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ABSTRACT

This thesis describes the development 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.. Maximum responses in individual modes and

resulting octahedral shearing stresses at selected points

are found for shock motions in three orthogonal directions.

LEtreve 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.

A Element cross-sectional area

br Mode participation factor, mode r

C A constant

D Pipe outside diameter

E Young's modulus

fe Element generalized force vector

f i Components of the generalized force vector

G Shear modulus

I Second moment of the pipe cross-sectional area

about a diameter

I Identity matrix

J Mass moment of inertia per unit length about pipe axis

K Assembled stiffness matrix

Ke Element stiffness matrix

Length of an element

M Assembled inertia matrix

Me Element inertia matrix

M•e Element inertia submatrix, bending 1-2 plane

M e Element inertia submatrix, bending 1-3 plane
-B13

Me Element inertia submatrix, longitudinal motion



M e Element inertia submatrix, torsional motion

Mr Modal mass, mode r

mL Mass of the lagging per unit length

mp Mass of the pipe per unit length

N Row vector of shape functions

SVector of principal coordinates

Pr Principal coordinate, mode r

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

a Displacement vector

r Radius of gyration

s Base displacement

Te Kinetic energy of an element

t Pipe wall thickness

u Vector of absolute displacements corresponding to
unit base displacement

u Components of displacement vector

V Modal matrix

Vr Spectrum velocity, mode r

Ir Eigenvector, mode r

WL Weight of lagging per unit length

Wp Weight of pipe. per unit length

w Absolute displacement vector

z One degree-of-freedom system coordinate

Ym Modified specific weight

Dimensionless length coordinate

P Density

G Modal stress

Shearing stress
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t oct Octahedral shearing stress

S 2 Spectral (diagonal) matrix

w Natural circular frequency, one degree-of-freedom
system

wr Circular frequency of mode r

Superscripts

T Transpose of matrix

(r) Mode designator for eigenvectors (r=l,2,...,n)
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I. INTRODUCTION

With the greater demand for electrical power, and the

diminishing fossil fuel supply, there has been an increase

in the construction and use of nuclear power generating

plants. Correspondingly, there has been greater concern for

the safety of the power plant during an earthquake.

Also, the reduction in the size of the Navy has led to

an increased emphasis on the integrity of the internal

systems of a naval vessel under shock loads. Thus, there

has been a growing engineering interest in finding a rapid

and accurate method of analysis to determine the shock-

induced stresses in a complex continuous piping system.

This thesis describos and presents a computer program,

written in Fortran IV computer language, to fihd the

stresses in a piping 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 ela9tic and inertial matrices of each element can be

found and assembled to form the elastic and inertial

matrices of the system [1,2].

A considerable volume of material is available to assist

In analyzinr structures and systens responding to

earthquakes [3,4,5]. Two of the techniques used in earth-

quake response analysis are modal analysis with a

11



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

inDut for earthquakes can be specified by using time

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

The Navy uses a tecrniau_ called the Dynamic Design-

Analysis Method (DDILX.) to determine the shock response of

shipboard equipment and systems [6]. The DDAX is a zodal

analysis technioue using shock srectra to specify the shock

inputs.

The shock spectrum presents, as a function of the system

natural frequency, the maximum response of a one degree-of-

freedom system responding to a shock motion. The shop'-

spectrum is generally presented in terms of response velocity

or acceleration.

Several graduates of the Naval Postgraduate School have

written theses on determining natural frequencies and mode

shapes for pDiing systems. Fink [7] developed a prcoram to

analyze planar piping systems, including out-of-plane

bending, using transfer matrices. Baird [8] presented the

necessary theory to expand Fink's work to a three-dimensional

piping system. Rudolf [9] developed a program that deter-

mines the frequencies of a general three-dimensional piping

system. Because the transfer matrix does not yiel a dis-

cretized model of the structure, there is no ready means

for using the frequency ard mode shape data to find shock-

induced nodal responses. On the other hand, the finite

element technique provides a conZsstent discretized model

12
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and r-otator. -i -e"tlia. All ends of t~he con-f-guratien a-re

treat-ed as fix~ed. The s hczk inrut .o is a translat-ion

ofthe case aleng a global- axis.

Oriee the syst%- es been subdivided inoelements,

the elastic and -inertiapl caatiscsare de'ternir2.ed.

T-he elenent stf-ffness -~ 7 can be detrCne b=any

differernt 'te-hzhi-aues, -4h~ereas th-e inrer-tial =atrix is genez--

ally deter-irned- by asin~g sh-are -f=iCSti-Cn-rs - integrating,

along the length, L-,2].

1. Th Element , Yector
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1.1, 2
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Here, the double arrowhead vectors are positive rotations

an accordance with the right-hand rule. The displacement

vector is

a = [uu 2 ... U!2 T

From Fig. 1, components u and U7 are longitudinal dis-

placements, components u2, U3 , U5 , u 6 , uq, U9 , U.1 and u!2

are bending displacements and rotations in the 1-2 and 2-3

planes, and components u4 and u! 0 are twisting rotations.

