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ABS'I1~cr 

The purpose of this study is to develop an econ~ical method 

of analysis of piping netv.D1:".~s_ subj ect to a seisTDic disturbance. A 

one-dimensional steady oscillatory metboa wa~3 employed and a povlerful 

tool (a computer program for analYLing piping networks subject to 

steady oscillatory excitations) js developed for piping designers 

who wish to design pipelines for earthquake zones. 

In additiOh, a model is Jeveloped to sh11Ulate the geometrical 

excitation effects of the following piping neThDrk j1..ITlctions: 1) dead

end, 2) 90° elbow, 3) tee, 4) orifice. This model was verified for 

the dead -end, elbow, and tee connections by canpar~ison with a method 

of characteristics model. This method of characteristics model as 

developed by Padron [6], was in turn verified by exper~tal data. 

obtained by Wood and Chao [8], and energy analysis at resonance. 
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CHAPTER I 

INIRODUcrION 

Earthquakes 

An earthquake is a phenomenon of strong vibrations occurring 

on the ground due to the release of a L:rrge amJunt of strain energy 

through a sudden slippage in the earth's crust or in the upper part ... 

of the IT,antJ.e- [11 )'(. -The span of energy released from the surface of 

the earth during a major earthquake is of the IIBgnitude of the elec-

tricity consumed in the United States over a period of 4 hours to 

40 years _ 1'v.D types of seismic waves propagate from the earthquake, 

namely: 1) longitudinal compression or P-wave; 2) transverse shear 

or S-wave. Earthquakes have caused severe effects on human life as 

well as on structures such as buildings, roads, bridges, railways, 

dams, pipelines, etc. Over seven million people have lost their 

lives in earthquakes [2]. Millions o[ dollars are required every 

year to repair the damage caused by e.:'1rthquakes. The study of the 

causes and methods of preventing this ciarn.1.ge involves a wide range 

of knowledge such as geophysics, geolor;y, seislwlogy, vibration theory) 

structural dynamLcs, material dynamics, construction techniques and \ 

fluiu mech;:rnics. In the study of -earthquakes, each of these areas 

has received considerable .attention wi tll tbe exception of fluid 

mecrunics. 

',''Numbers in brZlCkcts refer to the rc[cH:.llCCS. 
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Nalr..agawa [3) as reported by Ok.arrDto [1], estimated the transient 

overpressures in pipelines subj ect to a seismic eXcitation. Young 

and Hunter [4] used a rrore rigorous method of analysis and fotmd 

ov~rpressures of about ten times higher than those estimated by 
- , .. 

Nakagawa. This result indicated the possibility of pipeline damage 

'. due to hydraulic transients induced by earthquakes and therefore 

prcrnpted further study of the phericxnenon. Yotmg [5] employed a one-

dimensional ~thod of characteristics and developed a method including 

a computer 'progranr to analyze the piping networks subj ect to steady 

oscillatory excitations. Padron [6] rrodified this program to include 

the geometrical consideration necessary for the study of hydraulic 

transients induced in piping networks during earthquakes. He established 

a geometrical system to define the direction of propagation of the 

seismic disturbance as related to the orientation of the axes of each 

pipe segJllent in the system. He veri.fied his results by canparing them 

to an available experimental data ffi1d energy analysis. 

Statement of the Problem 

The method aIq?loyed by Padron [6] , consumes a tremendous 

arrount of computation tiIre. The transient response must be calculated 

before the steady state response can be calculated, and ITOst of the \. 

calculations are for the transient" state. '" Often the rnaxinrumresponse 

is the steady state response and hence iJ. piping designer does not 

need the transient response; nevertheless, he [mIst pay for them. It would 

therefore be useful to piping designers if a method were developed 

to analyze the piping net,Drks only at their steady state response 

induced during an earthquake. 111is v..urk sets forth such a method. 



Possible Methods of Approach 
and MethOd Selected 

Streeter and Wylie [7] described il number of methods of 

analysis of unsteady flaw depending upon the restrictive assumptions 

and also presented an excellent comparison of these methods. These 

TIlI2thods 'all are initiated with the continuity and rromentUffi equations 

>.of fluid mechanics and are categorized as arithmetic, graphical, 

characteristics, algebraic, impedance, ill1d special methods. Young 

3 

ill1d Hooter [4J applied the impedance (steady oscillatory) method to sane 

simp~e pip~Unes (ngt general piping nenyorks) and found good agreement 

between their results and the results obtained by the method of chara-

cteristics. Their agreement was better for resonant conditions Which 

exhibited the maximum responses. 111e impedance (steady oscillatory) 

method was chosen in this study to develop a tool (<1 method of analyzing 

piping networks subject to seiswic excitation) for piping designers 

because of the following considerations: 1) piping designers are 

usually :L.,terested in maximt..m1 parameter values, 2) a good approxirrBtion 

of maximum response in piping network appears to be a possibility 

utilizing the impedance method, and 3) since economy is an importru,t 

consideration. The impedm1ce (steady oscillatory) method is described 

in detail by Streeter and Wylie [7] and in Chapter II of this work. 

Objective 

111e objective of this the_st~ is to ,develop a method of analysis 

including an efficient computer program for calculation of the head 

illhl flow amplitudes in a general piping network subj ected to steady 

oscillatory excitations as an approximation of seismic disturbances. 
--

The boundn.ry conditions are chosen to approximate tbose in a piping 

system subject to a seismi c exciLltion,-



CH..A.PTER II 

STEADY OSCIUA'IDRY FI.DW 

In t:his chapter conservation of mass and conservation of 

momentum are applied to a slightly deformable horizontal pipe to 

analyze a class of steady oscillatory flow problems. The method of 

derivation is s:imi1ar to that used by Streeter and Wylie [7], and 

it: is shown here_so that theresult:ing equations can be used in later 

chapters. 

Conservation of Mass 

The continuity equation for the control volume of the pipe 

shown in Figure 2.1 is written as 

or 

Qp - [Qp + .QlQQl ox] 
dX 

EiQel ox + a (Apax) = 0 
ax at 

3 (Apox) 
dt 

(2-1) 

Referring to Appendix A, equation 2-1 is condensed to the following 

form which is applicable to a slightly deformable horizontal pipe. 

~+ ~ "h' = 0 ax a at 
(2-2) 

Conservation of l1::xnentum 

The rnomentumequation for the slightly deformable horizontal 

pipe shown in Figure 2. 2 is wti tten as 

PA - [PA + a(PA) ax] - 1oTID6x:= pox(A + 3A ox)dV 
ax ax 2 dt 

or 

4 



FLOW ,.. Qp 

I oX--1 I . 

I 
I 
IQp + 

)10/ I 

Figure 2.1. Notation for Continuity Equation . 
• 

FLOW PA 

r-0x-j 
1- t 
I '"( 0 TIDcSx I 

.. I 
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til( 

l
)gox(A + (JA r5x) -

x 2 

Figure 2.2. Notation for }bmentum Equation. 
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_ g(PA)ox - ToTIDoX = p8x(A + aA oX)dV 
dX ax -Z at (2-3) 

Referring to Appendix B, equation 2-3 is condensed to the following 

form. 

dh' + 1 ~ + Rq' = 0 
ax. ffi at - (2-4) 

Equations 2-2 and 2-4 are used in Appendix C to obtain the steady 

oscillatory head and flaw for a ~lightly deformable horizontal pipe 

subjected to steady oscillatory excitation. The following results 
,. 

are obtained for Figure 2.3 in Appendix C after Streeter and Wylie 

[7] and used in later chapters. 

\vhere 

Q(x) = -fcsinh(YX) + Qp.Cosh(yx) 

H(x) = HRCosh(yx) - ~ZcSinh(yx) 

~ = ~inh(YL) + QSCosh(yL) 
Zc . 

HR = HsCosh(yL) + ZcQSSinh(yL) 

Qs- = --~inh(YL) + ~Cosh(yL) 
Zc 

HS = HRCosh(yL) - QRZcSinh(yL) 

2 
Zc = ~(S-ia) 

y = a + is 
a =~ [(~)2 + R2]~Sin(¥rctan¥) 

S =!BN [(~) 2 + R2]\cos (~ctml~ 

(2-5) 

(2-6) 

(2-7) 

(2-8) 

(2-9) 

(2-10) 

(2-11) 

(2-12) 

(2-l3) 

(2-14) 
'-
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Figure 2.3. Slinple Pipeline Showing Receiving and 
Sending Ends Relative to Flaw Direction. 
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CrLAJ'TER II I 

FORMlJI.ATION 

In this chapter the derivation of the governing equations 

for determining head and flow amplitudes for steady oscillatory flaw 

in a piping ne~rk is presented. ' 

.. 
Governing Eouations 

Equations derived in Chapter II are used in this chapter to 

analyze a network of piping subjected to steady oscillatory excita-

tions. 

Flow Direction 

The equations derived in the preceding chapter depend on a defined 

flow direction in a particular p~pe. Since this v;ork is not intended 

for steady flow, but for steady oscillatory flow, the equations will 

be developed to be independent of the flow direction which will allow 

the program to deal with a canplex piping network without going 

through.a particular system to arbitrarily define the flow direction. 

However ,when flow values are detennined, a system Im.lSt be used to 

appropriately convey the meaning uf the sign of the flow value. 

Solving equation 2-8 for QS' gives: 

8 
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Head coefficients are defined as 

(3-1) 

(3-2) 

"nereZCij -is the -characteristic impedance of the pipe between nodes 

i and j, y ij is the canplex constant for the same pipe given by 

equation 2-12 and Lij is the length of this pipe. Equation 2-8 can 

then be written as follows. 

-

Rearranging equation 2-10 and solving for~, gives: 

~ =[ -1 ] H~ [-Cosh(yL») H... 
~K ZcSinh(yL)·~ - ZcSinh(yL) "1{ 

(3-3) 

Substituting the head coefficients given above, the following equation 

is obtained. 

Assuning oscillatory flaw through a segment of pipe shown in Figure 

3.1 and applying equations 3-3 and 3-4, the following equation tray be 

written: 



R 
X' 
2 

S 
X 
3 

10 

Figure 3.1. Simp le Pipeline Showing Receiving and Sending Ends. 

S 
X 
2 

.. FWd 
R 
X 
3 

Figure 3.2. Simple Pipeline of Figure 3.1 with Opposite 
Flow Direction. 

\. 



Qs = X23 H2 + Y23 H3 

QR = - (X23 H3 + Y23 H2) 

The following system of nomenclature will be used: 
.. 

Qs = Q3-+2 @ 3 = - Q3 4 4 @ 3 = - Q32 @3 = Q34 @3 

~ = Qz ---+-3 @ 2 = Qz3 @2 == - Q21 @2-· 

fuIploying these definitions in the above equations, the following 

results: 

. Q3-2193 = (X23 H2 + Y23 H3) 

Q23 @2 = - (X23 H3 + Y23 H2) 

which give the steady oscillatory flow at nodes 2 and 3. 

11 

(3-3 1 ) 

(3-41 ) 

Changing the direction of flow in the same line segp1eI1t as shown in 

Figure 3.2 and applying the same equations 3-3 and 3-4, the following 

rniJj be writt~: 

Qs = X23 H3 + Y23 H2 

~ = - (X23 H2 + Y23 H3) 

Using the same system of nomenclature as: 

Qs = Q2-l @ 2 = - Q2--3 @ 2 = Q21 @2 = - Q23 @2 

QR = Q3~2 @ 3 = Q32 @3 = - Q34 @3 

and substituting into the above equations, the following is obtained: 
\ 

Q23 @2 = - (X23 H3 + Y23 H2) (3-311
) • 

Q32 @3 = (X23 H2 + Y 23 H3·r 

An analysis of the above equations will show that equations 

3-3 1 and 3-4" are identical, and equations 3-4 1 and 3-3" are 

(3-411) 

identical. Tnerefore the_ following :quation can be written for any 

pipe segment (i,j) independent of the flow direction: 



'--' 
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(3-5) 

Equations for the Network 

In this section, equations will be developed to apply to a 

"network of piping subjected to steady oscillatory flow excitation. 

