this set of models. ¥Nodels 2 thru 5 have six segments of material
equally spaced around the circumference. Model numbers 6 thru 10 have
three equally spaced segments nf material remaining from the slot cuts.
Model numbars 11 and 12 are designed to be norn~-axially symmesric and
produce elastic ccupling across the joiant by the mechanism discussed in
Section 5,2, The segment spacing in models 11 and 12 (& = 40°, 20°)
vepregents an estimated elastic coupling of 45 and 85 percant respectively.
'fhen excited in either of the two planes of symmetry, the reaponse char=~
acteristics will show only one peak in the vicinity of the first mode. When
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tested in any other plane, a double peaked response will vesult. The
plane with maximum cross plane coupling will result at 45 degrees from

the planes of symmetry.

7.2 TEST SETUP

The vibration testing of the joint simulation test models was con-
ducted with the models suspended by soft springs at the nodal points of
the first bending mode as shown in Figure 7-2, This figure alsc shows
some of the equipment used during the tes:. A miniature accelerometer,
shown mounted on the test specimen, and a Bentley distance detector
were used to make response measurerents on the test models. The acceler-
ometer and probe outputs were fed through a high pass filter to an
oscillosccpe where the wave form was monitored and to a counter to
measure the excitation frequency. An oscillator and power amplifier
were used to drive an inductfon shaker which excited the test models in

the horizontal plane.

The resonant frequencies of the joiut simulation models vere meas=
ured in two perpendicular planes for the symmetric models to verify that
the variations in frequency due to manufacturing and measurement toier=
ances were small. The resonant frequencies of model number 11 and 12
were measured in the two planes of symmetry, and at angles of thirty and
forty-five degrees frcm the planes of symmetry.

7.3 RESULTS

The results of the vibration testing of the joint stmuistica models
are presented in Table 7=1. With the exception of test smodel number 10,
the symmetric joint simulation models have resoriant frequencies which
are very close to each other for the two perpendicular (A and B) plsues.
With specimen numbter 10, a double peaked first mode was observed.
Obviously, the two perpendicular planes tested were not principal stiff-
ness planes, since a double peaked response wzs observed. The magnitude
of the faput force for these tests was so smali that response ampiitude
measurements could act be made off resonance. At resonance, very little
damping existed, and the peak response was very largn.

Test specimens 11 and 12 were designed to produce the double peaked
first mode response characteristics discussed ir Section 5.2, Table 7-1
shows the stiffness ratios in the two principal stiffness planes and the
resulting resonant frequencies, The first mode double peaks are very
widely separated (similar to the type of response shown in Figure 5#16)
due to the differences in stiffness between the two p’anes.

The effective compliance produced by the slot aisconrtinuities

in the test specimens can de represented by either of the joint models
described ia Section 4.1. Tabhie 7+2A lists flexural and reduced stiff-
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ness model equivalences for each test specimen based on matching the
measured first mode frequencies. In the first case, the effective
length of the stiffness discontinuity induced by the slot is determined,
and ia the second case, the rotational compliance of the equivalent
joint spring is determined. Table 7=2B shows the relationship between
test specimen effective compliance and the joint "rating' system prev=-
iously discussed in Section 4.2.

A plot of the effective length of the stiffness discentinuity
expressed in test specimen body diameters is shown in Figure 7-3. As
might be expected, the effective length dectcases as the number of
slots (load paths) increase. It ic of interest to note that for the
three segment models, the effective length ranges from about 0.2 te 0.7
diameters with the average of approximitely 5.5 falling in the vicinity
of what would be considered a good to modeiate joint.

This observation is perhaps better illustrated in Figure 7-%,
which presents test specimen geometric stiffness ratio versus frequency
ratio. The numbers adjacent to the data points identify the test
specimens. The 6-segment models are clearly less sencitive than the
3-segment models to stiffness discontinuities. The dashed curve in
this figure represents for comparison purposes the predicted relation-
saip between frequency ratio and joint stiffness ratio for a uniform
beam with a joint at the mid=span. This curve is based oa the test
specimen fineness ratio (L/D) of 15 and 2 refereuace leagth of 0,5 body
diameters for the assumed span of the local stiffness reduction. Tesvt
points close to the dashed curve imply effective lengths iz stiffness
loss close to the 0.3 diameter assumption. The branch curve passing
through pcint 8 connecting data for test specimens 1l and 12 reveals
the dramatic influence of uansymmetric segment spacing. In this instance,
the segment arezs for the three specimens (8, 11, 12) are the same and

it is interesting to note that tre variation with segment spacing approaches

the dashed curve quite closely.