2. Element Stiffness and inertial V<atrices

Przemieniecki [2) forms the element stiffness ma-

trix by solving the differential eauations of the element

disDlacements. Appendix A reDroduces the element stiffness

matrix with Przemdeniecki's transverse shear deflection

factor (€) set equal to zero.

To deternLne the element inertia matrix, an expres-

sion for the element kinetic energy ae is formed, rotato'y

inertia due to bending being neglected.

Te 1 1 C IT •TI d= T M

where t is the element length, C is a constant, 1e is the

element inertia natrix, N is the shape functicn rcw vector,

and • is a i-:-z - enezz gth cccr'at



Therefore

T
Ce CI N N dý (1)

0

Since the local element axes coincide with the cross

section Drincjpal axes, the inertia matrix may be deter-

mined from 2x2 and 4 x4 element sfo-rmatrices. Consider the

following motions of the element:

a) longitudinal:

2,= [e-, u7 1, T 1 =1

and C = pA where A. is the cross-sectional area of the

element and P is the density. From Ea. 1

-6- 2.(-a)

b) twist:

qT= [u4 u! 0jT" N = (! - ) N1 0 =

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

length atL-ut the pipe dxis. From Eq. 1

Me -(lb)

c) bending in the 1-2 plane:

9B12 = [u 2 u6 uu 121T N 2 = 1-3ý2 +2C3

J! = 1( -2• + 3 ) 8 = 3E2 - 3 %" = 3(_•2+ý3
"U ' "12 1

17



and C pA. From Eq. 1

156 222 54 -13-1
2 pA 221 4£2 13 322 (Ic)

54 13Y. 156 -22Z

-13! -312 -22Z 4R2

Bendik in plane 1-3 results in the same numerical coeffi-

cients as .127 Because the Dositive senses for the

rotation angles are reversed, rows 2 and 4 and columns 2

and 4 are multiplied by minus one. These submatrices are

assembled to form the element inertia matrix. This matrix

is displayed in Appendix A.

C. ASSEBILED EQUATIONS OF MOTION

The governing equations of motion, in matrix notation,

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

M q + K q= 0 (2)

where q is the assembled displacement vector and M and K

are the assembled inertial and stiffness matrices. M and

K are referred to a global coordinate system and Me and Ke

are referred to local coordinates. The assembly process

consists of realigning the local system to the global

system and building the %. and K matrices. Reference [2]

gives sample assembly techniques.

18



D. MODAL ANALYSIS

Modal 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

principal modes are independent of one another (uncoupled).

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

ural f'-equencies and mode shapes for the free motions

governed by Eq. 2, i.e., to solve the eigenvalue problem

K v 2M v.22

Finding eigenvalues (w 2) and eigenvectors (v) is a

standard problem of numerical analysis. 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 on p. 3;9

of reference [1j. Following this, Jacobi rotations [157

are used to find the spectral and modal matrices (P2 and V).

The modal matrix is normalized with resDect to the inertia

matrix, i.e., VT 1 V = I, where 1 is the nth order identity

matrix.

The shock analysis is based on using velocity shock

spectra to characterize the input motion and mode parti-

cipation factors to determine the responses. Although both

shock spectra and mode participaticn factors have been

extensively used in earlier studies [61, the finite element

19



discretization necessitates a new development of working

formulas. Details of this development are given in

Appendix B.

Each shock input motion consists of base translation

parallel to a global axis. it is shown in Appendix B that

the mode participation factor b r for mode r is

b (r)T
br = r) u (B.5)

where v (r) is the modal eigenvector and u is the vector of

absolute displacements corresponding to unit base displace-

ment. The maximum relative displacements due to mode r

response are

-max = (r) br V r /Wr (B.6a)

where w r is the modal circular frequency and Vr 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 b r must be evaluated

separately for each direction. The modal masses mr (see

Appendix B) are likewise different for each input direction.

E. GENERALIZED FORCES AND STRESSES

The subvector qe of element peak modal displacements

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

20



orientation of the local reference axes. From this the

element generalized force vector fe is determined. This

force vectcr consists of the elastic and inertial

contributions ior each element.

fe = (K e -r2 Me)qe (3)

Fig. 2 shows the positive directions for the components

of the generalized force vector.

fe [f f"

2

FIG. 2

ELEMENT GENERALIZED FORCES

21



The stresses at the nodal points of the element can be

determined from the generalized forces by standard methods

of solid mechanics [10].

22



III. PROGRAM DEVELOPIMNT

The computer program was written in Fortran IV core-

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

After 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

global coordinates of' the nodes 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 node is fixed,

the stiffness and inertial matrix components due to the

node displacements are not assembled into the system

matrices.

23



The numbering of nodes and elements is arbitrary.

There are two nodes per element and six degrees of freedom

per node. For each element, the node 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-sectional dimensions.

Appendix D shows ,he method used to calculate the effect

of lagging on the specific weight and the radius of

gyration.