Figure 3.3 shows a cross connection'with a flow source, Qi into the 

center of the ctoss. Applying consell1ntion of ITklSS to node i of this 

network - - --

Qil + Qi 2 + Qi3 + Qi4 + Qi = 0 , 

and substituting equation 3-5 for ~lch Qij' gives 

-(XilHl+YilHi)-(Xi2Hz+Yi2Hi)-(Xi3H3+Yi3Hi)-(Xi4H4+Yi4Hi)+Gl = 0 

and by rearranging, 

XilH~+Xi2HZ+Xi3HJ+Xi4H4+(Yil+YiZ+Yi}+Yi4)~i = 0 

In general fonn, a nodal equation may be written by deduction as 

(3-6) 

where n, 

Real Equations 

The paraffiters in equation 3-6 are corrplex. In this section, 

separate equations will be developed for the real and imaginary 

canponents of equation 3-6. Expanding the first tenn of equation 

3-6, the following is obtained: 
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2 

-- FI...[MT--
1 i 3 

.. 

4 

\ 

Figure 3. 3. Cross Connection ,vi th a Flo\v Source into t.~e Center. 



where subscript R, is for the real part, subscript I, is for the 

imaginary part and the constant i, is Fl. The equation a1:xwe is 

rearranged as follows: 

14 

XijHj= [(Xa) ij (Ra) j - (XI) ij (Hr) jJ +if (1q{hj (Hr) j+(Xrhj (Hp) j] e3-7) 

Similarly, an expression for the second term of equation 3-6 is 

YijHi=[ (YR)ij (HR)i-(Yr)ij (Hrh) +i[ (YR)ij (Hr) i+(Yr) ij (HRh] (3-8) 

m1d Qi can be ~ressed as 

-Qi- ,;- (~) i + i(Qi)i 

Substituting equations 3-7, 3-8 and 3-9 into equation 3-6 and 

equating the real part and the imaginary part to zero, the ThD 

following equations result. 

n L [(XR)ij(HR)-j-(Xr)ij(Hr)j + (YR)ij(HRh-(Yr)ij(HI)i]-(~)i = 0 

J = 1-
j f i 

n 

(3-9) 

(3-10) 

IJeXR)ij(Hr)j + (Xr)ij(HR)j + (YR)ij(Hr)i + (Yr)ij(HR)i]-(Qr)i = 0 (3-11) 

j = 1 
j '1= i 

Solution }1atrix 

In this secti~, equations 3-10 and 3-11 are applied to a 

piping net:v.Drk to find a general matrix representation. The desired 

\ 

flow and head functions can then be found by inverting the matrix. 

Appendix D shows the creation of this matrix and the follow-ing augmented 

matrix-results by deduction for a g~eral piping network subject to 

steady oscillatory excitation(s). 



n 

A2i ,2i = A2i- 1 ,2i-1 = L (YR)ij 
j = 1 
n 

15 

(3-12) 

A2i,2i-1 = -A2i-1,2i = L (Yr)ij (3-13) 
, j = 1 

A2i ,2j' = A2i- 1 ,2j-l = (~)ij (3-14) 

A2i-l,2j = -A2i,2j-l = (Xrfij (3-15) 

.. n 

. A2i .. l, 2n + :I. = (QR) i -< = ~(XR) ij (HR) j - (XI>ij (~r) j] (3-16) 

j # b 
n 

A2i ,2n + 1 = (Qr)i -~ r(Xr)ij(HR)j + (~)ij(Hr)j] (3-17) 
j = 1 
j # b 

The following conditions are required for the above augmented matrix. 

i=1,2, .......... ,n 

i#m 

j == l, 2, .... " ..... ,n 

j # i 

j # k 

The following are definitions for limiting symbols used in the above 

augmented matrix: 

k, a node number that is not connected·-to node i 

b, a node mooer at which. tbe head.is not given 

m, a node number at which the head is given 

n, number of nodes in piping network 

\ 



CHPJ>TER IV 

COMPUTER CONFIGURATION AND PROGRAM1ING 

. This chapter presents the computer progrmn and the method 

. used to obtain the linearized fluid friction term for each pipe 

for this work. A sample problem is presented at the end of the chapter 

in order to describe the input and output format . .. 

Computer Program 

The equations derived in, the preceding chapters are em:ployed to 

write an efficient computer program to calculate the steady oscil1a-

tory head and flow distribution in piping networks subjected to steady 

oscillatory excitation. The basic procedure of programming is described 

in Figure 4.1 and the canp1ete listing is presented in Appendix E. 

The subroutine, "l:1I'Th'V," 'Was obtained from the master library, tested 

on several sets of simultaneous equations and after verification was 

em:ployed in this program. As is shown in Figure 4.1, this program 

applies a trial solution ~ch assumes a value for average oscillatory 

flaw amplitues at the nodes and the assigned locations~I(. Using a 

- \ method that ,.Jill be described in the next section, the program finds 

-k See the sample problem at the end of this chapter for these locations. 

16 
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START 

READ & PRINT 

DATA 

ASSUME q (I,J) 

CALCUlATE: 
H(I) 

FLOW DISTRIBUTION 

-. q (I,J) 

NO 

YES 

CALCUlATE q (I,J) - -_.

USE 
_ 1 _ 
q = 3 (2q ) 

Figure 4.1. Flow Chart. 

CALCillATE : 
HEAD DISTRIBUTION 
FLOW DISTRIBUTION 

17 
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the average oscillatory flow through each line segment, compares 

these values with the preceding one, and uses an average oscillatory 

flow through each line segJO.ent as 

Ie - -) q = "3 2Qnew + %ld 

to calcUlate the linearized -fluid friction tenn for the next iteration. 

"With these values, computations are initiated for the determination of 

head and flow amplitudes at the nodes and at the assigned locations. 

If the difference between the new and old average flows are within the 
• 

desired aCC1.:lracy, the results are printed. Otherwise,. the program 

calculates the flow amplitudes and the new average flow for each line 

se~t for the next comparison. The limits of the accuracy assigned 

to this program are a maximum change in average flow in any pipe 

segment of 0.001 ft3;s. and to an ~verage change of 0.0005 ft3;s. for all 

pipe segments in the network. 

Average Steady Oscillatory Flow 
ana--Correction Factor 

Average Steady Oscillatory Flow 

In this section, a method is described to determine the 

average steady oscillatory flow, ''Q'', that appears in equation B-8, 

the l:iIlearized fluid ·friction tenn. This methOd is employed in the \ 

canputer program to obtain the results of this work; however, an 

alternate meth:::>d is developed and is described in Appendix F. Streeter 

and Wylie [7] neglected the effect of oscillatory flow in their 

linearized fluid friction term. They probably assumed that the 
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oscillatory flow is very small in comparison to the'steady state 

flow. Since tJ:>is program may deal with the systems or parts of 

systems with low steady state flow, the average flaw through each pipe 
_. .. 

segment is defined as 

Q = Qsteady + qosc. (4-1) 

where the steady state canponent rrnist be defined as an input 

condition. The. oscillatory canponent is assuned to be varying linearly 

through t:he -pipe and is defined as -
TT 

q = ! CCJmax + qmin) 2~12W Sin(wt) d(wt) 
_ 0 

where CJmax and C}rnjn are the maximum and min:irrn..rn flow amplitudes along 

the length of the pipe segrrent, respectively. After simplifying the 

average oscillatory flaw is given by 

q = ~ (Clm9x + CImin) 

and equation 4-1, becomes 

- - 1 
Q = Qg teady + n (qmax + ~11in) . (4-2) 

Since the flow does not vary linearly along the length of the pipe, 

equation 4-2 is a rough estimate, unless each line is divided into 

enough sections and the averaging process is applied for each section 

separately. To find the number of sections into which each straight 

pipe must be divided, the following tests were performed on a straight'. 

pipe, 5000 feet long, 30 inches in--diarneter. having a friction factor 

of 0.1, connected to a constant pressLrre -trull, at one end and a 

steady oscillatory flaw excitation of 4.909 ft3/s. amplitude at the 

other -end. The speed of sound in the liquid is assumed to be 3000 



20 

ft/s. For the non-dimensional excitation frequencies"( of 1.0 to 3.0 

with intervals of 0.1, the length of the pipe is divided into 1,2, 

3, ..... ,10,19 sections and the systen1 is defined as 2,3,4, ..... ,11,20-

node piping network. Table-4.l shows the resulting non-dimensional 

.. pressure;';' for these tests. An inspection of Table 4.1, shows that, for 

the frequency range of 1.3 to 2.7" results are independent of the 

number of sections into which the pipe is divided. Beyond this range, 

theres~1:s __ are ~ctions of the nurIJ1)er.of seg}l1ents into which the pipe 

is divided as the frequency approaches the resonant frequency. At 

resonance the results are highly dependent of the nunber of segments. 

This is because at resonance the energy input into the system is 

dissipated by friction only. At resonance the result of a 19-section 

line differs by a rnaxim.lrn of 1.2/0 from the result of a lO-section line. 

The result of a 5-section line, however, differs by a maximum of 5.8% 

fran the result of a 19-section line. For the pLrrpose of this study 

and since computation time must be considered, each straight 

pipe is divided into five or ten sections. This should be a good 

approximation of the average of the steady oscillatory flow for the 

first few frequency harmonics. 

)'(Non-dimensional frequency and non-Jimem;i.unal pressure are defined 
on page 24 of Chapter v. 

\ 
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Correction Factor 

Since the purpose of this v;ork is to compare the acctrracy 

of the 'method- of characteristics with the steady oscillatory 

". metood, a rrore corrputationally .economical method, the system that is 

defined in the preceding sub-sectipn, is tested against the method of 

characteristics at the first resonant frequency. 'The rnaxiInum non-

dimEnsi~l __ head o~tained by the method,of characteristics was 9.64. 

To obtain this value by the steady oscillatory method, a correction 

factor of 0.605 must be applied to the average steady OSCillatory flow. 

Then the corrected fonn of equation 4-2 becanes 

Q = Qsteady + 0.1926(~ + qmin)' 

This equation is used in the corrputer program. 

Sample Problem 

(4-3) 

The length of the pipe of the system defined in the preceding 

section is divided into eight sections to form a 9-node piping 

netv;ork. .This netv;ork is excited with a steady oscillatory flow of 

4.909 ft3/ s. amplitude and a frequency equal to the resonant frequency 

of the pipe. Input and output formats nrc shown and described in 

Appendix G. 



CH!~TER V 

RESULTS AND CDNCLUSIONS 

The computer progranl described in the preceding chapter 

.. will be used to analyze the same systems used by Padron [6] in 

investigating piping networks subjected to a seismic excitation. 

Results obtained by the method of characteristics for corresponding 

boundary -coriaitions- will be canpared with the steady oscillatory 

method presented here. 

Cases of Study and Results 

A piping network can be described as an orderly combination 

of nodes such as dead-ends, elbows, tees, crosses, valves, reducers, 

orifices, etc. in~erconnected by line segments. The local effects 

of these connections on steady flow through piping neoorks are 

limited to frictional effects, while in steady oscillatory flow 

through the piping networks, the geanetric effects may be nuch more 

important than the frictional effects and 1TR.lSt be considered. FUrther 

study is required to IIOdel these geanetric effects as steady oscillatory 

flow sources, steady oscillatory head sources, etc. 

In this 'WOrk, a simple piping neTh6rk consisting of a constant 

head tank and connected by a pipe segment to a dead-end was selected 

for initial study. The system was excited by a compression seismic 

wave with a velocity amp~itude of 1 _ft/s. and various excitation 

frequencies. Liquid in the network was chosen to be 'Nater at 30Dr'. 

23 
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The piping network was assumed to be at one elevation. The velocity 

of wave propagation in the liquid was asstm2d to be 3000 ftl s. with 

no steady flow through the piping network. For each case, tests 

were performed and the resuits compared with the results obtained by 

'. the method of characteristics. Since the ~esults are conveniently 

presented as non-dimensional parameters, -a system of reducing the 

parameters is defined. Non-dimensional frequency is the ratio of • 
excitation £requency to the resonance frequency in the liquid of the 

particular line segment involved, where the resonance frequency of 

the line segment is defined as the inverse of the time required for 

the canpletion of one cycle of wave propagation in the line. Non

dimensional head is the ratio of the actual head increase to the head 

rise which ~l~ occur if the liquid velocity were instantaneously 

changed by the amplitude of the excitation velocity. 

