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ABSTRACT

This thesis describes the develcoment of a Fortran IV
computer program for finding shock~induced stresses in a
three-dimensional piping system. Discretized equations of
motion are formed by the finite element method. Input
motions are support translations specified by response
shock spectra. Meximum responses in individual modes and

resulting octahedral shearing stresses at selected points

are found for shock motions in three orthogonal directions.

Eatreme stresses, based on the square root of the sum of
the squares of the modal stresses, are estimated for each
input direction. An example problem is analyzed to demon-

strate the use of the program.
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LIST OF SYMBOLS

A single underline on a capital letter denotes a

rectangular matrix, and a single underline on a lower case

letter denotes a column vector. Superior dots denote time

derivatives. The symbols used in the computer program are

described in Appendix E.

= I

i @B O

= @

= = <
(]

Element cross-sectional area

Mode participation factor, mode r

A constant

Pipe outside diameter

Young's modulus

Element generalized force vector
Components of the generalized force vector
Shear modulus

Second moment of the pipe cross-sectional area
about a diameter

Identity matrix

Mass moment of inertia per unit length about pipe axis
Assembled stiffness matrix

Element stiffness matrix

Length of an element

Assembled inertia matrix

Element inertia matrix

Element inertia submatrix, tending 1-2 plane

Element inertia submatrix, bending 1.-3 plane

Element inertia submatrix, longitudinal motion
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Element inertia submatrix, torsional motion
Modal mess, mode r

Mass of the lagging per unit length

Mass of the pipe per unit length

Row vector of shape functions

Vector of principal coordinates

Principal coordinate, mode r

Moment of pipe cross-sectional area lying on one side
of neutral axis

Displacement vector

Radius of gyration

Base displacement

Kinetic energy of an element

Pipe wall thickness

Vector of absolute displacements corresponding to
unit base dlsplacement

Components of displacement vector
Modal matrix

Spectrum velocity, mode r

Eigenvector, mode r

Weight of lagging per unit length
Weight of pipe - per unit length

Absolute displacement vector

One degree-of-"reedom system coordinate
Modified specific weight

Dimensionless length coordinate

Density

Modal stress

Shearing stress




Toct Octahedral shearing stress

02 Spectral (diagonal) matrix

() Natural circular frequency, one degree-of-freedom
system

w, Circular frequency of mode r

Superscripts

T Transpose of matrix

(r) Mode designator for eigenvectors (r=1,2,...,n)



ACKNOWLEDGEMENTS

I #ish to express my sincere appreciation to my advisor,
Professor Robert E. Newton. for his invaluable assistance
and constructive supervision in the preparation of this
thesis, and to trofessor Gilles Cantin for his assistance
in the computer work.

I would also like to express my thanks to the staff of

the W.R. Church Computer Center, Naval Postgraduate Schocl.



LS
=
!
»
X
5
i
3
1
(35
"
&
k3
Cep
o
-

3
&
i
k=]
el
j
i
Y
4
,ﬁc
Ry
O
i
.
Qo

I. INTRODUCTIOH

With the greater demand for eléctrical povwer, and the
diminishing fossil fuel supély, there has been an increzase
in the construction and use of nuclear povier generating
plants. Corfespondinglj, there has been greater concern for

the safety of the power plant during an earthquake.

XN

Alsc, the reduction in the size of the Navy has led to
an in<reased emphetis on the integrity of the internal
systems oS a naval vessel under shock loads. Thus, there
has been a growing engineering interest in finding a rgpid_
and accurate method cf analysis to determine the shock-
induced stresses in a complex coatinuous piping systenm.
This thesis describcs and presents i computer program,
written in Fortran iI¥ computer language, to find the
stresses in a pipiﬁg system responding to shock.

Complex piping systems can be analyzed by using dis-
cretized models. In using the discretizaticn technique, the
continuous piping system is modeled by finite size elements
connected at nodes. After the system has been subdivided,
the elastic and inertial matrices of each element can be
found and assembled to form the elastic and inertial
matrices of tne system [1,2].

A considerable volume of material is available to assist
in analyzing structures and systers rezponding to
earthquakes [3,4,5]. Two of the techniques used in earth-

quake response ar2lysis are modal analycis with a

11
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discretized model and transfer functions [Z,5]. The shock

input for ezrthguzkes can te specified by using tire

history [3], or shock spectrum [4,5].