B. STIFFNESS AND INERTIAL MATRIX FORMU1LATION

Subroutine FVRM 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 between

local and global degrees of freedom is 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, tne corres-

ponding (uniaxial) hanger stiffnesses are added to the

appropriate diagonal elements of the system stiffness

matrix.

C. FREE VIBRATION MODE SHAPES AND FREQUENCIES

Subroutine Cl14iMeD uses Cholesky decomposition of the

system inertia matrix and coordinate transformation to form

24



a single sy~etr r-c rzatriz for 'which eigenvalues and- eigen.-

vectors are found. Subrcu'tine jACR.97 is a diai~of

a program- crig-Inally coded by Professor G. CantUin. it

uses the Jacob-i variable 'threshold me-tl-hcd t-o find ei,,en--

values and eigenwectors of a realI symm-:ettr-ic rnIr Then

mooa 1 -matrix vWhen t.-ransformed' Uac=- to syStrem7 C00rQ'jpaItes,

is nor-malize-d with resnect. to Ithe sys'term: ~~ir= a Ma~ zJX

Since tr.he syste= rat-rices. increase -in size wi*th finer

subdivisionls or More corMIlex syst-,ems-, a-n erconomzizrMg t-ech-

nique, to reduce the number of degrees of-: frreedom- in- t-he

eigenvalue problem, -was inv11estigated during tthe oroxgram'

develdLnmen-t. The componen't modde synthesis melthod as used

by Benfi'-eld and Irruda [11I] iwas studied. It w-as e~st';ab-ashed

that t-he constrained comDcnentl branch teChniluve r-iwitlh
interface load-ig, with no node suppressi4on gave results

4dentical with those obtained by the direct m-,ethod descril-ed

above when applied to planar vibration of' a clarmped-c].ampe-d

beam represented by si~x elements. Desp,"-t-.e 'the success of

this trial, it was concluded -th,'at the added programn ccm-

plexity accomrpanyin-S the use of componenit; mode synthesis

would offset the potential economies. Another standard

economizer technique [1141 was considered, but, ultimately

rejected for the same reason.

D. MODAL RESON-SE

The number o' modes to be us- i in th stesl nl-i

and the speeification of' the shock spectrum are input data

25



for s~i~e SEX. ¶erce are tChree Choices aial

to se-lect t!Te- !mfaer of maes t~o be usrd a ___omte

Upper foýr...n. 3l!m1t, an =Se MIaft Whe i6s a Mralti102e

of the &e~a f±zqe~cy, and an oplt:Ecn for any eta

tL-e user dc-s~ires_ cre oices aare alsr. avi-fable- ?c-

specIfying thee sh-cl s~zvectrmn: a speecsrea defined- by

straig~h-I -Sme seý-rer.ts; a cC_"stZant vel1CcitY'_ the castant

accelei'altien shc sz-ect-rT!n.; a-n a~n Cnttien for any Miettlo

the user desires - Th-shennint --s =estricted- to a

trrasltc-le of the base along a EgbIc azis arnnd is spc-cf-

fied by one sh-oc?- 3-cectrur and "tree scaI1  g factors for

a,-- tr__ e :Lnuu-t direczionas.. ,t~ouit =,E nodiifs thzz

s~eetrumn velocilt.V for =-cd-al -,ss, 1-if desired. e-7_Tere -a

three cho~ices a'a-ilablle: no ccorrectien, losg of the Mcdai

weight_ correct ion, and an out-fon 10:' any~ -etth-od the user

desir-es - This subm-cuti-ne also cazasthe, =-ode

Darticiia io -factors.

Z& ~TRESSES

Subroutine SrIRIESS calculates stresses at t~he nodes of

the elemaent-s. The element peak displacenents are deter

mined and realigned from globbal degrees of freedom back to

the local element degrees of freedomn. The elem-ent, gener-

alized force vector is then calculated. Cc7,side.- the

action of tkhe generalized force vector on the element

shown in Fi.3.

26



-FIG - 3

At. 1ccations a,b,c, and- d, t-he str"ess vecto-cr acting en t?,lie

crcss-sectlic =a be resolved inrto n - and shearrin6

s't'res-=e~r. Fi g. 4 sh~c-rs t-he S--l s Ur-cc'seniticn usea

XLor Lt~e normal" anrd sea"gstresses.