Dead-End 

A simple system consistir~ of a pipe 5000 feet long and 30 

inches in diameter connected to a cmlstant head tank at one end and 

a dead-end at the other end was selected for initial study. The 
-

system \vas excited at the dead-end by a longitudinal compression seisrnlc 

wave with a velocity amplitude of, 1-.. ftl s. and an angle of propagation, 

8, with respect to the longitudinal axis of the pipe_ Figure 5.1 

shows the sketch for this piping network. The pipe was assumed to be 

buried in the ground and to have no slippage bet~e0 the pipe wall 

and the grotnd. The dead-end cormection was assuned to have the same 
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• CONSTANT 
HEAD 
TANK 

V = 1 ft/s. 

.~ 5000' - 30" d 
It 

IIx X X X X X X X X X X 

rr 
1 2 3 4 5 6 7 8 9 10 11 

Figure 5.1 Schematic Diagram for a Dead-End Connection Showing the 
Direction of Seismic Excitation 
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velocity component as the ground rnotion parallel to the longitudinal 

axis of the pipe. Therefore, the motion of the liquid particles 

in contact with the dead-end was the same as the rnotion of the dead-
_. .' -

end cormection. As an approximation the transient seismic ground motion 

'. was replaced with a steady oscillatory f1~ through the cross

sectional area of the pipe at the dead-end with a velocity amplitude 

equal to the c~onent of the grOLmd rnotion velocity parallel to the 

longitudinal axis of the pipe as shawn below. 

Q = Vg ACos(8)eiwt (5-1) 

In order to obtain a good approximation of the effects of the 

linearized friction term, the 5000-foot length was divided into ten 

equal sections (as discussed in Chapter IV) and the system defined as 

an ll::-node pIping net:YX>rk. The amplitude of the steady OSCillatory 

head at node 11 was zero due to the constant head tank, and at node 1, 

the steady oscillatory flow amplitude calculated by equation 5-1, was 

4.909Cos(8) ft/s. The resonance frequency of the system was 2na = q:r-

.9425 rad/ s . For these boundary conditions the following tests -were 

perforired: a) for a constant angle of wave propagation, e == 0, and 

pipe friction factors of, 0.02, 0.05, 0.10, 0.]0, and non-dL~ional 

frequencies of 0.5 to 3.5 with intervals of 0.1; b) for e = 0 to 900 

in intervals of 15°, pipe friction factors of, 0.02, 0.05, 0.10, 0.20, 

and non-dimensional frequencies of, 0.5 to 3.0 with intervals of 

0.5. The results for tests (a) are presented in Figures 5.2 to 5.5 

using open circles whil~ the results obtained by the method of 

'. 
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Figure 5.2. Non-Dimensional Head Response as a Function of Non-Dimensional 
Frequency for Tests (a) of the Dead-End Connection (Friction 
Factor = 0.(2). 
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Figure 5.3. Non-Dimen.sional Head Resnonse ClS a Function of :~on-Dimensional 
Frequency for Tests (a) of the Dead-End Connection (Friction 
Factor = 0.(5). 
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Figure 5.4. Non-Dimensional Head Response as a F1.ITlction of Non-DirDensional 
Frequency for Tests (a) of the Dead-End Connection (Friction 
Factor = 0.10). 
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characteristics for the same tests are shov;n in the same figures 

USh'1g solid circles. Comparing the results, good agreement for the 

resonance and anti-resonance frequencies are exhibited while there 
..' -

is considerable differences at values between these two frequencies, 

and these differences are larger as the peaks get sha.rper, i. e. as 

the pipe friction factor gets smaller. This is expected since the 

method of char~cteristics gives the rnaxDnuD overpressure in either 
-

steady oscillatory flow or for the transient case. 1ne results for 

tests (b) are presented in Figures 5.6 to 5.9 ernpJoying open symbols, 

while solid symbols show the results obtained by the method of 

characteristics for the same boundary conditions. The results 

obtained by both methods for the frequencies of 0.5 and 2.0 are very 

similar and are- shown with open circles. Comparing the results of 

tests (b), considerable differences C(in be observed beC~een the results 

of the two methods for friction factors other than 0.1. That is 

because the method of calculating the linearized friction term 

contained a correction factor which was chosen to make the methods 

agree at a friction factor of 0.1 (as discussed in Chapter IV). To 

rninimizethese differences, the method described in Appendix F was 

developed. Also sligt}t differences can be observed between the 

results of the two methods as the-angle of wave propagation becomes 

larger. 

EllxM. Connection 

The elbow connection was ffiJdeled by a 90° elba\'! cormecting two 
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Connection (Friction Factor = 0.20). 
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pipes which were terminated at the other ends by DVO constant head 

tanks. The length and the diameter of one pipe was kept fixed at 

5000 feet and 30 inches, respectively. The length and the diameter 

of the' second' pipe was varied as shown by the four different piping 

'. networks in Figures 5.10 to 5.13. The elbow connection was assurr.ed 

to have the same effect as the deatl-end connection in each of the 

pipes except that flow could occur between the tv;o pipes. With this 
~ 

assumpti0TI,"equaticm 5-1 was IIDdified f0r an elbow connection as 

follows : 

Q = Vg [A1CoS(e)+A2Sin(e)]eiwt . (5-2) 

Each pipe length was divided into 5 equal sections to define an 

ll-node piping network. For a pipe fTiction factor of 0.1, four groups 

of tests wer~ p~rformed for the frequency ranges of 0.5 to 3.0, with 

intervals of 0.5, and angles of wave propagation ranging fram 00 to 

1800, v..-rith intervals of 150 as follows: a) pipe (2) was chosen to be 

the same length and diameter as pipe (1); b) the length of pipe (2) 

w"as maintained at 5000 feet and its diameter was chosen to be 15 inches; 

c) pipe (2) was chosen to be 4000 feet long and 30 inches in diameter; 

d) the diameter of pipe (2) was maintained at 30 inches and its length 

changed to 2500 feet. Figures 5.14 to 5.17 show the results of tests'" 

(a) through tests (d), respectively using open symbols. Solid symbols 

show the results obtained by the method 6f characteristics. Open 

triangles in Figures 5.14 and 5.15 show the results obtained by both 

methods for frequencies of 0.5 and 2.0. The Dvo methods exhibit the 

smne characteristics as they did with the dead-end connection. That 
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is, the results exhibit good agreement for resonance and anti-

resonance frequencies and differ at other frequencies for which the 

steady response would be less than the transient response. 

Tee Connection 

A tee connection was modeled by three pipes 5000 feet long 

each connected to constant head tanks at one end and to a tee 
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connection.?t the pther end. ThediEll1lC.ter of the pipes were varied, 

as shawn in Figures 5.18 to 5.20, to define three piping networks for 

the study of this connection. The procedure was employed that was used 

for the rnoaeling of the elbow. Equation 5-2 was modified as 

(5-3) 

for this study. Each pipe length was divided into 5 equal sections 

to define a 16-node piping network. For a pipe friction factor of 

0.1, three groups of tests were performed in the frequency ranges of 

0.5 to 3.0, with intervals of 0.5, and angles of wave propagation 

fran r:P to 900 , with intervals of 150, as follows: a) the diameter 

of all pipes were chosen to be 30 inches; b) the diameter of pipe 

(2) was chosen to be 20 inches, while the diameters of the other 

two pipes were maintained at 30 inches; c) pipe (1) was chosen to be \ 

20 inches in diameter-and the di~ters o( pipes (2) and (3) were 30 

inches. Figures 5.21 to 5.23 show the results of tests (a) through 

tests (c), respectively, using open symbols. Solid symbols show 

the results obtained by the method of characteristics. Op~~ circles 
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show the results obtained by bot.~ methods for freqUencies of 0.5 

and 2.0. The tv;o methods agree about as well as the results agreed 

for the elbow connection. 

Orifice Connection 

47 

A pipe 7500-feet long and 30 inches in diameter was connected 

to a constant Qead tank at each end with a one inch thick orifice 

located2S0a feet from one tank, and excited at the location of 

the orifice by a longitudinal compression seismic wave parallel to 

the axis of the pipe with a velocity amplitude of 1 ft/sec. Figure 5.24 

shows the sketch for this piping netv;ork. A m:>del similar to that for 

the dead-end was used, except that the inside area of the orifice 

was subtract~d fran the total area. The orifice cormection was also 
-. 

modeled to have compression effect on one side and an expansion effect 

on the other side. Incorporating these considerations into those made 

for the dead-end connection, equation 5-1 was modified for an orifice 

connection as 

(5-4) 

for the compression side of the orifice and the same equation with a 

negative sign for the expansion side. '\" Figure 5.25 shows a sketch of 

the rrodel for the orifice where -the length 10 is one inch. The 

piping netw:Jrk shown in Figure 5.25 was analyzed for different 

ranges of frequency and orifice diarreter (do)' The results showed 

zero head amplitude along the ,G1tire network for all cases, which 

means that the orifice has no effect on the piping network during a 
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seismic disturbance. This method did not include pressure drop across 

the orifice; therefore the inflow at one side was cancelled by the 

outflow at the other side of the orifice. Then a new m::xlel was 

create4 which. would account_for the pressure drop across the orifice. 

This ITDdeling was to replace the orifice with a pipe segment of the 
--

same diameter and a length selected to have the same frictional effect 

as the orifice. Referring to Appendix H, the lengths of these pipe 

• segments, 10 , for the 5", 10", 15", and 20" diameter orifices are 

11.2') 22.1') 31.5', and 35.9' , respectively, for a pipe friction 

factor of 0.1. With this assumption, the above piping network was 

analyzed for the orifice diameters of 5") 10", 15", and 20" with 

excitation non-dimensional frequency ranges of 0.3 to 3.0, with 

intervals of 0.1. Table 5.1 shows the results of these tests 

inclu_ding results of the rrethod of characteristics for the same boundary 

conditions. CorJparing the results, the following can be observed: 

1) results of the steady oscillatory method are much less than the 

results of the method of characteristics; 2) the rnaY~ head responses 

for the method of characteristics are at a non-dimensional excitation 

frequency of 1.0, while for the steady oscillatory method they are at 

frequencies between 1. 4 and 1. 5; 3) for the me-thod of characteristics,\ 

head increases as the orifice diameter increased, while for the steady 

oscillatory method it is in reverse order. These differences may 

result because maximum values are obtained throughout as transients 

rather than at longer t:imes which muld correspond to the steady 

oscillatory flow model. --
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S.O.M. STEADY OSCIllATORY METHOD . 

H. 0 . C. = ME'll{OD OF CHARACI'ERISTICS 

~ 5" 10" 15" 20" 
FRE-
QU ENCY S.O.M. t·1. O. C. S. O. ~1. t,1. O. C. S.O.M. ~1. O. C. S.O.M. 11. O. C. 