The Kavy uses z techniguz czlled the Dynamic Design-
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analysis technigue using shcck srzctra to speeify the shock
inputs.

The shocx spectrum presents, as a function of the system
natural frecguency, the maximum response of a one Gegree-of-
freedom system responding to a shock motion. The shoel:
spectrun is generally presented in terms of respornse veiocity
or accelerztion.

Several grzduates of the Naval Pcstgraduate Schecol have
viritten theses on deternining natural frequencles and mede
shapes for piping systems. Fink [7] developed a2 prcgrzam to
analyze planar piping systems, including cut-of-plane
bending, using transfer matrices. Baird [8]) presented the
necessary theory to exvand Fink's work to a three-dimensicral
piping system. Rudolf [9] developed a program that deter-
mines the frequencies of a general three-dimensionzl piping
system. ©Because the transfer matrix does notl yield a dis-
cretized model of the structure, there is no ready rieans
for using the frequency ard riode shape data to find shock-

induced rmodzl responses. On the other hard, the finite

je N

element technigque provides a consistent discreticzed mcdel

12
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Here, the double arrowvhead vectors are positive rotztion

n

E =

in zccordance with the

i
Jole

gnt-nané rule. The displacsment

vector is

1F

a= [ul U, ... Uy,

From Fig. 1, cooponents u, and u, are longitudinal dis-
plzacements, conoenents Uy u3, uS, Bgs u8, ug, uy5 and Uy,
are bending displacexents zand rotztions in the 1-2 znd 2-3
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sion for the element Xinetic energy T is formed, rotatory

inertia due to bending bteing negliected.
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e S 1Y
Therefore
i
e Iy .
M- =Ce j N Nag (1)
0 .
Since the locezl element axes coincide with the cross

section principal axes, the inertia matrix may te deter-
mined from 2x2 and Lxk eiement sub-mztrices. Consider the

he element:

L)
(®)
Joud
[ d
(o]
#
120
]
o
Ix]
o
ch
Jobs
[}
3
7]
o
Y
ct

Jy
= = = 71 - =
a- [ul uT] , Nl 1 £, N7 £
and C = pA where &2 is the cross-sectional area of the

element and p is the density. From Eg. 1

f- 31
e _ pAg 2 1 -
o 5 1 gg -a)

b) twist:

Ty - =
[uu Uygls Ny = (1 -¢8)e, Nig = &%

SQ
&
|

and C = J where J is the mass moment cf inertia per unit

length at~ut the pipe «xis. From Eq. 1

e o= 2 E;] | (1b)

¢) bending in the 1-2 plane:
- T — 1.2:245.3
9p1p = [uy ug ug ug,l7, Hy = 1-36742¢7,

- 2 " 2 L 54 —_— 2
36 = ¢(g=-2r +g3), Np = 2 —2r3, fyp T 1(-¢ +E3),

17



156 222 54 -132]

e _ phs 2 . 2
EBlZ 150 222 kg 13z -32 (1c)

=4 13%2 1586 -22%
~i32 -322 —222 Uy

Bendirns in plane 1-3 results in the same numerical coeffi-
cients as 3512 . Because the positive senses for the

rotation angles are reversed, rows 2 ané I and columns 2

and U4 are multiplied by minus one. These submatrices are
assembled to form the element inertia matrix. This matrix

is displayed in Appendix A.

C. ASSEMBLED EQUATICNS OF MOTION
The governing equations of motion, in matrix notation,

for undamped free vibraticn [2] with a fixed base are

=
=]
+
B
o)
i}
o

(2)

where q is the assemblea displacement vector and M and K
are the assembled inertial and stifiness matrices. Il and
K are referred to a global coordinate system and Ee and 5?
are referred to local ccordinates. The assembly process
consists of realigning the local system to the global

system and building the X and ¥ natrices. Reference [2]

gives sample assembly techniques.

“
PR TR



D. MODAL ANALYSIS

lModal analysis is the process of finding the response
motion of a many degree-of-freedom system by superposition
of the response motions in the principal (or natural) modes.
This technique is advantageous because the motions in the

rincipal modes are independent of one another (uncoupled).
D p I

150

To use the method, it is first necessary to find the nat-

ural frequencies and mode shapes for the free motions

governed by Eq. 2, i.e.