The nor--.P1 stress v and the shea.-:in?-g stress -rat; eachs

point, sh.,"n in Pig. 3 are gi-ven by:

I. at' lccation a)

=-f4 D/1 - f

-r~ ~ ~~Q 2 - I/4 2Q2t
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wen_ f. ~Sec! ef C= C s-sectic.cm _ area tbu-t a

Dirtr is tb-Ie outs-f-e dfsamter, Q is tB_-Re fJ_'stI ns,-

mn, atmut; a diai..-ter, c? 0 0iotion af" she oss~ti

area 1.4r-g an cne- side o--:7 di,-.ter ammt is Ite pive

wall tniick-tess -

2. at- locaticna C)

/ 7 A f D/2

3. at. locat-icn b)

1 6 D/2T

f4- D/14T + f3QI2it,
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each. nzd - At each of~ fdcar M)oI-s, the shea--rig

strEs-3ses for tMz idd~i.res are q-nC-: CGMZafe-- C-

deter- M~g t-he scare rz-t, Of 0-16 squares

This Orc-ess isaacc:Iish~ed ff'r eacl h i elic

This ---s -,;2e freach eezen in ttz start-ing -~th e

All incut inforzz-Pticn is echo-clheclzed. Tfhe souare

ofl' the =ocde freauency and Lhe mc-de sh-ape are p~rintled for

each ne.The spectlrum velocities an,-d m.ode partlicipatlicn

fact~ors are also, crinted. The octahedral shearing stresses

at. Doir.ts a, b, c, and d (Fg )off each elemen~t are

print~ed Vzcr the three shcck input directiocns.
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In tz e3:pa-- ttlýB ofi~t~ o!-

--. d iwerlf! Its ~ a f p~ane test c~~

A-~~ ?W= I s r

'~Shm it5.c- RES-~i 50 hp-- tr2ee fidem.tcal

_ _ _e- t b e u x iie h

TEST PITINIG STi&±Ellr. I

The rncde shares a::d -frequencies -for i-n-Diane vibrat.icn of

t~his sys~temn wf:e studied extensively -with a developm~ental

progm-:-. TIhe present rrcgran Fave identical results for Ithe
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-=-as Th mee Ste -the

Syme-rcr ar fern..c

~aante-Sts us.m this Cmiam~ R!wolTed

~iffffereft m-t~~ ~t ia rsrelatlve to the

Mcd <-e~s a~fr--arL=es =er &ffeeted by'

3-. TRST FHCJ-~ 2

=:ic~n~ e ei~at t~he eme-s amr- reprsente~d by cr-

elenierts -

FI.6

TEST ?iI~SYSTiEM- 2

The frequencies found for the I-a-ee modes showed gocod

agreeiment, with exact, results. Table 1 shows 'the co=-arison

of t~he first- three bending frequencies of the finite ele=ment%-

solution with exact results [131. All the eigeenvectors

sho-wed 'the required symmetric or anti-syi~etric forD.

Bending modes occurred in pairs having equal eigernvalues

and with the correspornd ira eigenvec~t-ors represen'ting

deflections in orthogonal planes.

31



4

St-resses f omn f *-- this syste-m- were sltudled -in detta-l"

A.t each nede the stresses a-re ca~lculated az two poilntts of

tn'e c-ross-sectlen. Except at the c1la=-e en~ds, t"'erre arre

two adjacent em.-ents s?=.s.ig each node, so that stzresses

at t-Se sectmi•ms a_ e ctaluated twice. Coelete

ims fdtrmr= betw-een- 'these two sesof st-ress evaluatlcns -

P-1so Ide__ _cal streýsses resm-itted fren shccks in t~two

directdi o-s mera-endicular- teo 't.he length-

CGITA-RSS OP =FIST THRz B=EOEIlNG FR~EQXUENCS OF' TEST
?IP7TS SYS7-E3-v 2 WIM EXKACT RESUILS-:

5oe Ezactl Finite Percent
ZEIment Difference

(HRz) (;-;z)

1 1.22.32 1422.65 0.08

2 11614.15 1-714.26 0.9

3 2282.20 2329.614 2.1

C. TEST PROBLEM 3

The equal-legged configuration of Fig. 7 consists of

uniform pipe throughout. Mode shapes of this system again

showed the required sy-ne"etric or anti-symmetric form.

Likewise, the shock-induced stresses exhibited the expected

symmetry properties.
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V. EXAMPLE PROBLEM

A. PIPING SYSTEM

The example system analyzed is a model of the main

steam piDpng system an a modern naval vessel. The main

steam piping from the boiler to 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

6Young's modulus 30x10 psi

specific weight 0.327 lb/in3

radius of gyration 4.04 inches

The specific weight is a fictitious value which accounts

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

Fig. 8 is a schematic of the piping system. The piping

section P1 is 84 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
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FIG. 8

EXAMPLE PIPING SYSTEM

eigenvalues and eigenvectors are listed in Appendix C,

Table VII7. Tables III and IV show the modal velocities

and the mode participation factors. The stress output 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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TABLE II DATA INPUT EXAMPLE PROBLEM

PROBLEM NUMBERS 1

NUMBER OF PROBLEMS TO BE SOLVED 1

TOTAL TOTAL DEG OF FREEDOM DEG OF FREEDOM TOTAL SYSTEM TOTAL
ELEMENTS NODES PER NODE PER ELEMENT GROUPS OEG OF F' EEDOR

12 13 6 12 1 66

NODE X CJOORD Y COORD Z COORJD NODAL BOUNDARY
INCHES INCHES 'INCHES- CONDITIONS

1 0.0 0.0 0.0 1
2 42.00 0.0 0.0 0
3 84.00 0.0 0.0 0
4 84.00 0.0 66.00 0
5 84.00 0.0 132.00 0
6 84.00 0.0 198.00 0
7 84.00 0.0 264.00 0
8 138.00 0.0 264.00 0
9 192.00 0.0 264.00 0