_. 
b.18 

•. -
0.3 0.02 0.01 0.00 
0.4 0.19 1. 20 0.02 0.70 0.01 0.70 0.00 0.70 
e.5 0.20 1. 30 0.02 0.85 0.01 0.00 0.85 
0.6 0.21 0.02 1. 05 0.01 1.10 0.01 1. 05 
0.7 0.22 1. 75 0.03 1.10 0.01 1.15 0.01 1.15 
0.8 0.23 2.55 0.03 1.60 0.02 1. 70 0.01 1.65 
0.9 0.25 3.35 0.04 .. 2.60 0.02 2.65 0.01 2.65 
1.0 0.28 3.85 0.05 4.30 0.02 4.60 0.01 4.65 
1.1 0.-3-5 ., 2.70- 0.06 3.00 0.03 2.60 0.01 2.60 
1.2 0.50 2.40 0.08 1.80 0.04 1.80 0.02 1. 80 
1.3 0.67 0.14 1. 50 0.07 1. 40 0.03 1. 50 
1.4 1. 00 2.::>0 0.36 1.40 0.16 1. 40 0.07 1.45 
1.5 0.96 0.87 0.73 0.54 
1.6 0.49 0.22 0.13 0.06 
1.7 0.37 0.14 0.08 0.04 
1.8 0.31 0.10 0.06 0.03 
1.9 0.28 0.09 0.05 0.02 
2.0 0.26 0.08 0.04 0.02 
2.1 0.26 0.08 0.04 0.02 

0.27 - -
2.2 0.08 0.04 0.02 
2.3 0.29 0.09 0.05 0.02 
2.4 0.34 0.10 0.05 0.02 
2.5 0.40 0.11 0.06 0.03 
2.6 0.53 0.14 0.07 0.03 
2.7 0.75 0.20 0.10 0.05 
2 " .0 1. 09 0.35 0.16 0.07 
2.9 1. 43 1.14 0.43 0.17 
3.0 0.97 0.88 0.75 0.55 

Table 5.1. Non-Dimensional Head Response as a Function of Non-Dimenion~-al 
Frequency for the Tests of Orifice Connection by Steady 
Oscillatory Method and- Method of- Characteristics. 
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Conclusions 

A one-dimensional steady oscillatory method of analysis of 

hydra~ic tr~sients was employed to develop an econcmical, powerful 

tool (a computer program for analyzing the piping networks subject .. 
to steady oscillatory excitations) for piping designers who wish to 

design pipelines for earthquake zones. The use of this tool requires 

consideration of earthqucU'€ cr~racteristics such as ground motion 

velocity, direction of wave propagatiorl, frequency of the ground 

motion, etc. as well as an understanding of the model which converts 

the gecmetrical effects of junctions in the piping netv.:orks into 

excitation sources. 

In this work, a mcx.iel is Jevcloped to convert geometrical 

effects into eXcitation flow sources for the following junctions of 

pipL"1gnetwo:cks: 1) dead-end, 2) 900 elbow, 3) tee, 4) orifice. This 

model has been verified for dead-end, elbow, mld tee connections at 

resonant frequencies by comparison with the method of characteristics 

rmdel, developed by Padron [6], whi.ch was in turn verified by experi": 

mental data obtained by Wood and Chao [8], and an energy analysis 

at resonance. Results of this model were con§iderably lower than the. 
\. 

results obtained by the method of characteristics model at off-resonant 

frequencies. At these frequencies the maxirm.:nn response occurs during 

the transient state. Since the frequency of the ground motion is a 

spectrtnl instead of a single frequency, the piping designer would 

always consider the worst case which is resonance. 
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The head resIX'nse amplitUdes calculated by this method are, 

for certain conditions, higher thal1 the difference between the liquid 

steady head and the evaporation head. Colunn separation can result, 

therefore extra damping in the system and lower head response would 

be expected. 'Since larger liead responses would be calculated than 

'. would be experienced, designers could use this method and expect an 

additional unknown factor of safety. 

The method developed in this study is capable of handling 
• 

single frequency excitations only. Conventional methods of linear 

superJXlsition would apply when the system could be treated as 

approximately linear. 

The effects of the steady oscillatory flow component on the 

linearized fluid friction term were neglected by Streeter and Wylie 

[7]. A n~del of this effect was included in calculations of this study 

by tvx) different metrods presented in Chapter IV and Appendix F. The 

results of the method described in Chapter IV depend on the pipe 

friction factor and frequency harmonic nunber. This method is a good 

approximation of steady oscillatory flow affects for the first harmonic 

frequency and a pipe friction factor of a .1. The result of the method 

described in Appendix F is approximltely independent of the frequency 

h:'lnronics number RL"l.d the pipe friction Llctor. - '111('. method described\. 

in Appendix F has been 'verified by _the llldhud of cli[lractcristics for 

friction factors ranging from 0.02 to (J. ~~() nnd is e>'1JC:cted to give 

good approximiltions for any fruction factor . 

. An excitation velocity amplitude of 1 ft/s. was chosen for 

all cases of this study. Slight differences were noted between the 

results of the steady oscillatory method and the method of character-
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istics as the angle of wave propagation was increased, which corres

ponds to lower excitation velocities .. This result may indicate that 

there may be considerable difference between the results of the two 

methods for higher excitation velocities. 
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APPENDIX A 

CDNTINUITY EQUATION 

In this Appendix, -the continuity equation 2-1 is expanded 

after Streeter and Wylie [7]. Small te~ are neglected to form a 

suitable equation for slightly defonnable horizontal pipes . 

. aiSln)..:S x + ~6x) = 0 
3x at . (2-1) 

Expanding this equation and dividing by pAox , gives 

The term ox is a function of time only. Replacing the partial 

derivative of ox with its total derivative, and rearranging, the 

followir~ results. 

1(V~ +~) + 1[3A + aevA)] + L dox = 0 
p ax 3t A at dX ox -at 

Expanding the tenn ()¥~ and using V = ~, the following equation 

results . 

.l(dx ~ +~) + l(dx 3A + 3A) + W + L dox = 0 (A-I) 
p at 3x at A Or dX at 3t ox CIt 

Using the definition of the total derivative, that is %f+ ~ ~= 
dr), for the first term and 3A + dx 'JA == ciA for the second term of the at df Of Jx at' 

equation A-I, the following equat.ion results. 

1 dp + 1 ciA + 3V + L dox = 0 . 
p at A at at ox Or 

The bulk ccXnpressibility IDJdulus K is defined as 

K = dP/dt . 
dp/pdt 

Using this definition, the first term of equation A-2 becomes 
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(A-2) 



Referring to Figure A.l, the second term of equation A-2 is 

detennined. 
D 

1 dA 1 d(TIDZ ~2) - = 2(dll) A dt -~ dt dt 

S2, is the lateral strain for the pipe and defined as 
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(A-3) 

(A-4) 

(A-5) 

where E is thl:! bulk modulus of elasticity; 02 is the lateral stress; 
- -

01 is the axial stress; and ~ is the Poisson ratio of the pipe. 

The third tenn of equation A-2 may be expressed as 

where E, 1 is the axial strain of the pipe and is defined as 

t.;l = 1:.(01-1l02). 
- E 

(A-6) 

(A-7) 

Substituting definitions A-5 and A-7 into expressions A-4 and A-6, 

respectively, then substituting the resulting equations and equa-

tion A-3 into equation A-2 and rearranging, the following equat;ion 

results: 

1:. ~ + 1:.[ (2-~) d02 + (1-2\1) J@Ol + ~ == 0 
K ut E dt t dX 

(A-8) 

Referring to Figure A.2, the axial and lateral stresses are written. 
\, 

as 

01 = }\ and nDe 
02 = F2 

2eox 

respectively, where F 1 is ?2p and F2 is PD6x. Subslitutinp; for F 1 
-

and F2 into the above equations and taking their time derivative, 

the following relations result: 
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Figure A .1. Cross Sectional View of a Simple 

Pipe Showing the Lateral Expansion. 
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Figure A.2. Sectional View of a Simple Pipe. 
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Substituting these relations into equation A-8, rearranging 

and collecting like terms, the follov;ring equation results: 

av ~ 1:. ~[l + KD (5 - lJ)] ,= 0 ax K ut eE 4 (A-9) 

5 (.- - lJ) be equal to Cl , which depends only on the type of 
4 • 

Letting 

support, .of the pipe, and by defining the acoustic velocity, a, as 

K 
P 

1 + ~ Q Cl E e 

or K -1 
pa 2 

and rearranging, equation A-9 can be written as 

W+_l_dp=O 
dX pa 2 at 

Using V = ~ and wr~ting the total derivative ~ in terms of its 

partial derivatives, rrultiplying by A and rearranging,. the following 

equation is obtained: 

N + A ap + V(~ ap _ '2JA) = 0 
, ax paz at pa~ ax ax 

TI1e rate of change of pressure and area with respect to position is 

very SffiElll in canparison with the time rate 9f change of pressure and 
\ 

position rate of c~e of flow. Neglecting these small tenus, the 

following equation can be written: 

QQ + ~ aP = 0 
ax pa2 dt 

The time rate of change of r' is very small and can be treated as a 

constant. tlnploying this constant, and using ~1 == ~ the following 
Pg 

equation results: 
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(A-lO) 

Q and H in the above equation are the instantaneous value of the flow 

and pressure-head. They can be expressed in tenus of an average com-

ponent and a fluctuating component by 

Q = Q + q' and H = H + h' . 

Substituting these definitions into equation A-IO, the following 

equation results: 

__ N + ~_+ ~ aH + 'lA ah ' ~ 0-
oX AX a 2 at a 2 at 

The rate of change of the average values, "QQ. and oR " are small in aX at' 

comparison to the change in the fluctuating components. Neglecting 

these small terms, the following equation results, 

(A-H) 

~1i~h is the continuity equation for a slightly deformable horizon-

tal pipe. 



APPENDIX B 

MJMENTUM EQUATION 

In this Appendix, -after the Streeter and Wylie (7), the 

IIDIIJe!1tum equation 2-3 is applied to a slightly defornB.ble horizontal 

pipe, and after neglecting small· tenns, an approximation is obtained. 

- a (~A) OX-1 0 nDox := p6x (A + ':;A ox)dV (2-3) 
a .::Jx Z dt 

Expanding the partial derivative, a~~A), and dividing the equation 

by ox, the following equation is obtained: 

.Mf + paA + L<;,'rrD + p~ + pOx aA dV := 0 
dX ax dt 2 ax dt 

The position rate of change of area is s1!1all in comparison to the 

other terms. Neglecting these small terITls, the following equation 

is obtained: 

AY + L 0 TID + ~ = 0 ax dt (B-1) 

The shear stress 10 at the wall of the pipe can be expressed as 

LO := ~ where f is the friction factor of the pipe. Substituting 

this expression into equation B-1 and dividing equation by pgA, the 

fo11owi.ng equation is obtained: 

Density changes very little compared with pressure and therefore is 

treated as a constant. Taking density into the differential and 

using H := ~, the following equcltion is obtained: 
,)g .-

aH + flJ2+ 1: dV = 0 
dX 2gD g at 

61 
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The time rate of change of area is small in comparison to the change 

in head or velocity, and can be treated as a constant. Using V ~~, 

the following equation is obtained: 

(B-2) 

If the special case for laminar flow is desired, the friction factor 

f can be expressed as 

f - 64 - 64Av 
-~-Q1) 

and by-su1:)stituting this ~'Pression into the equation B-2, the 

following momentum equation for laminar flow through a slightly 

deformable horizontal pipe results: 

(B-3) 

The instantaneous values of head H, and flow Q, can be expressed 
- --

:in tE;I1I1S of an average cc:mponent and a fluctuating component as 

H = H + h' and Q = Q + q' . 

Substituting these definitions into equations B-2 and B-3, the 

equation for laminar flow is 

aH -+- ah' + 32v(Qtq') +L_(~Q -+-~) = 0 
a x a x gADz fA a t Cl t (B-4) 

and the equation for turbulent flow is similarly 

dB + 3h' + f(Q±q ')2 + .L(~ + ~) = 0 
ax ax 2gDAZ 10 ~_~ at '_ . (B-5) 

The time rate of change of average flaw is small in comparison to 

the other tenns and can be neglected. Assuming the values of the 

position rate of change of average heads to be ClB = -2£Q2 for 
- _ _ Clx gDA2 

turbulent flow and aH ~- _32vQ for laminar flow eouations B-4 and B-S ax gAD2 ' • 



can be written in the farm of B-6 and B-7 respectively. 

a h' + 32v q' + !.-~ = 0 
ax gAD 2 gA at 

ah' +~, +&~+:L~= 0 
ax .. gDA . T~ gA at 

f ,2 
To have a linear differential equation, the term '5JLTT' must be 

..g.DA 
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(B-6) 

. (B-7) 

linearized in equation B-7. By defining the friction term for tur-

bulent flow as 

and the friction term for laminar flow as 

R = 32v 
gAD 2 

bothequatians B-6 and B-7 can then be written in a linear form 

ah'+~~+Rq'=O 
ax gA at 

(B-8) 

(B-9) 

(B-lO) 

which is the momentum equation for flow through a slightly deformable 

horizontal pipe. 