Kv= m2 M v.

; to solve the eigenvalue problem
Finding eigenvalues (w2) and eigenvectors (v) is a
standard problem of numericzl aralysis. The first z%ep is

a transformation to a single-matrix problem. Details of
the transformation used here, which requires a Cholesky
decomposition of the inertia matrix, are given cn p. 349

of reference [1]. Following this, Jacobi rotations [157
are used to find the spectral and modal matrices (g? and V).

The modal matrix is normalized with respect to the inertia

m2trix, 1.e., y?

MV =1I, where I is the nth order identity
matrix.

The shock analysis is based on using velocity shock
spectra to characterize the input motion and mode parti-
cipaticn factors to determine the responses. Although both

shock spectra and mode participaticn factors have been

extensively used in earlier studies [6], the finite element

19
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discretization necessitates a new development of working
formulas. Detalls of this development are given in
Appendix B.

Each shock input motion consists of base translation
parallel to a global axls. It is shown in Appendix B that
the mode participation factor br for mode r is

T

b, = v (B.5)

()

where v is the modal eigenvector and u is the vector of
absolute displacements corresponding to unit base displace-
ment. The maximum relative displacements aue to mede r
response are
q__ =vT) b, ﬁf/”r (B.6a)

where ., is the modal circular frequency and ﬁr is the
spectrum velocity at that frequency.

Since responses to shock inputs in each of the three
global directions are separately determined, the vector u
and the mode participation factors br nust be evaluated

separately for eacl: direction. The modal masses m, (see

Appendix B) are likewise different for each input direction.

E. GENERALIZED FORCES AND STRESSES
The subvector ge of element peak modal displacements

may be found from the system vector, taking into account the

‘q\

20




A A S R T ST "2t & SO AR SR M
e 3 s =

’ 1
-
‘

orientation of the local reference axes. From this the
element generalized force vector g? is determined. This
force vector consists of the elastic and inertial

contributions tor each element.
£2 = (k% - w2 M%) o° (3)

Pig. 2 shows the positive directions for the components

of the generalized force vector.

+3

e _
f - [fl f2 LR ) f12

| - )

FIG. 2

ELEMENT GENERALIZED FORCES
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St mum e ey T oma

The stresses at the nodal points of the element can be
determined from the generalized forces by standard methods

of solid mechanies [10].
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IIT. PROGRAlM DEVELOPMENT

The computer program was written in Fortran IY com-
puter language using double-precision arithmetic on an
IBM 360/67 digital computer. It consists of a main calling
program and seven subroutines. The main program calls the
subroutines, where the actual calculations occur, in the
necessary order. Information is passed between the main
program and the subroutines by the use of a common storage

core. Appendix E contains the program listing.

A. SYSTEM DESCRIPTION

\fter the piping system has been modeled and subdi-
vided, subroutine INPUT is used to read the data input of
the geometry and material properties of the system. The
geometry of the piping system model is determined by the
globzl coordinates of the ncdes of the model. The global
system is a right-handed orthogcnal coordinate system.
Each pipe segment must be parallel to a global axis, but
there are no restrictions on the placement of the origin of
the global system. The parameters from the subdivision of
the system are read. For each node the global coordinates
and boundary conditions are read. If the nocde 1is fixeq,
the stiffness and inertial matrix components due to the
node displacements are not assembled into the system

matrices.




;
|

Tne numbering of necdes ané =lements is arbitrary.

Tnere are two nodes per element and six degrees of freedom

7]

per node. Fcr each element, the ncde numbers and pipe
group are read. A pipe group includes all elements that
have the same Young's modulus, Poisson'’s ratio, specific
weight, radius of gyration, and cross-sectionzl dimensions.
Eppendix D shows .he method used to calculate the effect
of lagging on the specific weight and the radius of

gyration.