10 192.00 72.00 264.00 0
11 192.00 144.00 264.00 0
12 192.00 216.00 264.00 0
13 192.00 288.00 264.00 1

ELEMENT LEFT RIGHT- GROUP
NUMBER NODE NODE NUMBER

1 1 2. 1
2 2 3 1
3 3 4 1
4 4 5 1
5 5 6 1
6 6 7
7 7 a
8 8 9
9 9 to10 IC0

11 11 1U
12 12 13

OUTSIDE INSIDE POSSONS SPECIFIC YOUNGS SHEAR
DIAMETER DIAMETER RATIO WEIGHT MODULUS MODULUS
IN. IN., LB/CU.IN. PSI PSI

7.625 6.Q11 0.300 0.327 3.030D 07 1.154D 07

PIPE RADIUS OF GYRATION
GROUP INCHES

1 4.04

NUMBER OF'IIANGERS: 2

GLOBAL DOF IADiF HANGER STIFFNESS
LB/IN.

7 3 9.817477D 05
11 3 9.8174770 05

SPECTRUM FREQUENCY
TYPE TYPE

1 -1

BREAK FREQUENCY CONSTANT VELOCITY
HE'RTZ INCHES/SEC.

53.00. 100.30

SHOCK INPUT FACTORS
X Y Z

1.000 1.000 1O000

MODE WEIGHT CORRECTION TYPE 0
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TABLE HiY MODE VELOCITIES EXAMPLE, PROBLEM

MODE SPECTRUM VELOCITY
INCHES/SEC.

1 100.00
2 100.00
3 103.30
4 100.00
5, 100.00
6 133.00
7 100.00
8 100.00
9 133.00

10 88.87
11 84.49
12 75.13
13 71.39
14 58.88
15 53.46
16 47.11
17 42.75
18 42.19
19 32.,52
20 30.30
21 29.92
22 29.23
23 27.07
24 26.38
25 25.76
26 25.43
27 22.07
28 21.76
29 17.29
30 17.04
31 16.10
32 15.18
33 14.34
34 14.14
35 13.84
36 12.24
37 12.16
38 12.08
39 10.67
40 10.29
41 10.30
42 9.65
43 9.32
44 3.85
45 8.35
46 8.31
47 8.32
48 7.82
49 7.53
5) 7.14
51 6.91
52 6.61
53 6.51
54 5.94
55 5.80
56 5.48
57 5.27
58 4.74
59 4.58
60 4.47
61 4.30
62 3.91
63 3ý68
64 3.43
65 2.97
66 2.73
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TABLE IV MODE PARTICIPATION FACTORS, EXAMPLE PROBLEM-1

MODE MODE PARTICIPATICN FACTORS
x y z

I 2.4230 33 -5.4330-01 -2.376D-31
2 8.881D-01 1.936D 00 -8.5790-03
3 6.749D-01 -2.151D-01 1.366D 00
4 1.9830-01 -8.6890-01 -2.739D-01
5 1.8130-01 3.681D-02 4.4490-01
6 1.032D 33 2.953D-32 -4.5250-31
7 -2.002D-01 8.8470-01 -5.9830-02
8 1.342D-01 2.909D-02 -4.1329-01
9 3.2810-31 7.3940-32 -1.452D-31