7.4 COREELATION ANALYSIS

In an effort to obtain a relatively accurate analytic determination
of the equivalent beam stiffness for comparison with test results a

relatively detailed finite element analysis was undertaken for one test

specimen - aumber 10. This znalysis was performed using the STARDYNE
computer program, Reference 8.

The beam with a concentric circular cross section is interpreted
as a cylindrical shell with a length equal to four diameters. The notch-
ing ig placed at the mid-section. The ends of the shell are given a
stress distr’oution which varies linearly in one directioa and which
results in a uniform moment distribution aleng the axis of the associated
beam. The shell and loading are shcwn in Figure 7-3a.

71

POMONA OPERATION
{D) 6~-548




o rumsmm

GENERAL DYNAMICS
Electro Dynamic Division

e to symmetry only one fourth of the geometric configuration
need be modeled as shown in Figure 7=5b. The finite element analysis

é; k- usad described this portion of the geometric configuration with a set

‘§~\~} of tritngular finite elements. This element accounts for both shell

. membr ~e and bending stresses. The distribution of finite elements

S used is shown in Figure 7-6. Thls figure depicts the element distribu~

e tion for the unfolded shell segment so that it can be placed on a plane.

= = he model used has 480 triangular elements and 275 node points.

Z‘- 3 Since there are 6 degrees of freedom for each aode point the model has

e 3 1650 degrees of freedom. The application of boundary conditions for

E the quarter segment requires the constraining of 108 degrees of Ffreedom.

B Thus the model has 1342 unconstrained degrees of freedom.

E o Ti:e analysis yielded a set of node displacements and rotations.

E O This in turn was used to determine an equivalent compliance value for :

E 3 2 spring placed at the notched section. The value of the computed ;

E 3 compliance i3 7.03 x (10)~6 rad/in-1b. The measured freqguency for i

E model aumber 10 implies a compliance value of 7.6(10)0 rad/in-lb. The

5 2 finite eiement analysis compliance value agrees with the experimental

?i '} -alue within 7.5 per ceat.
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Table 7=1
Vibration Test Results
Free=Free Joint Simulation Models
Specimen s a /¢ S/p £Ze/ £,
Number (Hz) {Hz) * -
1 526. 526. 1.0 1.0 1.0
2 511. 510. .971 .970 0.4
3 492, 492, .935 .935 3.2
4 476. 475, .905 .903 0.1
5 453, 454, .861 .863 0.05
6 484. 484, .920 .920 0.4
7 436. 436, .829 .829 0.2
8 403. 402, . 766 . 764 0.1
9 382, 380. . 726 722 0.05
10 35€. 356. .677 877 0.025
360. 360, .684 .684 -
11 334, 451, .635 .857 .0554/.1446
12 236, 472. 449 .897 .0162/.184
= Pirst bdending mode frequency of referance specimen {(No.
= First bending mode frequency iun ihe A plane.

= First bending mode frequency in the B plane.

Sectional stiffness of slotted region of the tuba.

Sectional stiffness of the basic tuba.

h
J‘igo}‘);‘hh
"
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Table 7«24

COMPLIANCE AND COMPLIANCE RATIO RESULTS
FOR JOINT SIMULATION MODELS

Spacimen No, of Freq. Geome.ric | Effective Effective
Number Seg, Ratio Stiffness | Length Compliance
Ratio, Ip £/p Rad/In-LR
(10)6
1 1 1.0 1.0 0
E 2 6 971 | 0.40 .245 4
3 6 .935 | 0.20 .230 1.0
4 6 .905 | 0.10 .150 1.4
:: 5 6 .861 .05 106 2.2
S ) .920 | 0.40 734 1.2
9 7 3 .829 0.20 .666 2.9
= 8 3 .766 0.10 4539 4.5
- 9 3 726 | 0.05 274 5.7
e 10 3 .677 0.025 .179 7.6
: 114 3 857 | 145 .359 2.3
= 118 3 .635 .055 316 9.6
124 3 .897 .184 .332 1.6
128 3 449 | 016 .386 25.5
5 Table 7=2B %
TEST SPECIMEN EFFECTLVE COMPLIANCE COMPARISON %
_" WITH JOINT RATING CLASSIFICATION g
& Joint "Rating" %
3 =
: Compliance Excellent Good | Moderate 3
09(10)6 Rad/In=Lb 0.1 1.0 16.0 %
2
" 80 3
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Section 8.0

CONCLUSIONS

In reviewing the results of this initial study of the structural
dynamic properties of tactical missile joints the major points would
appear to be the following.