B. STIFFNESS AND INERTIAL HMATRIX FORMULATION

Subroutine F@RM generates the element stiffness and
inertia matrices as shown in Appendix A. Rotatory inertia
and shear deformation due to bending are neglected. The
orientation of the element is determined with respect to
the global coordinate system and the correspondence betwveen
local and global degrees of freedom 1s established. After
determining the correspondence between the local and global
degrees of freedom, the element stiffness and inertia
matrices are assemblcd to form the system stiffness and
inertia matrices. If pipe hangers are present, the corres-
pronding (uniaxial) hanger stiffnesses are added to the
arpropriate diagonal elements of the system stiffness

matrix.

C. FREE VIBRATION MODE SHAPES AND FREQUEMNCIES
Subroutine Ci¥MOD uses Cholesky decomposition of the

system inertia matrix and coordinate transformation to form

24
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2 singie syr—etric m=trix for whick eigenvaluss and eigen-

vectors are found. Subreutine JACEET is 2 modification of

a progran criginzlly coded by Prefessor €. Cantin. It

uses the Jacobi varizble threskolidé method €o find eigen-

values a2nd eigenvectors of z re2i symmetrie r=triz. The
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Since tThe system riztrices increzse iIn size with finer

-

subdivisions cr rwore com=plex systems, an economizing tech-

nigue, £o reduce the numder of degrzes af freedom in the

that the constraineé component brench technigve {111, with
interface loading, with nc ncde suppression gave results
identical with those obtained by the diresct method descrited

aoove when applied to planzr vibration of z clamped-clizmped

beam represented by six elements. Despite the success of
this trial, it was conciuded that the added progrzm ccm-
plexity accomranying the use of component mode §ynthesis
woﬁld offset the potential econcmies. ~Another standara

economizer technique [14] was considered, but ultimetely

rejected for the same reason.

D. MODAL RESPONSE
The number of modes £o be us- i1 In the stress analysis

and the speccification of the shock spectrum arz input data
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E. STRESSES
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The element gener-
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alized force vector is then calculzted.
action of the generalized force vector on the eliement

shewn in Fig. 3.
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~cross iz zeectsiisted Tor ezeh ingut Girecticon
TSE33 1 Z2CeCCiT 20 O 228z AnDlUe QEeCCzlnn.
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gone for ezer elezeny in turn, starcing ¥iAlh the

re
-

nput inforzaticn is scho-checked. The scGuzare
je freguency and the mcde shape are printed for
The spectrun velocities and mode particiraticn
zre 21isc rrinted. The cctzahedral shearing stresses
s 2, b, ¢, and d (Fig. 2) of each elecent azre .
f¢cr the three shcex input directicns.

29




IV. FEEIGRIN TESTINUS

in order to explore the capenilities of k= progres
end werifly its fimtegmity., 2 munber of plaae test c nfigrr-
2ticms xere studffed. These zre deseribed Im Che followimg

£
sSecticrms.

2. TESYF FROSESR 1 :
The conficmratice shoum im Fig., 5 khas {hree ifexmticzl
mmiferm rmums of egral lergih betwsem the cemtral juzecticm

arnd ke cizmped edgss.

/4

IS T

progr—.. Tne gresent tregran gave identical results for the

P TOREY
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Iin-plzne modzss. The cot-of-plzre modes exhibited the

reguired symmetric or zoti-symetric form.
£33 ion=? progrem tests om Ehis comfigmrztion involved

different element maberinz aznd mode nunberimg znd siz

different criceptztions of ths glctzl axes reiztive to the

strectore.  Mode shzpes znd freguencies were unaffected by

these chenges.

B. 9YESY rBEQSEER 2

— —

This system, showm in Figz. 6, comsisied of 2 -~traigkt
r—J

mmiforn pipe elasmmped 2t the enfs ané represemnted by four

elements.

AN

N -

y
Jmi
0
L}

(A

TEST PIPINCG SY¥SEZE 2

Tne freguencies found for the iower =—odes showed gocd

+
L]