APPENDIX C 

STEADY OSCILLATORY fiiM1 EQUATIONS 

In . this Appendix,- the rrunentum and continuity equations de

rived in Appendixes A and B for a slightly deformable horizontal 

pipe are used to find solutions 'for steady oscillatory flow after 

Streeter and Wylie [7] . 
• 

-- -~ + ~-ah I == 0 
(lX a 2 (It (2-2) 

(2-4) 

Taking partial derivatives of equation 2-2 and 2-4 with respect to 

the position x, and with respect to time t, the following equations 

are obtained: 

a2h' 1 a2q' (In'_ 
--+-~+R~- 0 
Cltax gA Clt Clt 

(C-l) 

(C-2) 

(C-3) 

CC-4) 

\ 
Substituting equations 2-2 and C-2 into equation C-3 and rearranging', 

the following equation is obtained: 

(C-5) 

Substituting equation C-l into equation C-4, multiplying by ~, and 
a 

rearranging, the following equation is obtained: 

(C-6) 
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which is identical in fOTIn with equation C-5. A separation of 

variables technique can be used to solve differential equation C-5 

or C-6, which assumes 

h' = X(x)T(t) 

for equati~ C-5, where Xjs a function of position only and T is a 

function of time only. Taking the first and second derivatives of 

this assumed solution with respect to t and with respect to x, the 

following equations are obta:ined: 

ah' _,. ~T 
_.a to - dt_ 

a2 h' _ ~2T 
3tT - atT 

~=~ ax dx 

Substituting equations C-8, C-9 and C-ll into equation C-5 and 

dividLIg the equation by TX, the following equation results: 

1 d2X = 1 d2 T + ~ dT = y2 
X ctXT a 2T (ltT ~ at 

Equation C-12 is equated to a constant because each side of this 

(C-8) 

(C-9) 

(C-lO) 

(C-ll) 

(C-12) 

equation can vary independently of the other side. The constant y, 

is the propagation constant and is equal to (a + oi6) which will be 

defined later. To find this constant y, tl1e°- solution for T can be \. 

restricted to the steady oscillatory case, by assuming a particular 

solution for T as a hanronic oscillation. The solution can then be 

expressed as 

T = C e iwt , (C-13) 

where w is the angular frequency. Taking the first and second time 
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derivatives of this expression, the following equations are obtained: 

(C-14) 

(C-lS) 

Substituting . equations C-14 and C-lS into equation C-12 and solving 

for '(2, the following equation is obtained: 

'( 2 = ~(-~ + i R) 
a gA 

Referring to tne Figure C.l, '(2 can be expressed as follows: 

'(=~j(~)2+R2 ei01 
a gA 

Taking the square root of this equation, the following equation is 

obtained: 

. tll 
Using the definition of exponential functions, el '2 can be defined 

as, Cos(~) + iSin(~), o?c" by 'Writing in terms of 62, Figure C.l, 
L. () 1 L 

ely- = Cos (2- - ~) + iSin(Z - i-) 
or 

.OJ k 0 
ell = Sinf + iCos

Z
2 

• 

Referring to the Figure C.l, 07 can be defined as fOllows: 

. -1 P \R tdn c'f __ 

,,) 

(C-17) 

(C-l$) 

Substituting equation C-lS into--equation G-17 and then the result ob-

tained equation into equation C-16, separating the real and the imaginary 

parts of the resulting equation, the value of a and S can be defined as 

a == j¥ifi [(~-/+ R
2J :,; Sit) (~tan-l ¥) 

G = I~~;A [(~) 2 + R2J Z Cos (:~tan-l ~\1 
(C-l9) 

(C-20) 
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IMAGINARY 

\' R 
\ 

REAL 

Figure C .1. Axis of Compiex Variables. 
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where a. and S are always real, positive nunbers. To find the solutions 

for the oscillatory head and flow, the left side of equation C-12 

can be· developed as 

d2 X 2 
d.x2 - Xy = 0 

for which the solution for X, is 

X = C1"':eYX + C2e-YX (C-21) 

where c; -aIld C2 are the constants of integration. Subs tituting 

equations C-2l and C-13 into equation C-7 and combining the constants, 

the following equation is obtained: 

hI = eiLut(CleYx + C2e-Yx) (C-22) 

Taking the position derivative of the above equation and substituting 

into equatiens-2-2 and 2-4, then integrating and solving for ql, the 

following equation is obtained: 

ql = ~iwt(CieYX - C2e-YX) (C-23) 
~a Y 

The fluctuating head, hI, and the fluctuating flow, q I, are ftmctions 

of t and x, and can be expressed as 

hI (x, t) = H(x) eiwt 

and 

q'(x,t) = Q(x) eiwt . 

Substituting these expressions into equations C-22 and C-23, the 

following equations are obtained: 

H(x) = CleYX + C2e-Yx 

Q(x) = ~(CleYX - C2e-YXl 
ia2y 

(C-24) 

CC-2S) 
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The ratio of the fluctuat:ing head, hi, over the fluctuating flow, q', 

is defined to be hydraulic impedance, Z(x) , 

h' 2 C yx + C -yx Z ex) =: -=-r = -:0.:- 1 e 2 e 
q igAw CleYX - C2e-Yx (C-26) 

2 
where the term .11L-, depends. upon the physical properties of the pipe 

igAw 
and is defined to be characteristic impedance, Zc. 

a 2 a 2 
Zc == ~ = gAw (S - icx) (C-27) 

Using definitiop C-27 in equation C-2S, the following equation results . 

.. Q(x)"-== - 1 ~CleYx - C2 e-YX) (C-28) 
Zc 

Equations C-24 and C-28 are applied to a segnent of pipe shawn in 

Figure 2.3 in order to evaluate the integration constants. The 

boundary conditions at X = 0, are 

H(O)eiwt == HR and Q(O)e:Ut)t == ~ 

where _subscripts R stands for receiving end of the pipe and subscript 

S refers to the sending end. AppJ.ying these boundary conditions to 

equations C-24 and C-28, the constants can be determined as follows: 

Cl'== ~(HR - Zc~) 
1 

C2 == Z(HR + ZcQa) 

Substituting the values of the above constants into the equations C-24 

and C-28 and rearranging, the following equations are obtained: 

H (x) == HRCoshyx - ~ZcS:inhyx 

Q (x) == - ~:inhyX + ~Co;~~ 
Using the other boundary conditions at x = L, where 

H(L)eiwt := HS and Q(L)eiu)t := QS' 

then the following equations are obcained for Figure 2.3. 

(C-29) 

(C-30) 



Hs = HRCoshyL - ~ZcSinhyL 

QS = - ~inhyL + ~CoshyL 
Zc 
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(C-31) 

(C-32) 

If the solutions for HR and ~ are desired, then equations C-3l and 

C-32 can be combined and rearranged to give the following equations: 

HR = HsCoshyL + ZcQSSinhyL 

~ = ~inhyL + QSCoshyL 
Zc 

(C-33) 

(C-34) 



APPTh.nIX D 

MATRIX GENERATION 

In tms Appendix, equations 3-10 and 3-11, obtained in Chapter 

III, are applied .to each non-boundary node. of a·piping network to derive 

the head-flow solutions for this piping network in the fonn of s:imul-

taneous equations. This solution is then presented in a matrix 
• 

representation for-general piping networks. The piping neThOt'k 

adopted for this derivation is shown in Figure D .1. ThD flow 

excitation sources are applied to. the node numbers 1 and 7, and two 

head excitation sources are applied to the node numbers 3 and 5 of 

this piping network. 

Simultaneous Equations 

Equations 3-10 and 3-11 are applied to the non-bcnmdary node 

nunbers 1, 2, 4, 6 and 7 of the piping network shown in Figure D.l 

and after rearranging, the following ten simultaneous equations are 

obtained: 

.-
(XRh2 (I-lR) 2- (XI) 12 (HI) zt (XR) 14 (RR) t+- (XI) 14(Hr)4 = 

-[(XR)13(HR)3-(Xr)13(HI)3-{~)1] -

[(Yr )12+CYr)13+(Yr)14] (HR)l+[(YR)lz+CYR) 13+ (YR) 14] (Hr) 1 + 

(XI)12(HR)2+(~)12(HI)2+(XI)14(HR)4+(~)14(HI)4 = 

- [ (XR) 1] (Hr) 3+(Xr) 13 (HR) 3+(Qr) 1 J 
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CD-l) 

CD-2) 



3 

Fivrre D.l. ScheLlatic DiagraEl of a Piping [JetvJork u.sed to obtain a 
General I1atrix Solution to Piping Net-works. 
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5 

'. 
\. 



(~)12(HR)1-(Xr)12(HI)1+[(YR)12+(YR)24+(YR)2S](HR)2-

[(Yr)12+(Yr)24+(Yr)25](Hr)~(XR)24(~)4-(Xr)24(Hr)4= 

- [(Xp) 25 (HR)'5- (XI) 25 (HI) 5] 

H (Xr) 12 (HR)1+(~)12(Hr) 1+( (Yr) 12+(Yr) 24+ (Yr) 2S] (~)2+ 

[(YR) 12+ (YR) 24+ (YR) 25] (Hr ),2+(Xr) 24 (HR) 4+(~) 24 (Hr) 4 = 

73 

(D-3) 

-[(~)25(Hr)5+(Xr)25(HR)5] (D-4) 

·(~r14(HR) l-(Xr ) 14 (Hr) 1+(~) 24 (HR) 2- (Xr) 24 (Hr) 2 + 

[(YR) 14+ (YR) 24+ (YR) 46+ (YR) 47] (HR)4-[(Yr )14+(Yr)24 + 

(YI)46+(Yr)47)(Hr)4+(~)46(HR)6-(Xr)46(Hr)6+(XR)47(HR)7 -

(Xr )47(Hr)7 = 0 (D-5) 

(Xr)14(HR)1+(XR)14(Hr)1+(Xr)24(HR)2+(XR)24(Hr)2 + 

[(Yr) 14+(Yr ) 24+(Yr ) 46+(Yr ) 47] (HR) 4+[ (YR)14 + (YR) 24+ (YR) 46 + 

(YR) 47 1 (Hr) 4+ (XI) 46 (HR) 6+ (Xp) 46 (H)6+(Xr ) 47(HR)7 + 

(XI )47(Hr )7 = 0 (D-6) 

(~)46(HR)4-(Xr)46(Hr)4+[(YR)36+(YR)46+(YR)67](HR)6 .: 

[(Yr)36+(Yr)46+(Yr)67](Hr)6+(~)67(HR)7-(Xr)67(HI)7 = 

-{(~)36(HR)3-(XI)36(HI~3] 

(XI) 46 (HR) 4+(Xp.j 46 (HI~4+[ ~Y-I) 36+(Yr ) 46+(Yr ) 67] (HR) 6 + 

(YR)36+(YR)46+(YR)67J(HI)6+(Xr)67(HR)~(~)67(HI)7 = 

-[(~)36(HI)3+(Xr)36(HR)3J 

. (lR)47 (tR)4-(Xr )47 (Hr)4+(Y'R)&7 (tR)6-(Xr )67 (Hr )6 + 

[(YR\7+(YR)57+(YR)67] (IR)r[ (Yr)L+7+(Yr )S7+(Yr )67] (Hr)7 = 

(D-7) 

CD-B) 

- [ (1~) 57 (tR)5 - (Xr ) 57 (HI )5 - «(~)7) (D-9) 



(XI) 47 (HR) 4+(~) 47 (Hr) 4+(X1) 6/I-~) 6+(~) 67(Hr ) 6 + 

[(Yr)4~(Yr)57+(Yr)67](HR)~[(YR)4~(YR)5~(YR)67](Hr)7 = 

74 

- [(~) 57 (Hr) 5+(Xr ) 57 (HR) 5-(Qr)7] (D-IO) 

Matrix Formation 

The ten simultaneous equations, D:"'l to D-IO, indicated in 

the preced:ing section, are written in matrix fonn as sho~ in Figure 

D.2. By insp~ting this matrix, a general method can be deduced for 

the construction of a particular matrix for any piping net:v.urk. These 

equations are shown in Chapter III. 
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APPENDIX E. 