(1) The most significaut directly related work to date is that of
Alley and Leadbetter {Reference 1) in which the compliance
characteristics of varioss joints are classified from "excellent"
(small compliance) to "loosge'.

{(2) The compliance and damping characteristics of typical tactical
missile joints can have a powerful influence on airframe
structural dynamic response. &4 gingle joiut of "moderate”
compliance placed at the midspan of a typical missile; for
example, could be expected to reduce the first mode frequency
by approximately 35 parcent.

(3) The structural efficiency of typical missile joints iudged on
the basis of maintaining airframe stiffness through the local
region of the joint is extraordinarily low with a "good" joint
ratad near 40 percent, a "moderate" joint near 5 percent, and
a loose joint generally below 1 percenct (efficiency in this
sense equals percent of local stiffness retained over a length
of cne~half a body diameter).

fioa iR et} ol

(4) Results obtained with siriple test models suggest that the
number of load paths and their spacing around the periphery of
! the jeint are the determining parameters in joint compliance.
i The poor performance of some typ2s of ring joints is suspected
| to be traceable to ralatively low axial preloads (although
assembly torques may dbe high due to friction) and a strong
likelihood of only three ncints of contact unequally spaced.

oar e P (I 1P TR o

(5) The role of unequal load path spacing in jrints as a source
cf elastic coupling has been illustrated both by analysis and
test, and a simpie conceptual model presented which is balieved
to offer a plausible explanation and insight for this mechanism.

(6) A technique for extracting the joint complianze values from a
set of measured missile elastic mode frequencies and shapes
has been developed to a preliminary stags. The technique,
which is based on the method of steepest ascent used originally
in trajectory optimization, has been shown to be feasible for
the present application. Certain limitations are present in

N E s
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(7

the n. nod as currently implemented. These limitations are

not inherent in the technique. The removal of these limitations

will result in a powerful and useful analytical tool for the
determination nf flexural joint compliances from mecsured
missile elastic mode test data.

Finite element structural analysis approaches are believed to
offer excellent potential as analytical tools in estimating
joint load/deflection characteristics. Selecticn of the model
and the interface losid path asgsumption are critical
considerations,

The next phase of this study, identified as "Phase 2, Data

Acquisition and Analysis Extension Phase" 1is directed at accomplishing
the following objectives.

(1)

(2)

(3)

Developing the analytical techniques, which were formulated
in Phase 1, into operatioral methods.

Applying these operational methods to the data collected in
the Phase 1 study.

Developing approaches to modeling the more significar* damping,
cross coupling and nonlinear stiffness jolnt characte itics.

Conducting a limitad test on full scale missile joint hardware.

Performing a correlation analysis to provide a basis for

verification of the aralytical techniquea daveloped in Phase
2'
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APPENDIX T

AEROSPAC# INDUSTRY SURVEY

An aercspace industry rurvey on structural dynamic properties of
missile airframe ioints has been conducted in the form of a questionnaire.
This questionnaire was distributed with the Minutes of the Aerospace
Flutter and Dynamics Council Meeting held May 14 - 15, 1969 in San Antonfo,
Texas. The intent f the survey was to gather information frem which a
list of jeints in coummon usage and the structural dynamic characteristics
of importance for joiants could be compiled. The primary results of the
aerospace industry survey are presented in the form of a table (Table [(-1).

The authors wish to express their appreciation to the following
individuals and organizations wao have provided the information given in
this Aoppendi::,

‘The Hoeing Company
Seattle, Washington

'r. Thomas W. Miller

Mr. L. Baker Hughes Aircraft Co.
Mr. ¢. A. Figge Canoga Park, California
Mr. R. J. Oedy

4cDonnell Oiuglas Astronautics Co.
Santa Monica. California

Mr. Ber. ¥. Hall
Mr. Gerrty Kahre

Mr, Craig S. Porter Naval Weapons Center
Mr., William J. Werback China Lake, talifornia

Philco Ford Corp.
Newport Beach, California

Mr. H. M. Marshall

Table -1 shows specific missile and joint properties obtained from
the aercspace industry survey plus data obtained here at the Pomona
Operation of Geaeral M™ynamics. Cnly a limited number of joint compliance
values have been obtained from the industry survey, and zll of the com-
pliances have been flexural compliances. No shear compliances have been
veported, supporting the premise that flexural compliancz is dominant to
shear compliance in importance to structural dynamic analyses. Not all
of those responding to the questionnaire represented joints as discrete
springs, but rather scme considered the bending stiffness tc be some
reduced value of stiffuess in the area of the joint. The effect of the
airframe joints on the first bending mode frequency has been obtained for
six tactical missiles. The results are presented in Table I-2,