)

e cozparison

:30

W0ES ©

b=i
0

agreerent with exzet resulits. Tadble

nite element

yobo

of the first three tending freguencies of the f
solution with exact results [23]. £A11 the eigenvectors
showed the required symmetric or anti-symmetric foro.
Bending moces occurred in peirs having equal eigenvalues
and with the correspording eigenvectors rerresenting

deflecticns in orthogonzl plzanes.
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Stresses found for Chis system were studied im detail.
At ezch mode, tk2 stresses are czleculzted zt two points of
the cross-secticnm. EZxcept 2t ke clzampmed ends, there are

two adjzcent elements sherinmg czck node, so thzt stresses

at these sectioms are calculzted twice. Complete agreement

uzs found Detwesn Ehese two sets of stress evalu=tions.
Aisp, identiczi stresses resulfed from shocks in £he Ewo

directicns perpendicular

CCUPARTSON CF FERSY ¥RET 3IENDINE FREQUZNCIES OF

PIP NG S¥SF=M 2 Wite EXECY RESULT

5
i

Wode Exzet Finite Percent
Elexment Difference
(Ez) (2z)
i k22.32 E22.65 0.08 :
2 13168.15  1i7k.26 0.9 “
3 2282.20 2320.6% 2.1

TEST PROBLEX 3

The equal-legged configuratiocn of FPig. 7 consists of
uniform pipe throughout. Mode shapes of this system again
showed the required symmetric or anti-symmetric formn.

Likewise, the shock-induced stresses exhibited the expected

symmetry properties.
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V. EXAKMPLE PROBLEHM

A. PIPINC SYSTEM

The example system analyzed is a model of the main
steam piping system on a2 modern naval vessel. The main
steam piping from the boiler tb the rigid cross-connect
anchor assembly is modeled. The ends of the piping system
are clamped, and there are two hangers. The system is

three-dimensional with nc branches. The pipe properties

are:
outside diameter 7.625 inches
inside diameter 6.011 inches
Poisson's ratio 0.300
Young's modulus 30x106 psi
specific weight 0.327 lb/in3

radius of gyration b ol inches

The specific weight is a fictitious value which accounts

for the weight of five inches of lagging bonded to the pipe.

Fig. € is a schematic of the piping system. The piping
section Pl is 8Y4 inches long, P2 is 264 inches long, P3 is

108 inches long, and P4 is 288 inches long.

B. DATA INPUT AND OUTPUT

The input data cards are punched in accordance with the
instructions contained in Appendix E. The echo-check of
the data is shown in Table II and is arranged as it would

appear at the end of the program deck. The system

34




FIG. 8

EXAMPLE PIPING SYSTEM

eigenvalues and elgenvectors are listed in Appendix C,
Table VIIZ, Tables IIT and IV show the modal velocities
and the mode participation factors. The stress outovut is
given in Table V.

This problem required a storage capacity of 174K bytes,

and 2.67 minutes of computer time.
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MODE PARTICIPATION FACTOKS, EXAMPLE PROBLEX
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. PAZLE ¥ OCIASSOREL SE=I2ENS STRSSSSS, EXAYSLE PRISIEW, BSE -

- —

BLEMERT 1 - . ELENENT 7 :
' 9.211550 03 6.533980 03 E.30535D 031 1.055150 G4 3.1$3520 03 T.8455 03 :
6.67426D 03 1.687520 04 £.482563 03 45.203350 03 5.355320 33 2.8923%% 63
6.605595 03 6.153625 33 2.5617210 03  S.S25270 03 3.34383D 62 3.809223 63
] £.588570 03 B.635530 03 3.05S5510 83  4.372620 G3 5.553520 63 3.530%50 03 -
ELEMENT 2 - | ELESNT 8 -
6.60559D 03 6.192620 03 2.617210 83! 5.826570 33 3.140%20 33 3.865235 33
- £.588570 03 8.635533 03 2.0S551D (G  4.372620 03 5.550520 03 3.320050

63
2,655362 02 3.213450 03 3.56773D a3
7.425399 05 1.31890D 35 45.405239 33

1.879580 04 7.52777D 02 7.715058 9
4.96003D 03 7.39236D 03 1.9430£D O

W

w

ELEMENT 3 . SLEHENT 9
5.76359D0 02 7.612435 03 1.776203 03 7.5521:3 03 1.272420 05 4.365272 03
1.88813D0 04 6.47128D 93 7-52339D 03 2.462200 03 2.811242 03 3.59804%2 03

4.45858D 03 S.761720 03 3.03388D 03 5.776449D I3 1.013:20 04 3.20:11156 92
1.11412D 04 4.9146SD 03 2.5673220 C2 %.83717D0 03 Z2.053i0D 03 8.551330 05