LISTING OF C01'1PUTER PROGRAM 
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10*"RUN 
ZOc 
30C 
40C 
soc 
oOc 
70C 
HO 
90 
100 -
110 
120 
130 
140 
150 
160 
170 
18 0 
190 
200 
210C 
220C 
230C 
240C 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
4/jO 

490 
500 
510 
520 
530 

THIS PROC:!RAM CALCULATES THE HEAD AND FLO't; 
AMPLITUDES AND THEIR PHASE ANC:!LESWITH THE FIRST 
ENTER EO EXCITINC:! SOURl~ AT ANY DESIRED LOCATIQN 
IN A LARGE STEADY OSCILLATORY NETWORK CF PIPING. 

REAL PPX(501)/501*0.I.ZTX(5011/501*O.I,P(20)/20*O./ 
REAL ZWX(501)/501*0.I,XI (20,201/400*0.I,UC:!US(20,20) 
REAl::. TET(20)120~0.I.YI (20,20l/400*0.I,PI (20)/20*0.1 
REAL WFI (20,20Jl400'*O.I.UR(20ll20*0.I,GI (20)/20*0.1 
REAL WFR(20.20l/400*O.I,HH(4uI/4U*O.I,PR(20)/20*0.1 
REAL X~(20,20)/400*O./tYR(2D,201/400*O.I,CC1(20.20) 
REAL AF(20.20)/~OO*0~/,GA(ZO,20)/400*0.I,CC2(20,20> 
REAL WF(20,20 J /400*O.I,kP(ZO,20)/4QO*0.I,CC3(20,20) 
REAL ZET(20,20)/400*0./f~AA(20,20)/400*0.I,SCR(40) 
REAL·AA(40.41 J/ 1640*0.I,UUX(501)1501*0.I,CC4(20,20) 
REAL LI20,20)/400*n.I,~(2U,20)/400*0.1 

- D fM EN 5 I ON J~ P ( 2 0 , 2 0) I 400 * 0"; , LJ!j A R ( 20 t 20 ) I 400 '* 0 • I 
LO~ICAL HEA~(20)/20*oF.I.CONNI20,20)/400*.F.I 

READS AND PRINTS THE INPUT DATA, AND MAKES SOME 
PRE-CALCULATIONS. tUPTO LINE I~O. 1000) 

REAU(5,470)AMU.RHO,~~ 

WRITE(6,760)AMU,RHO,~~ 

ANU=32.174*AMU/RHO 
EPS=L.E-15 
PY=-3o-1415927 
READ(5,4~OJN'N(H,KLM 
WRITE l 6,77u 1 N,NCH,KLM 
IFINCH .. LT .. l) GO TO 30 
UO Z 0 I = 1 tI~ CH 
READ 1S,480Jj 
WRlTEI6,67J)j 

20 HEADlj)=.T. 
30 READ(5.480JNFX.NSP 

WRITEI6,78J)NFX,NSP 
NREF=-l 
IF(NFX.LE.O) I..JO TO 70 

·DO 60 I=l'i~FX 
READ(5,490 I j,P(j) 
HEAD(jl=.T. 
I F ( 1 • I..J T • 1 J - ~o r 0 40 
NREF=j 
KD=5 
PR(jJ=plj) 
I..JO Tv 50 

40 READ(5,5QOJTET(j) 
PR<j)=P(jJ*COS{TET(jl) 
P I {j I = P I j J * SJ NIT E T ( J J ~ 

50 WRITE(6d9u)J,Plj) .TET(J) 
60 CUN T I,'IUE 

.'. 

\ 
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540 70 - NFX= ~iFX +NCH 
550 IF(NSP.LE.O) uO TO 110 
560 ~O 100 I=l.NSP 
570 IF(NREFeGT.O) ~O TO ~O 
580 REA~15,510IJ,U 
590 NREF=J 
600 RA~=O. 

610 KD=O 
620 ~O TO 90 
630 - eQ REA~(5.520IJ,U.RAU 
640 90 UR{JJ=U*COSIRAUJ 
6:;0 UI (J) =L.l*SIN (RAQ) 
660 WRITE(6.8001J,~.RAD 
670 100 CONTINUE 
680 WRITE(6.66U} 
690 110 MYT=O 
700 UO 140 MLK=l,KLM 
710 READ(5,530) I,J'L(I,J) ,DDl.iD,A.AFCI,j) ./'IP(I,J).uOM 
720 -WR-ITE (6.8101 I ,J'L {r ,jJ .DDDD.A.AF (I .J) ,NP (I .J) ,COM 
730 U~AR(I,J)=DOM 

740 CONN(I.J)=.T. 
750- CONN(J,II=CONNtI,J) 
760 L<J.IJ=L(I,jJ 
770 NP(J.IJ=NP(I,jl 
7tiO L.l~AR(jtI)=U~AR(I.J) 
790 U=OOOO/12. 
tiOO L.l~US(ItJ}=L.l~AR(I,J)+20. 
tilO UGUS(J,l)=UuUS(ItJ) 
ti20 UL.l~GUS(I.J) 

830 RP(I,J)=16./(PY*GG*D**4) 
~40 RP(J,I):RP(I,j) 
~50 AF(J,Il=AF(I,J) 
~60 RE=4.*UU/(PY*U*ANUI 
ti 7 0 I FIR E • G T .2200. J GO TO 120 
H80 R(I.JJ=8.*RP(I,J)*ANU 
d90 GO TO 130 
900 120 R(I,JI=RP(I,JI~AF(I,J)*UU/(PY*D) 
910 130 GAII,J)=pY*GG*lJ*D/4. 
920 ~AA(I.J)=uA(I,J)/(A*AI 
930 uAIJ,II:GA(ItJI 
9 4 0 -{J A A ( J , I ) = G A A ( I ,J I 
950 R(J.II::R(I,j) \ 
960 MYT=11YT+NP <J ,J J 
970 140 CONTI~UE 
9HO WRITEI6.6bJ) 
990 READ(5.5~O)LLLLtOMG,DOMG 
10UO WRITEI6,320ILLLL,OMu,UOMu 
1010 IF(KU.LT.2) GU TO 150 
1020 ~RITE(6.6HOINREF 
1030 uO TO 160 
1040 150 WRITEI6,690INREF 
1050 160 UIV=KEAL{KLM) 
lUbOC 
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l070C THIS DO-LOCP "460", MAKES COMPLETE CALCULATION 
10eoC - ANt) pRINTS THE RESUL TS FOR EACH FKEUt.;ENCY. 
1090C 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 170 
11tlO 
1190C 

HUM=O. 
I(C=O 
ICONT=O 
IFIMYT.GT.0J 
WRITE{6.700) 
CJO TO leo 
W R I T E ( 6 • 7 11) ) 

WRITE{6.720J 

lJO TO 170 
OMCJ 

OMCJ 

THIS DO-LUOP "190", CALCULATES THE REAL ANC THE 
IMAGINARY PARTS OF X· AND Y FOR THE LINE SEGME:ns It\ 
THE NETWORK. 

DO 1-+9 0 I = 2 , f~ 
DO 190 j=l.I-l 

'"1200C 
lZlOC 
1Z20C 
1230C 
1240 180 
1250 
1260 
1270 

--TF{"NOT;COi'-IN<I,j)) GO TO 190 

12tjO 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
13bO 
1370 -
13~O 

1390 
1400 
1410 
1420 
1430 
14 .. 0 
1450 
1460 
1470 
14tlO 
1490 190 
1500C 
151uC 
1520C 
1530C 
1540C 
1550 
1560 
1570 
15~0 

1590 

AL=L{I,j) 
AR=RIl.j) 
AC,A=C,A(I,j) 
A(jtj:GAA(I,j} 
CALL X(AL,AR.ACJA.AC,t;.OMG,(1.(Z,C3.(4.CS,C6,ZCR,ZCII 
CC1(I,j)=C1 
CC2(I.j)=C2 
CC3(I,j)=C,3 
CC4(I.JJ=C4 
CCl- (J-. I) =C1 
CC2<Jt!J=C2 
CC3(J,Il=C3 
CC4(j,I)=C4 
DENOM:(ZCR**2+ZCI**2)*(Cl**2+C2**21 
XR(I.JI:(ZCR*CI-Zcr*C2J/UENOM 
XI (I ,jJ = (ZCR*C2+ZCI*Cl) / (-!)EI~uMJ 
YRII,JJ=(ZCI*C6-ZCR*C5)/UENUM 
YI{I,J):(ZCI*CS+ZCR*Cb)/DENOM 
XR (j,r) =XR <l ,j) 

Xl(jdJ=XI(I.j) 
YR(Jdl=YR<I,j) 
VI (jd) =YI 1I,j) 
CONT r:~UE 

THIS !)u-LUCP "24.0-"- AND O-u-LGOP "250" USE THE 
RESULTINC, EUUATIONS F~OM CHAPTER III AN!) dUrL~ THE 
AUGMENTEJ MAfRlx. 

M=O 
!)O 240 I:l,N 
IF(HEAu(IJ) GO TO 240_ 
M:::M+2 
SUMR=0. 

\ 
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1600 SuMI=O. 
1610 - MM=O 
1620 HH (M) =-UI (I) 

1630 HH{M-l':_UR(IJ 
1640 DO 230 j=l,N 
1650 IF(I.EU.JJ MM=MM+2 
1660 IF (I "EU.jJ (,0 TO 230 
1670 IFIHEAD(j)) GO TO 200 
1680 MM=MM+2 
1690 AA(M,MMI=XR(I,j) 
1700 AAlM-l,MM-l 1 =XR(I,j} 
1 710 AA ( M t MM-l I = X I ( I ,j ) 
1720 AAIM-1,MM':-XL(I,j) 

"1730 200 IF(.NUT.CONNrItj)) (,0 TO 210 
1740 SUMR=SUMR+YR(I,j) 
1750 SUMI=SUMI+YI(I,jJ 
1760 210 IF(HEAD(jJ.ANU.CONN(l,jl) GO TO 220 
1770 ('0 ~O 230 
1780 220 HH 1M) =HH 1M)'" (XR (I .j) *PI (j) .XI (r .J) *PR {J}} . 

1790 - -HH (M-l) =HH (M-1 ) ... (XR ( I ,j) *PR (J) -x I ( I ,j) *p I (J) } 

1800 230 CONTINUE 
1810 AA(M,M)=SUMR 
1820 AA(M-1,M-l)=SUMR 
1830 AA(M-l,M)=-SUMI 
1840 AA(M,M_l)=SUMI 
1ti50 240 CONTINUE 
1860 NN=2*(~-NFX) 
1870 ~NN=NN+l 
18ijO DO 250 I=l,NN 
1890 AAJI,_NNN)=-HH(Il 
1900 250 CONTI~UE 
1910 CALL MTINVIAA.NN,NNN,40,SCRI 
1920C 
1930C AFTER MATRIX ARE SOLVED. THE UO-LOGP "260" 
1940C PLACES THE RESULT5 INTO THEIR LOCATIONS. 
1950C 
1960 M=O 
1970 DO 260 I=l,N 
19~O IF(HEAO(I)) GO TO 260 
1990 M=M+2 
200U PR(I):AA(M-l,NNN) 
2010 .PI (Il=AA(M,NNN) 
2020 260 CONTINUE \ 
2030C 
2040C DO-LOOP "300" CALCUL~TES THE HEAD AND FLO~ 
2050C AMPLITUDES ANO THE.lR--PHASE AIlCJLES FOR EACH :~OlJE. 
20bOC 
2070 UO 300 I=l.N 
20~0 IF<ICC.LE.O) llO TU 2tlO 
2090 PII)=5URT(PR(I)**2+PIII)**21 
2100 IF(AdS(PR(I)).LE.EPS) GO TO 270 
2110 TET <I) ::ATA."'I (PIlI )!PR (1)) 

2120 rF(PR(I).LT~O •• ANU.prrr).LT.0.) TET(Il=TET(II-PY 
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2130 - IF(PR<II.LT.O •• ANU.PI(Il.GT.O.I TET(Il=TET(I)+pr 
2140 GO TO 280 
2150 270 IF(PI(Il.GT.O.1 TET(!)=PY/2. 
2160 IF(PI<I).LT.O.I TET(l)=-U.5*;)Y 
2170 2~0 UO 3UO j=1,N 
21~0 IF(."IOT.CUNN(l,jl) GO TO 30U 
2190 AR=PR(jl*XRII.jl.PR(Il*Yk<I,j) 
2200 AI=PI tI 1 *YR (J ,jl+PR C II *VI II ,jl 
2210 l..lFR(I,'jl=PI(jl*XIII.j)+Pl(II*YI(I.J)-AR 
2220 l..lF U I t j l =-XR ( I d) *P I C J I -x I C I ,J) *PR (J) -A I 
2230 l..lF(I,j)=Sl..lRT(UFR(I,jl**2+l..)FI (ItJ)*~2) 
2240 IF(lCC.lE.Jl l:J0 TO 300 
2 2 50 , I F ( A tj 5 ( l..l F R ( I , J 1 ) • L E • E P 5 ) GO, TO 2 9 0 
2260 ZET <I,j) =ATAN lL,;F I q,j )/t.iFR (I.J}) 
2270 DOM=ZETCI,jJ ' 
22~0 IF(UFRCI,J).lT.O •• AND.UFI(I,j).lT.O.)DCM=DCM_PY 
2290 IF(UfRCI,J).LT.O •• ANO.UFI (I,jl.GT.O.IDCM=UOM+PY 
2300 ZETCI,j)=UOM 
23 10, - -G tJ TO 30'0 
2320 290 IF(l..lFltI,J).GT.O.) ZcT<I,jl=PY/2. 
2330 IFWFICI,jl.lT.O.! Zt:.T(I,J)=-O.5*PY 
2340 300 CONTINUE 
2350 IF(ICC.LE.0J \JG TO 330 
2360C 
2370C 
2380C 
2390C 
2400 

UO-LOOP "320" PRINTS THE TAtjUlATED RESLLTS FO~ 
THE NETWORK AT ONE FHEUUENCY. 