10 -5.3720-01 2.0870-02 -2.2340-01
11 -1.7600-01 -2.7653-32 3.701D-01
12 -1.461C-3J 1.7600-02 -4.3580-01
13 -2.4369-02 -2.0570-02 -2.5810 00
14 2.1010-01. 6.4130-J1 -2.7710-32
15 2.1200-01 3.6170-02 6.2730-02
16 2.414D-01 -4.2069-01 -5.3080-02
17 -1.5570-31 -1.8360-31 -8.9290-03
18 -2.9990-01 2.770D-01 -9.8480-02
19 -2.5230-03 -1.5750 00 2.7830-02
23 3.7280-32 3.9690-01 4.623D-01
21 -7.001D-02 -7.521D-01 1.8320-01
22 5,6800-02 -2.8310-03 3.3900-01
23 2.7300-02 3.0590-02 1.1220-01
24 1.372D-02 -1.4560-01 -7.4960-02
25 2.0960-)1 3.5980-02 5.7760-02
26 -5.2840-02 1.710D-01 -2.9510-03
27 3.0180-01 1.8490-02 -2.0460-01
28 6.8570-32 -4.1390-31 3.6120-32
29 1.5020-01 1.965D-02 2.4800-01
30 1.343D-01 -3.7780-02 5.7400-02
31 1.7410-01 -5.5900-02 -1.2860-01
32 8.736D-02 -7.855?-03 -2.3340-01
33 3.2080-01 -3.3680-32 -1.1430-31
34 2.0570-01 1.094r-01 -7.9530-02
35 -1.832D-02 1.472r-03 -1.7040-01
36 -5.6530-32 -2.66"0-31 3.9710-32
37 -2.7680-01 -2.8490-02 -1.5850-01
38 -1.3380-01 4.8110-32 1.038D-01
39 5.2820-)1 .;3439-32 -1.1140-01
40 -3.8480-01 -1.9369-01 -4.549D-02
41 3.2170-01 -4.5559-01 1.7640-03
42 -9.8130-02 -2.362C-01 5.5900-02
43 1.EIOD-01 9.5520-02 8.5750-02
44 -4.9230-31 -6.4730-33 -6.5889-32
45 -1.5170-01 4.6719-03 -9.2750-02
46 4.5190-02 2.3129-01 6.8950-C3
47 -3.715D-32 8.8880-34 -4.6739-02
48 -7.1.100-02 2.7250-92 -1.066D-01
49 -8.7440-02 4.090D-02 2.8070-02
53 -5.4890-02 -6.571D-02 -1.5699-02
51 3.3890-02 4.8980-02 -3.5650-02
52 8.8510-02 -1.277D-01 5.8380-02
53 -5.329D-02 -6.4960-02 -1.2310-01
54 5.054D-02 1.687D-31 8.0280-03
55 6.4810-34 -2.6370-32 -1.6450-32
56 -2.047D-02 2.814D-01 -7.3659-03
57 -2.7480-03 -5.772r-02 -3.5830-G3
58 1.9630-32 -2.5910-02 -1.7730-02
59 -1.5419-01 1.04G3-02 8.5290-02
60 -1.546D-01 -1.8901-02 1.1470-31
61 -8.0590-03 2.622D-02 4. 919r-02
62 1.9489-03 -1.54cP-01 2.357D-03
63 d.5170-35 -1.3750-31 1.066D-34
64 -3.4050-02 -5.919D-03 -3.003Q-02
65 5.404n-33 -7.'-.28E-33 6.063D-03
66 2.5249-c31 4.6170-35 3.8080-32
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aELEMENT I ELEPEUa 7

9.271550 03 6.5:--93n- 03 3A40535D 03 v 1.055150 G4 3.-I1S55•) 3 7.o450C 03

6.674260 03 1.68753a 04 6.4S25&: 03 4.2-033c*:)33 5.392532-3 33 2.69236:0 CS

6.609590- 33 6.193620 33 7,617219 03 o.SS6=01 03 S.i4-;E-F5oD 103 "3.6092305 3

4,588570 03 8.64553-2 03 3.395510 03 4.372620 03 5.55, -5) 03 3.62=040 03

ELECI-.zT 2 1 ELEKIET 8

6.6N5590 03 6.19Z62! 03 2.617210 63! 5.88";,7 23 3.143--'S3 a3 3.8692Z3 03

"4,58857D 03 8.64553a 03 3.095510 03 4.372620 03 5.550520 03 3.920C40 03

1o379580 04 7.527770 03 7.714069 03 2.65630* 03 3.213453 03 3.56775T 03

4.96003D 03 7.392360 03 1.0480S9 03 7.42439D 03 1.318939 34 4.4-0520aD 3

ELEMENT . 3 E -LEMET 9

5.764590 03 7.61243D 03 1.77620:) 03 7.592119 03 1.272420 0r *..36537D 03

1.888130 04 •6•471280 03 7-523890 03 2.a4f6200 03 2.811249 03 3.508091 03

4.4•5858D 03 5.761720 03 3.C3388D 03 5.776449 33 1.013420 04 3.20H11.0 03

1.11412D 04 4.91469D 03 2.673220 03 4.857170 03 2.063100 03 8.55130D 03

ELEMENT 4 ELEMENT i0

4.453580 03 5.761720 33 3.03388D 03 5.776440 03 1.010420 04 3.201110 03

1.114120 04 4,914680 03 2.673220 03 4.657170 03 2.0(-3103 03 8.551300 03

4.56188D 03 9.14656D 03 3.56861D 03 7.21896D 03- 6.12863: 03 4.52053D 03

7,499480 03 4.30096D 33 6.189240 03 9.86317D 03 3.486539 03 1.570740 04

'ELEHENT 5 ELEMENT 11

4.561698D 03 9.146560 03 3.56861D 03 6.S40949 03 6.053363 03 4.58679D 03

7.499480 03 4.30096D 03 6.15924D 03 9.868170 33 3.488530 33 1.57374D 04

4.543860 03 7.5-2655D 33 4.76524D 03 1.04300D 04 4.37922D 03 2.33575D 03

6.252800 03 4.33059D 03 7.08160D 03 3.535350 33 2.30537D 03 9.55394D 03

ELEMENT 6 ELEM ENT 12

4.543860 03 7.596560 03 4.765240 03 1.34303D 04 4.379220 33 2.33570D 03

6.252800 03 4.330590 03 7.08160D 03 3.53534D 03 2.30537D 03 9.55394D 03

13.61390D 03 4.921470 03 2.47225D 03 '.7697!D 04 1.27516D 04 6.00477D 03

1.C8673b 04 4.38141D 03 7.711130 03 6.153500D 03 2.75153D 03 1.63062D 04

39
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Same '%Z tý: 1 1miati'as of thr~e caneblu-t'es Cof tle