- ELEMENT 4 ' ELEEENT 30
4.458580 03 5.761720 J3 3.03388D 03  5.77644D 03 1.010420 04 3.201110 03
1.116120 D4 4.91452D 03 2.673229 03  4.657170 03 2.06€310D 63 £.5513C5 03 -
4.36188D 03 9.145550 03 3.568615 03  7.218960 63 - 6.12363D 03 4.520539 03
7,49948D 03 4.3C096D )3 6.18924D 93  9.86317D 63 3.48853D 03 1.57074D G4
'ELEMENT 5 ELEHENT 11
4.56168D 03 9.146560 05 3.56861D 03  6.54094D 03 6.0S33€D 03 4.58673D 03
7.49948D 03  4.300960 O3 £.15524D 03  9.86817D 3 3.48853D 03 1.57074D &

4.54386D 03 7.29655D 33 4.765240 05 1.042000 04 4,.,379220 03 2.33575D 03
6.25280D0 03 4.33059D 03 7.021606D 03 3.53535D0 03 2,30537D 03 9.552940 03

ELEMENT ] - ELERENT i2

4.543860 03 T7.596%60 02 4.76524D 02 1.343903D 04 4.379220 )3 2.335750 23
64252800 03 4%.330G59C 03 7.081600 Q3 3.53534D 03 2.30527D 02 9.55394D 03
13.613900 03 4.321%470 03 2.472250 03 1.76977D0 04 1.27516D 04 6.00477D0 03
1,C86730 04 4.38141D0 03 7.71113D 03 £.4153500 03 2.751500 03 1.62062D 04

o - -
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VE. DISCUSSEGN
Some of the Iimftations of the capebilitles of the
progrez developsd =have are considersed here.
£. CONFICURAYION LIMETETEIONS
The restrictlions £22% pine sxes mmust be parellel to 2

Slokzl zxis znd ihet fimite radivs bends =re ot represented

provice tne primeipe: 1imitziicns on the configarazticmns that

can e modeled. Thers ars no inhereni ifmftzticone o ziicw—
abie topological corpliexity.

== s 2 o e - - oz
or elastic resirzini zt =nds or interzesdiz

cr
(!
'Q
Q
Yah
b
ch
4]

system size is the numher of degrees of freedom of the
system model. This number n, which bears no direct relation
to physical size, determines the core storage requirements
and execution time of the program. For za2pproxinate estima-
tion, storage reguirements are proportional to n2 and

3

execution time is proportiorzl to n-”. Using the data from

tne example problem, one can estimate that a 100
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Essree-—of-fresdam systen world reculire zhaue 4TIX bytes o

core starzge zad zbost 9 miomtes exscention time.

Izerezssine che oroblem size zise increzses fwm rocod-ofY
errors. Secanse dothle—orecisior sritimetic (52 it mentissz)

is wsed £hrougiount, observed round-off effects bave been
found meglictitle (2 mexrimmm of 2 wait inm the S£F gnificant
@igit o m = £9) im 233 zppliications to dzte. The wery
sm=lt errors éetected zre attributsd o ke residv=l eigzem-

vector errors present xhen e Jaechi roftzticons are

torage cap=acity.
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TIE. COECLESIONS
It is comclinded that zn eXfective progrem bzc besn
Geveicped for dstermining stoek-indured stresses im pipfng
svstemrs. The primcipzl Muitzifcons 6f td= present warsi
ez b2 remwved by adding feziures that zre clezriy withim
the currert state—oi-the—ert. Bocommendsd z288itioms are
iistied Delow:
i. PRemove the pipe zzes prientziicr restriciicn so Ehat
2 gemerz® pipins SFSIeR 22 Te anslyzred.
2. Bevelgp elsment stiffrness angd Iimertiz metriees for
bends.
3. ¥odify the progrem= 50 thet pariiazl fEizxicy 2@ elzstic
resiraizt 2b The ends or intermsiizte points may be
- included in She Doumczsry contisigns.
B, TInciude the mess =f%cts of valves, fittings, and
Dipe contents.
5. Xeplzee the Jacoli reotation ==thol by 2 more efficient
eigenvaiue-2igsnyactor z2igorithn,
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APPENDEE B: VELQOCETY SEICE SFECTRZ AND MODIL EESP@KSEI