A decrease in airframe stiffness as the number of joints is increased can

" be sean.
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Table I=2

T
T R (Do

Effects of Jolnts on Missile First Mode Frequency

LT
M) e

it

E No. of First Mode Frequency
Missile Joints Increase W/C Joints
- %)

H Sidawinder 4 7

SRAM 6 20

Standard ARM 6 22

; Standard Missgile 7 20

= Medium Range

= Standard Missile 7 21

3 iixtended Range

'% Phoenix i0 40

Figures 1-1 thru [-3]1 show diagrams of the joints listed in Table I~-1,

One point of interest resulting from the survey is that the damping
characteristics of the joints are generally not defined, rather a percent-
age of the critical viscous damping is assumed for each mode in dynamic
response aralyses. Also, beam modal analyses are, in general, the

methods employed to analyze tactical missile structurss,
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APPENDIX II

BIBLIOGRAPHY

A literature search was conducted on the topiv of the structural
dynami¢ properties of tactical missile airframc joints, The following
literature sources were used,

1, Engineering Index, 1960 to August 196%
2. Scientific and Technical Aerospace Reports, 196G to 1969

3. Defense Documentation Center search using the following
search vwords: missile joints, joints, mechanicai joints,
_joint stiffness, joint flexibility, and dynamic properties
of joints.

A 1ist of publications whicn contain information relative to the
topic follows with a brief summary of each of the articles,

IX-1 Alley Jr., V. L. an’ “.eadbetter, S, A., "The Prediction and
Measurement of Natural Vib.ations on-Multistage Launch Vehicles®,

American Rocket Society Launch Vehicles: Structures and Mater*als
Conference Report April 1962,

Results of an analytical and experimental study to determine
natural frequenciés of a multistage research rocket are presénted,
Also studies of the 2ffects of mechanical joint looseness and an empir-~
ical treatment of joint flexibility are discussed., Some typical missile

joints :re illustrated and classified from excellent to loose based on
joint compliance and diameter,

I1-2 Barton, M. V., "Important Research Problems in Missile and Space-
craft Structural Dynamics™, NASA N D-1296, May 1962,

The author provides a broad overview of structural dynamic problems
of missile and space vehicles and attempts to identify those areas in
which further research would be fruitful in enhancing the state-of-the-
art, Although this report was written nearly 10 years ago and much pro-
gress has been made since then, much of what is indicated in this report
is pertinent today. He does not explicitly identify missile joints as

a problem area although this is implicit in several of the problem areas
identiried.

iI-2 Collins, J. D., and Thomson, W, T., "The Eigenvalue Problem for
Structural Systems with Statistical Properties®, AIAA Journal, Vol. 7,
No. 4, April 1969, pp 647-548,
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The treatment of matrix eigenvalue problems for structural sys-
tems with statistical properties is presented., Using the techniques
described in the paper, Eigerwvrlues can be determined in a statistical
form for a missile vhich has its joint stiffnesg properties described
in a statistical form, Variations which can occur in serial production
can be accounted for ancé cons:quently the techniques could prove to be
very useful,

I1-4 DeVries, G., "Design of Joints for Cylindrical Sections", U, S.
Naval Crdnance Test Station, China Lake, California, Report No, i1DP807,
April 1960.

The author classifies the various types of circular joints used
in missile applications and presents a set of criterion for evaluating
the desirability of the various classes. The criteria used do not
include structural dynamic considerations.

II-5 (@rambell, R. Y., "A Compendium of Structurzl Joints for Assembly,
Fizld and Flight Separation on Missiles", Boeing Co., Seattle, Report
No. D2-125911-1-Rev-Lcr=B, July 68.

The author assembles a cross-section of state-of-the-art designs .
of missile joints used hy the Boeing Cowmpany. The merits of the various
joints are evaluated, however, structural dy. mmic response considera-
tions are not examined,

11-6 Hanks, B, R, and Stephens, D, G., "Mechanisms and Scaling of
Damping in a Practical Structural Jeint*, Shock and. Vibration Bulletin
No. 36 Part 4, pp 1 - 8, January 1967.