Prqo.-a-_ d eloeped abTrr arre ccnsfdered here-m

Mine restra--cfns tzat =Is azes mr-r t be a<r-alleI to a

aloba1 az-is and= thart b~~erdu ends are notZ rereset~ed

_rOd atne crini"Ucaoa2 limtat-iGM-3 a-- the to ~ain hat

can be =-Ode~d There are no in-erent ii.tc On' =11o-

able t.opnological evoa=7ez-ity.

Certairl adid 4 at ornal featur-es of rea&2 pi :nis syst ~ens Ithat

are not renresented in thIe oresent incdelki nz~~ added

=mazss due to ?itti-ngs and pi-pe ccnt-ents, and warotlil fizzity'

or elasttic restraint a~z ends or int-ermedfate uons

Despite these li-S Ztati orns. it i's believed tha't a signi-

ficant _f:ractlon o--: current DiDing systens can be ace-quately

modeled u-:s-ing t'he presen~t- program

B. SIZE LTMITATj5OUS

For the present purpOse, the approprilate measure of

syst-em size is the number of degrees of -freedom± of t%-he

system model. This number n, which bears no direct relation

to physical size, determines the core storage requirements

and execution t~ime of the program. For approximate estima-

2tion, storage requiremen~t-s are proportional to n and

execution time is proportion~al to n. Using the data -from

the example problem, one can estimate that a 100
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ewe~~~ar sta-a a-Z ==-e

___r-aim tpa graneD Si;ze al- t-

IS se t___s~t ccse=r~ed ==4-of ef :ect b-T e-

fca= gZf (a Of 1 -.-ft 6-b tT~e, 6ta s~ioncar

eisit~ f-r a =6)I- p all, app-22icaticrs to date.. Tfý -zez

21error =tlet.ected a=-- z~e o thie -residual eigs-p-

7ectlor- er-rorS C-resent xhern the 3acc.si rticsar1e

that t nract-icall Luper- iai o roblem Siz~e (writ?- she

=M- 360/67) Is aboa1t. _ 110 and is deter--rine' ?-,, core

sttoragee capacitj.
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ca- e Sm;-edbyaddim fett~res t~mt arm cear--2 wthd
th S_7 ~-r-- an-
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ReL -= t~ __ - axes *?ett-e esti?~cr - sm
a &Ez:ter' Difplg sys- zz- beaayzý

2. Dp-ev mi~r ~i~esa~ie- atri.ces fcor

3.. Mjdi th- progman so th~at. =artialIii~ n lsi
resra~tat the ends or = te~~t pok~ts =-

I th-im mass eff-ts of va1ves, ff -:Lgs, ar-
Diiue content-s.
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A shroc Spect.r;aw ezh:ba.ws the mafr -response dis-

pacremet 0--: a single deg'e-e-of-ffne-ed-on systezr whese base

is subjecr-- to tfhe shack- matfc- Ccmsider a si:-SgIe dez--ee-

ofý-freedc= swhose base has a sboc,- dLiso-1ace~met s, and irmse

disulace=-zent re-Iative to zthe base is z. Th easie-o

z Z

riahere u~ is Ithe at'urral c-ircular- frreouency off -fr-ee vibration

wtvi the base fized (s = 0). if zma revresernts the ex-

te valvue of-: z in, resoonse tc t-he shock mot.Jron s, then tI-Ibe

disDlacer~et sh-ock suec-t.rum for t-hatt shock =-ort--on is a plot

of zmxver-sus .Ecui va1 ent -info-rmation. can be given in.

the form: of-: a velocity shock szeCtrum. Tn "Mcs :ora, t-he

spectru~m velocity V is rel-ated tGo the maximum displacement.

z~xby

V = wz(B.2)

To develop the equatlions for finding i,,odal response

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

1This Appendix is based on mraterial presented by Prof.
R.E. Newton in tne colurse 'ME4522, September 1971 -



isphacets sy .e sdst e&-ees--f-•'ec- . ?or a

ai tra-s'--tan s of th base, th"is ma be eImressem

as

v a us (3.3)

•her s a e wector Of dispce•e~ ts leiative to tne

base, a--d u is a vector of con•ta•ts. To i1Vustýrte the

0ean::gs o£ thtese vectors, c•ns-_der tkhe bean ele,--nt of

Base

\\ ZertiaI -Referenace

FIG. 9

BEAM ELEMENT COORDINATES

For this example, q = aq1 q2  Ts qT

[ql,~ci÷ q2 q3 +s4 1q2j3
and u = [1 0 1 0]. It can be seen that u represents the
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abSOlUte dC-5SLIaCetnms resulifn1 t T g f'roz unit- base