A shock spectrum exRibits the meximm respomse dis-
plzcenent of 2 singie degree—cf-frecedom syster whose base

is subjececed to the shock motion. Consider z single degree-

f-freedom unose base bzs z shock displzeement S, znd whose

dispizcement relztive to ths bese Is z. e cgu=sticon of

V = w2 (B.2)

To develop the equations for finding modal response

from shock spectrum data, let w be the vector of absolute

1. . . X X
This Appendix is based on materizl presented ty Prof.
R.E. Newton in tne covrse MEUS22, September 1971.
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displzcemznts Iin thes systen degrees—of-frecdom. For 2

unizxiai Eramslation s of the Gase, this mey be expressed :
as :
W =g+ us (8-3) :

(E]
1]
Qg
]
)
0
(1]
b
1
ch
4]
L]
i
K
ct
fsh
51
i)
¢
o)
o
1y

where g £5 the vector of &
base, and u is 2 vector of constants. To iliustrzte the :

meanings of these vectors, consider the bezm element of

Aue s

wLn v aew s RV ser 3t
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The eguzations of motion of an n degree-of-Sreedon

system with base motion o2y be written
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VEVp+V KEVp=-V Hus

or :
p+2°  p=-0s (B.14) .

where b = VT M u. Eg. B.I is equivalent to the scalar ;
- - - = 5
equations :
Pptw, p,=-b. s, (r=1,2,...,n) (B.la) .
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where p, and b, are the rth components of p and b,

respectively, and w, is the circular frecuency cf mode r.

LT AR LB Tad e A o

k7

)
4
:
‘
3
;

R N e _ ot . \
U e P U T 5 S, PR Tk L As w _ . .o R . -




1 &m

RV IS

Y]

L™~
P2 NS,

b

onent r

The comt

for mede r. It is given by

e e 0 SR WYY R0

T
(r) (R.5) r

(r)

where v {rth column of

is the eigenvector for mode r
V).
Comparing Eq. B.4a with Eq. B.1l, and using Eg. B.2,

the maximum response in mode r may be expressed as

(p.) = b (B.5)

“r'max r r

r
where Vr is the spectrum velocity at frequency W, Using

Eq. B.6, the corresponding extremum for the relative
displacement vector g is
. V(r) b {f /(d (B 68-)
Qpax - ¥ r r'r :
Eq. B.6a is used for calculating peak modal responses in

order to find stresses.

In shipboard shock studies, it has been found that
massive equipment may partially suppress the base mction

[61.

cation of the spectrum velocity Qr‘ Such a correction re-

This may be taken into account by appropriate modifi-

quires apportionment of the system mass among the modes.

The modal mass for the rth mode 1s taken to be

2 (B.7)
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APPENDIX C: EXAMPLE PROBLEM EIGENVALUES AND EIGENVECTORS

Pahle VIII shows the first six eigenvalues and the
corresponding eigenvectors of the example problem. The
eigenvalue (square of the circular frequency) appears at
the head of a column followed by the components of the
eigenvector grouped by nodes. The remaining eigenvaluss
and eigenvectors are omitted. Spacing of the eigenvalues
remains approximately uniform throughout the remainder of

the set. The largest eigenvaliue is 1.32 x 108.
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APPENDIX D: CALCULATION OF MODIFIED SPECIFIC WEIGHT j

AND RADIUS OF GYRATION

There is negligibie effect on the stiffness of the
pipe element from the lagging on the pipe; however, the
lagging dces contribute significantly to the mass of the
element. By appropriately modifying the pnipe element
specific weight and radius of gyration, the mass effect of
the lagging can be included. The modified specific weight

is

- Yo = (Wp + wL)/A (C.1)
where Y is the modificd specific weight of the pipe ele-
ment, and the sum (wp + WL) is the combined weight of the
lagging and pipe per unit length. The radius of gyration
is given by the relation

i - 2 1

! JD +J (mp + mL) r (c.2)

L

where Jp and JL are the mass moment of inertla per unit
length of the pipe and lagging, respectively, (mp + mL) is
the combined mass of the pipe and lagging per unit length,

and r is the radius of gyration.
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