2410 
2420 
2430 
2440 
2450 
2460 
2470 
24tlO 310 
2490 320 
2500 
2510 330 
2520C 
2530C 
254lK 
2550C 
2560C 
2570C 
25tlOC 
2590C 
2600C 
2610 
2620 
2630 
2640 
2650 

UO 320 1=1,1'1 
NJ~O _ 
00 320 J=l,N 
IF(.,WT.cmm(I.J)) GO TO 320 
IF(NJ.Gr.O) GO TO 310 
'tiRLTE (~n 730) 1 ,p 'I) ,Tt.T (I) ,j,UF q ,j) ,ZET (I ,jl 
NJ=NJ+l 
GU TO 320 
ItJRITE (6,7401 j,(,,;F (r ,J) ,ZET (I,j) 
CONT I,WE 
wRlTElb,550J 
rKH=O 

,UO-LOOP "44()" 
CAlCUL~TES THE FLew AMPLIT\::JUES AT TdE DESIKED\ 

LOCATIJNS IN THE NETWuRK INORUER TO FIND iEW 
AtjSOLUTE FlUWS, IF 1((=0 , OR 

CAlCULATc:S THE 'fCOw ANO-I-lEAU AMPLITUDES, THEIK 
PHASE Af~GLC:S, AND PRINTS THE RESULTS ON T:1t: LINE 
SE<JME,HS, IF ICC> 0 • 

SCOR=Q. 
1)0 4--\.0 J=2,,~ 

UO 4-40 I=l,J-l 
I F ( .\J U T • C'J ~Hn I ,J) \.J u - T 0 440 
IF(AFII,J) .LE.O •• ANU.ICC.LE.0) 



2660 
2670 
26tiO 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
276D 
2770 

IF (NP (l,jl .LE.O) uU TO 390 
AD=REAL(NPC1,jl+l) 
DL=L (l,j) I.~D 
AL=O. 
MR=NP(I,JI+2 
DO 350 N I~ P = 1 t 1'1 R 
AR:::R(I,j) 
AGA=GA(I,j) 
AGts=GAA(I,j) 
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O=OMG 
CACLX(AL'AR'AbA'AGH,O,C1,C2.C3,C~,DM1,OMl,D~3,UM~) 
Cll=CC1(I,J) 
C12=CC2(I.J} 
C13::CC3(I,J} 
C14=CC4(J,J) 
Pl=PR(j) 
PZ=PI (j) • P3=PR<IJ 

-~P-4=PI(I-J 

··27 tiO 
2790 
2800 
2810 
2820 
2830 
2840 
2!l50 
2~60 

2870(, 
2880C 
2890 
2900 
2910 
2920 
2930 
2940 
2950 
2960 ~340 
2970& 
2980C 
2990 
3000 
3010 
3020 350 
3030 
3040 
3050 
3060 
3070 
3080 
3090 
3100 
3110 
3120 
3130 
31~0 

3150 360 
3160 
3170 
31~0 

IF<ICC.LE.O) GO TO 340 
(ALL YYYY(Pl.P2,P3.P4,Cl.C2.C3,C4.Cll,C12,C13,C14. 
l) M 3 , l) "14 , P 5 , Z 5 , 5 } 

PPX (N,"IP) =P5 
ZTX (Ni~P) =Z5 
IF(P5.LE.H~M) GO TO 340 
HUM=P5 
IHlJ=l 
JHU=j 
AHlJ=AL 
CALL YYYY(Pl.P2.P3.P~,C4,C3.C2.Cl'Cll,(lZ'C13,C14' 
DM3,OM4,lJ5,Z6~ICCJ 

l,;UX (:lNPJ =lJ 5 
ZUX (,'H'IPJ =Z6 
AL=AL+uL 
CONTlj~UE 
IF(lCC.LE.Ol <..JC TO 39u 
r I 1;: I 
JJ·l=J 

. r~AA:: :jP ( 1 ,j) + 1 
IF(NAA.Gr.11) ~O TU 36u 
WRITEI6,610J 
W R I T E ( :) , 50 J ) ( P P X ( (J N PI, N N P = 1 • i~rt ) 
'.~RlTE (6,5701 tlTX (Nm:f l .NNP::l ,MK) 
CALL PIPE(~AA.IIl,JJ1,0.l . 
W R 1 T t: ( 6 • 5 8 v) . (l.lLJ X ( N N pI, j~ N P :: 1 ,M k ) 
WRITE(6,5701 tz~x 'NNPI .fINP=l,I'vlRI 
(,Q TJ .. 40 
:,.JRITE (.'),610) 
wRITE(6,560) (PPXif'JfJP1,NNP=1d-ll 
WRITElb.57:Jr- (ZiX(NNPT,Nt'lP=l,lll 
WRIT£(6,59:J) 1 

\ 
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3190 - WRITE(6,S8u} ll.i lJ X(NNP1.NNP=1,11 1 
3200 WRITE(6.570J IZlJXINNPI,rmp=ldl) 
3210 MMA=22 
3220 370 MAA=MMA-10 
3230 IF(NAA.LE.MMAJ GO TO 3dO 
3240 WRITE1o,ouOl 
32 50 W R I T E ( 0 , 62 u) (P P X (K ) ,K = 1"1 A A • M M A) • (Z T X ( K) ,K = M A A , M ~ A ) 
3260 WRITE(6,63U) 
3270 WRITE (cn620) (lJUX (K) ,K=MAA,Mr1A) 9 (lUX (Kl ,K=MAA,M""AI 
32~0- MMA=MMA+11 
329D GO TO 370 
3.300 3HO WRITEI6.600J 
3310 WRITE(6,040J (PPX(NNP) ,NNP=MAA,i"'R) 
3320 WRITE(u.65JJ (ZTX(NNP1"NNP=MAA,MRI 
3330 NUPT=NAA-MAA+l 
3340 CALL PIPE(~OPT.II1.jj1,1.) 
3350 WRITEI6.6'+Ol (UUX(NNPl ,NNP=MAA,j''IRl 
3360 ~f5JTE (0._650) (Zt.,;X (,'.!NPhNNP.=MAA,MR) 
3370 GO TO 440 
33~0 390 IF(UF(j.I).GT.UF(I,j») GG TU 391 
3390 UMAX=uF(I,jl 
3400 UMIN=WF(J,IJ 
3410 Gu TO 392 
3420 391 WMAX=WF(j,l) 
3430 UMIN=WF(r.jl 
3440 392 IF(NPlI.JJ.LE.OI GO TO 410 
3450 UO 400 NUO=l,M~ 
3400 IF(UlJX(NU01.GT.UMAX)UMAX=UUX(NU01 
3470 IF+lJU~(NUO)'LT.lJMIN1UMIN=U~X(NOUI 
34HO 400 CONT LWE 
3490 410 UW=W~AK(I.JJ+.1926*(QMAX+QMIN) 
3500 0=2./I~T.GG*RP(1,jl)**o25 
3510 RE=4.*UU/(PY*U*ANU) 
3 5 2 0 I F ( R E • G T • ,,2,U 0 .) GUT U 4 2 0 
3530 RG=H.*RP(I.j)*ANU 
3540 GO TO 430 
3550 420 RG=RP 1l.J)*AFII,jl*UU/(PV*DI 
3560 43U UGS=A~S(UGUSII,j)-U(J) 
3570 IFIUGS.GT •• OOll NCH=NlH+l 
35~U 5CQR=5COR+U~5 
3590 ·UGus(Itj)=(UGUS(ItJl·2.*U~)/j. 

3600 UGUSIJdJ=l.IGUSlI,JJ \ 
3010 R (I ,JJ = (R (r .jJ +2.*klll /3. 
3620 RIJ,IJ=R(I,J) 
3630 440 CONTINUE 
364UC 
3650C THIS PART OF THE PROGRAM CrlECKS FOR THE 
36bOC ACCURACIES. 
3670C 
36tiO ICOrn=ICOiH+1 
3090 IFIlCC .. GT .. 0L GG TO "'5Q 
3700 SCOR=SCOR/OIV 
3710 IF(NCrl.lT.1.ANC.SlOR.LT •• OOU5) lCC=l 



'"--

- <JO TO 180 
450 WRITE I6,750) ILaNT.HUM,AHU,lHU.IHU,JH~ 

OMtJ=UM(j+DOM~ 

3720 
3730 
3740 
3750 460 
3760C 

CaNT I i~UE 

3770 470 FORMATI5X,F10.7.F6.2.F6.3) 
37~O 4~O FORMAT(5X,312) 
3790 490 FORMATI5X,I2.F10.3) 
3~OO 500 FORMAT(5X,F6.Z) 
3 B 1 0- 5 1 {) FOR MAT ( 5 X • I 2 , F 1-0 • 6 ) 
3820 520 FORMAT(5X.12,F10.6.Fo.2) 
~830 530 FORMAT(5Xt212,F8.2,F6.2,F5.0.Fo.4,I3.F10.6) 
3840 540 FORMATI5X,I3.2F10.0) 

84 

3850 550 FORMAT (21"!---------t------------!--------_") ,"!"I) 
3860 560 FORMAT("HD AMP ".12(FB.3,lX») 
3870 570 FO~MAT("PH AN~",5X.12(F5.2.4X») 
3880 580 FORMAT("FW AMp ",12(FB.3,lX» 
3H90 590 FORMAT(3X."NOUE{".I2,"~ ",111"0========"») 
3900600-~6~MAT(rl) 
3910 610 FORMATIIIII) 
3920 620 FORMAT(9XtllIF8.3tlX)!11Xd1(F5.2,4X» 
3 9 3 0 6 3 0 FOR M A. T ( 1 3 X , 1 1 ( " 0 = = = = = = = = " ) ) 
3940 640 FORMATI9X,12(F8.3.1X») 
3950 650 FORMATIllX,12IF5.2,4XI) 
3960 &60 FORMATI2(2uX,"*",90X."*"I») 
3970 670 FORMAT(20X,"*",5X,"CUNSTANT dEAl) NODE NO. =",I3,58X 
3980t" ,"*") 
3990C 
4000 680 
401o.J&-
4020C 
4030 690 
4040& 
4050C 
4060 700 
4070& 
4080& 
4090& 
4100& 
4110& 
4120& 
4130C 
4140 110 
4150& 
4160& 
4170& 
41 8 0& 
4190& 
4200C 
4210 720 
4220& 
4230& 
4240& 