The authors report on an investigation directed at determining
the effect of geometric scale on the damping of a beam joint assembly.
In essence the decay of the fundamental mode of four similar cantilever
configuratiors, varying in scale from 20 to 1, were experiuentally
determired for various bolt tension loads. 1t is concluded that damping
is inversely proportionai to model size,

1I-7 Kalinia, N, G., Lebedeve, Y. A., et al,; “Structurzl Damping in
Permanent Joints", Translation Division WP-AFB Ohio, FID-TT-63-755/1 + 2,
May 64,

The authors report on various investizations on structural
damping and consequently the studies ave directed at damping mechanisms
associated with structural joiuts. The authors identify the dominant
damping mechanism associated with bolted and riveted joints as coulomb
damping associated with interface frictional forces., It should be
pointed out that more recent studiee put forward evidence indicating
that this type of damping is in fact viscous damping associatnrd with the
tarvential movement of air at the interface.
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TI-8 Maidanik, G. and Ungar, E. E,, "Panel Loss Factors Due to Gas-
Pumping at Structural Joints', NASA CR-4Y54, November 1967.

The authors report on a theoretical and experximental study cf gas
pumping iv riveted jointz. Results from a mathumatical model are
compared with experimeutal results. The results indicate that for the
higher frequencies gas pumping is the dominant mechanism, The authors
also note that structural damping measurements conducted at an ambient
pressure may yield risleading results for structures which operate in
a rarefied atwcsphere,

I1-9 Mead, D. J., and Eaton, D. C. G., "Interface Damping at Riveted
Joints, Part I - Theoretical Analysis", Wright-Patierson Air Force Base,
Ohio, ASD Technical Report 61-467 Sept, 19o0l.

& then . otical examination is msde of damping in a riveted lap
joint having a viscc-elastic interfacial layer. Simple desizn rules
are given for maximum interface damping. '

11~10 Mentel, T, L., "Joint Interface‘Layer Damping," Transactions of
ASME Vol., 89, Series B, No. 4, Nov. 1967,

An experimental and theoretical study of damping in thin visco-
elastic layers is presented, The author notes that the damping mechanism
is dominated by the analytically simple shear mechanism,

Ii-11 Rubenstein, N,, Sigiliito, ¥, G., and Stadter, J. T., "Upper and
Lowet Bounds -to Bending Frequencies of Non-uniform Shafts, and Applica-
ticns to Missiles," The Shock and ¥ibration Bulletin No. 38, Part Z,
Aug, 1968, pp 169 - 176,

The authors present a method for computing upper and lower bounds
to bending frequencies of non-uniform shafts which have their EI distri-
bution precisely defined. The autliors indicate that this type of determi-
nation is important in wmissiie developments and undoubtedly it is,
however, precise definition of EI distributions for missiles is difficult
tv establish due primarily to joint behavior. Consequently the bounrds
are not necessarily meaningful for many missile applications.,

1I-12 Smith, F. A., "Acoustic Response Analysis of Large Structuras,"
The Shock and ¥ibration Bulletin, Nc, 39, Part 3, Jan, 1969, pp 55 - 64,

The technical approach and results of an acoustic response analysis

up to 200 Hz for 2 large complex structure is presented., An elastic
structural model which used 3000 degrees of freedom and btased on beam and
plate 2lements together with some one dimensional elements was used, A
surprisingly good correlation with measured resulte was obtained. This
type of detailed analysis is resirable because cf the quality of the
results which can be obtained. An analysis with this degree of complex-

121

POMONA OPERATION
(D) 6365

[ ..@.AL!IN




— == T = M0 e M L

GENEBRAL DYNAMICS :
Elactro Dynamic Divicion o

Time

ity (for rany missile applications) is often limited due to an inability
to deseribe joint tehavior,

YI-13 Trotter, W. D., Rauch, G. G. end Muth, D, V,. ‘Hissile Dynamic

Response Tests,' Boeing Company, Seattle, Report No. T2AGM20308-12, 1,
«3-49,

Results for the SRAM aissile structural dynamic response tests
are presented, The effect of the compliance of the zirframe joints on

g— ’ the measured bending mode shapes is readily apparent, s

: 1I-i%4 Ungar, E. E, and Carbonell, J. R., "On Panel Vidbration Damping %
3 Due to Structural Joiats," AIAA Journal, August 1966, pp 1383 - 1390. P
E The author reports on an experimental study of dampiang mechanisms

for bolted joints. He concludes that high frequency damping is primarily

due to the pumping of air resulting from surfaces moving away from and
toward each other,
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