The e .uations of motion. of an n deV'ee-of-freedc=

system with base =ot-_on o 7ay be wri'itten

Mw- +Ka = 0

Usizing Eq. B.3, this becomes

Ma + = - Mus

Using the substitution c = V D where D is the vector of

principal coordinates, this may be rewritten as

M V D + V- K V D - M 1, u s

or

2_ = - b s (B.4)

where b = VT M u. Eq. B.4 is equivalent to the scalar

equations

P+ Wr r = - br s , (r=l,2,...,n) (B.4a)

where pr and br are the rth components of a and b,

respectively, and w, is the circular freqcuency c, mode r.
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The component br is called the mode participation factor-

for mode r. it is given by

br =v(r)T Mu (B.5)

where v (r) is the eigenvector for mode r (rth column of

V).

Comparing Eq. B.4a with Eq. B.1, and using Eq. B.2,

the maximum response in mode r may be expressed as

=D bI V/W (B.6)(rmax r r r

where V is the spectrum velocity at frequency Wr" Using

r r
Eq. B.6, the corresponding extremum for the relative

displacement vector q is

•max =Yv(r) br V r/Wr (B.6a)

Eq. B.6a is used for calculating peak modal responses in

order to find strejses.

In shipboard shock studies, it has been found that

massive equipment may partially suppress the base mction

[6]. This may be taken into account by appropriate modifi-

cation of the spectrum velocity Vr* Such a correction re-

quires apportionment of the system mass among the modes.

The modal mass for the rth mode is taken to be I

mr =b 2  7)
r r
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APPENDIX C: EXAMPLE PROBLEM EIGENVALUES AND EIGENVECTORS
7

Table 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 eigenvalues

and eigenvectors are omitted. Spacing of the eigenvalues

remains approximately uniform throughout the remainder of

8
the set. The largest eigenvalue is 1.32 x 10
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TABLE VIII

EXAMPLE PROBLEM EIGENVALUES AND EIGENVECTORS

3.20210D 02 1.76822D 03 4.283940 03 7.284420 03 1.36643D 04t 1.93694D 04

3.734190-05 1.34663D-05 2.08472D-04 -1.140300:-04 -4.65104D-04 9.202400-04
2.419560-03 1.090030-02 -2.656940-02 -1.284070-01 8.53335D-32 5.24366D-02
4.498290-03 1.041630-03 1.106640-02 -5.21380D-03 -1.597670-02 2.803910-02
2.613170-04 -1.297640-03 4.111110-04 1.334410-03 1.670380-04 3.87608D-04

-9.722550-35 -2.24799D-05 -2.55767D-34 1.123570-04 3.099150-34 -5.483340-04
1.22136D-04 3.964450-04 -1.134310-03 -5.432.470-03 3.613510-03 2.20679D-03

7.46830D-05 2.69314D-05 4.169000-04 -2.28018D-04 -9.,298920-04 1.8395~9D-03
1.094290-02 2.303660-02 -8.449300-02 -4.00726D-01 2.678550-01 1.62840D-01

-1.656710-03 -3.86593D-34 -1.211330-33 1.913950-33 1.14491D-32 -1.906140-02
5.22618D-04 -2.594880-03 8.219070-34 2.66'1080-03 3.336680-04 7.738690-04
5.072280-04 1.175200-04 1.10921D-03 -5.856580-04 -2.056210-03 3.551720-03
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-5.55585D-32 -2.962940-03 3.63466D0-1 -1.034650-31 1.527310-31 -1.749J90-01
1.02374DO-03 3.44072"'-05 -6.240510-03 1.293160-03 -2.12127D--03 2.21'.04D-03
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4.239510-34 2.892450-05 -3.312320-33 9.958980-04 -1.428070-03 1.'32520-03
4t.896970-04 -3.415200-06o --3.694300-03 4,65336D-04 -1.791900-03 2.?18890-03
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7.315500-03 4.820690-04 -5.242911'-0O. 1.714040-02 -2.559000-02 3.1786660-02

-9).921070-05 -6.3544.90-06 6.96480'-04 -2.21914D-04 3.246660-34 -3.929C70-34
,!.44869D-04 -1.708410-06 -lo84924,)-03 2.331150-04 -8.991850-04 !.165380-03
1o249900-03 1.840420-03 2.856850-04 2.488810-03 5.464770-03 4.2,~612D-03
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APPENDIX D: CALCULATION OF MODIFIED SPECIFIC WEIGHT

AND RADIUS OF GYRATION

There is negligible effect on the stiffness of the

pipe element from the lagging on the pipe; however, the

lagging does contribute significantly to the mass of the

element. By appropriately modifying the pipe element

specific weight and radius of gyration, the mass effect of

the lagging can be included. The modified specific weight

is

Ym= (Wp + WL)/A (C.1)

where y is the modified 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

Jp +JL = (mp + mL) r 2  (C.2)

where Jp and JL are the mass moment of inertia 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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