FORMA-T (I I 11 OX. "ALL THE PHASE AN~L ES ARE COMPARED" I 
10X,"T0 THE HEAl) AT NODE NO. ",121 

FORMAT(/1110X,"ALL THl PHASE Ar~\.JLEs ARE CQ~PARED"I 
10X,"TO TrlE FLOW AT NUDE NO. ",12) 

f ORMAT(lHlII121X,"FREUUENCY::",Fb.3," RAD/SEC"/67( 
"::") I" ! I~Ol)E HEAD PHASE! FLO',oj TO !" 
"FLO~ PHASE !"/"! NO AMPLITUDE" 

,'" ANGLE ! NOUE NC! Ai'1PL I TUDE! At~<JLE ! "I 
", FEET ~AD ! CU~I" ,11 C FT IS! RAt) !" 12 (" : _________ ! ______ • _____ !_" 

.. ., " ________ .. ) ,It!,,) 

FOf.<MATI1Yl/I/21X,"FRE.UUEtJCY=",rb.3," KAD/SEC",30X. 
"NUTE:"lb7-1"::").9X._.5_~."-")/tI! NOUE HEAD" 
,"! PHASE ! FLOW TO FLQ~ PHASE !",12X 
, " U E F I 'H T I J N S 0 F FLO \.\' J IKE C T I 0 I ~ S " I ,i .! NO A ('0\ Ii 

,"PLITJUE ! . AN~LE ! NUDE ~u AMPLITUDE! ANGl" 
,"E !"d2X,"MAY bE OIFFt:.RUH dY Ui~E PI li''l'') 

FORMAT("! FEET RAJ " 
" ! CJI:jIC F_T/S! Ke,O !",12X,"THE TAblE AT THE" 
," L EF T Ai~u THE" 12 ( " ! --------- ! -----------_ ! ______ " 
,"---") '"!"'12X,"UISTklbUTIO:~S PKI:~TED lJELCw.") 
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4250 730 FURMAT(2("! " ) ," ! II I 
4260& 
4270& 
421:lQ& 
4290C 

" I " , r 4. " 
"! ",~10.4." 
) , " ! " ) 

",F.lO.3," 
",FD.3," 

., , F b • :3 , " Ii t I 2 , .3 X , 
!"I2.("!",jX,"!",12X."!",9X 

4300 740 FORMAT("! " , 12. , 
" 4310& 3X,"! ",E1J ... ," ",Fo.3," ! " 12 ( II ! 

4320&" ",7X) ,"!II) 
4330C 
4340 750 
4350& . 
4360& 
·4370& 
43tiO& 
4390C 

F 0 ~M AT ( I / 9 X , " N I"i. U F T R I A L = ", I 3 I 9 X , " F L \) '0'/ C IRE C TIC" 
,"N ------>"/9X."MAXl~UM HEAD AMPLITUCE ~ECGHCED " 
.If= ".F9.3," FEET"/9X,"LOCATION OF MAX. HEAC: ", 
F 7 • 0 t II FEE T FRO M NOD E ( " , r 2. ,/I) UN LIN E ( ., , I 2. , " - " • 
12." )"1/1) 

4400 760 FORMAT(58X,"( ( INPUT DATA) 1"120X.92("*"1/20X,"*". 
4410& 17X,:'AtlS. VIse. = ",FIO.7,50X,"*"/20X,"*",17X,"SPE" 
4420& ,"c. MASS = ".F6.2,54X~"*"/20Xt"*".26X,"G = ",F6.3, 
4430·&--54X,"*"l-
4440C 
4450 770 
4460& 
4410& 
44HOC 
4·490 7BO 
4500& 
4510& 
4520e 
4530 790 
4540& 
4550e 
4560 ClOO 
';'570& 
45HOC 
4590 dlO 
4600& 
4610& 
4620C 
4630 d20 
4640& 
4650& 
4660C 
4670 
4btiQ 

FORMAT(20X,"*".15X."NO. UF NODES = ",I2,58X,"*"/20X 
,"it NO. OF CUNSTANT HEAD NODES = ",1Z.,IjX,"*"/20X, 
"*",7X,"NO. OF LI;~E SEGr>1ENTS = "tIZ.58X,"*") 

FORMAT(20X,"*",5X,"NU. OF HEAD usc. NUDEs = ".12, 
5dX,"'lt"/2UX." lt ".5X,"N(). OF FLOw osee NCDES = ",12, 
58X,"*"J 

FORMATt20X,"'lt",9X,"Hf:.AD OSC. ''lUOt: ~lO. = "d2,6X. 
"HEAO AMP. = ",F1U.3,6X,"PH. Ad(JLE = ",F6.2,6X,"*") 

FURMAT(2.0X'"*"'9X'''FU;;~ 05(. :IJOi::: .'-/0. = "d2toX, 
" FLU W A. M P. = ", F 1 3 .. e , 5 X , " PH. A ;\j C:J L E = ". F 6 • 2 , 4 X t " *" ) 

FORMATI20X,"* LINEI",I2,"-",12,"): L=".Fb.O,4X, 
"D=",F6.2,4X."A=",F5,.Q,4X,"F=",F6 .. 4, .. X,"NP=".I3.4X, 
"Ut:$AR=",FIO.6," *"J 

FORMAT(20X."*",5X,"RUNNH/CJ FOR "t!3." DIFFERE,H", 
"FREUUENCIES. 1ST. w= ",Fll.7.4X."DW= ".Fll.7, 

.. 3X,"*"/2 (20X,"'*",90X,"*"I) ,20X,92("*"») 

STOP 
END 



4690C 
4700C 
4710 
4720 
4730 
4740 
4750 
4760 
4770 

. 47~0_ 
't790 
4800 
'4810 
4ti20 
4ti30 
4840 
4850 
4860 
4ti70 
48dO 
4890 
4900 
4910 
4920 
4930 
4940 
4950 
4960 
4970 
't9dO 
4990 
5000 
5010 
5020 
5030 
5040 
5050 
5060 
5070 
5080 
5090 
5100 
5110 
5120 
5130 
5140 
5150 
5160 
5170 
5lt:lJ 

- THIs SU~ROUTINE INVEkTS AND SOLVES THE MAT~IX. 

SU~RJUT I qE MT I :~V (A. rJI<ARG, NCr~KG, I D r M, LAt3EL l 
DIME~SIO~j A<IUIM,hCAKlJ) ,LAtjEL(NR,\RG) 
NR=NRA~G 
NC=NCA~(j 

DO 10 Jl=l,:'lR 
10 LAtjELUIJ=Jl 

DO 80 Jl=1,NR 
TEF-1P=O.O 
DO 20 JZ=Jl.NR 
IFIAdSCA(J2.Jl».LT.TEMP) GO Tu 20 
TEMP=AtjS (A (J2.J 1 I') 
ItlIG=J2 

20 CONTINUE 
IF(ItjIG.E~.Jl)~O TO 'to 
DO 3~ JZ= 1.NC 
TEMP=A(Jl.J2) 

.- -A 'U 1 , J 2 r= A ( r t:; I G ,j 2 ) 
30 A<ItjIG.J2>=TEMP 

I =LAtjEL tJ 1 J 
LAt:;EL(Jl)=LAtjELlr~IG) 
LAtjEL(ItjIG)=r 

40 TEr1P=A (Jl.Jl) 
A(Jl.Jll=l.O 
DO 50 J2=1.NC 

50 A(Jl.JZJ=A(Jl.J2)/TEMP 
DO 70 J2=1,NR 
IFJJ2..C:U.Jl) lJu TO 70 
TEMP=AIJ2.Jl) 
A(J2.J1J=0.0 
DO 60 J3=1.NC 

60 AIJ2,J3)=AIJ2,J31-TEMP*A(Jl,J3) 
70 CONTINUE 
tiO CONTINUE 

Nl=NR-l 
Ll 0 1 2 0 J 1 = 1 , 1'-1 1 
UO 90 J2=Jl,,\jR 
IF(LAtjELIJ.O.NE.JU lJC Tli 90 
IF(J2.EU.JU lJC TO 1.20 
lJO TO 100 

90 CorH I NuE 
lOQUO 110 J3~1,~R 

T E 1<\ P :: A ( J 3 , :J 1 ) 
AIJ3,Jl):A(J3,J2) 

110 A(J3,J2):TEMP 
LAdEL(J2)=LA~EL(Jl) 

120 CONTINUE 
RETURN 
ENU 
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5190C 
5200C 
5210C 
5220 
5230 
5240 
5250 
5260 
5270 
52tiO-
5290 
5.300 
5310 
5320 
5330 
5340 
5350 
5360 
5370·· 
53dO 
5390 
5400 
5410 
5420 
5430 
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THIS SUbROUTINE CALCULAT~S THE CHARACTERISTIC 
IMPEDANCE, TRI~ONUMETRIC AND HYPER~OllC FUNCTIONS. 

5UbROUTI~E X(AL'AR'A,~,OM~,Cl,C2tC~,C4.C5,C6,ZR'ZII 
~1=.5*AT~N(AR*A/OM~) 

d2=SURT(~*JM~)*( (OM~/A)**2+AR*AR)**.25 
b3=SI;~(bll 

~4=COS ltH) 
ALP=b2*b3 
dET=tj2*tj4 
ZR=bET/(b*OM~) 

ZI=-ALP/(tl*OM<.J) 
YY=EXP(ALP*ALJ 
SINH=.5*(YY-1./YY) 
COSH=.5*(YY+l./YY) 
SI=SIN(tjET*ALJ 
CO=C13S(tlET*ALJ 
C1=5I(\/'1*CO 
Ci;COSH*S I 
C3=5INH*SI 
C4=C05H*CU 
C5=C0511*5 I :~H 
C6=CO*51 
RETUR,"l 
END 

\. 



5440C 
5450C 
5460 
5470C 
54tlO 
5490 
5500 
5510 
5520 
5530. 
5540 
5550 
5'560 
5570 
55t:10 
5590 
5600 
5610 
5620 . 
5630 
5640 
5650 
5660 
5670 
56tlO 
5690 
5700 
5710 
5720 
5730 
5740 
5750 
5760 
5770 
57/j0 
5790 
51::100 
5810 
5820 
5d30 
51:)<+0 
5!:i50 
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-THIS SUtjROUTI,liE DRAWS THE. PRUPER SIZE LINE SEGMENTS 
FOR sor--1E OF THE pRINT OUTS Ii" l)O-LOOP "440". 
SU~ROUTINE PIPE(N,I,J.l) 

CHARACTER*2 M(56) ,L 
UO 5 K=2,49 

5 M(K)="==" 
M(l)="O=" 
M(5)="=O" 
M ( 5 Z.) =" iii" 
M (53) :"Ol)" 
M(54): tl E(" 
M(56):") " 
1'1(10):1'1(1) 
M(19'=M{l' 
M(28'=I~(ll 
1'1 ( 3 7 ,.= r., ( 1 ) 
M(46)=M(1) 

-M (4) =1'1 (5) 

M ( 2 3 ) = i>1 ( 5 ) 
M(32':M(5) 
M(411=M(51 
M(501:.''1(5) 
M(511=" " 
EIIICOlJE(L.201J 
M(55):L 
NX=(N*9+1)/2 
NC=N/2 
XN::.REAL (;~C' 
XM=I-{EAL("l) 
XM=XM / 2. 
X=XM-X;i 
IFIX·LT •• 1)M(51)="O " 
IFW.CJT.O.) GU TO 10 
WRITE 16.30) I. 1M It<.) .K=l ,NX), (t~ (KK) ,KK=51 ,5t>l 
RETURN 

10 WRITE I 6.40) (MIK) ,K=l.NX). (M(KI<.) ,KK=51,56) 
20 FORMAT (12) 
30 FORMAT(3X,"NOlJE(",!2.") ".5bA2) 
40 FORMAT(13X,56A21 

·RETUR;~ 
ENI.) 

'. 



5ti60C 
5870C 
5tHlO( 
5890C 
5900 
5910& 
5920C 
5930 
5940 
5950-
5960 
5970 
59~0 

5990 
6000 
6010 
6020 
6030 
6040 --

6050 
6060 
6070 
60t30 
6090 
6100 
6110 
6120 -- 6130 
6140 
6150 -

616(] 

6170 
61~0 

6190 
6200 
6210 
6220 
6230 
6240 

- TH I 5 SUI:lROUT r Nt: CAL CUL AT ES TI-if::. HEAD CR FLOW 
AMPL I TUDE W r TH IT 5 P~IASE AN(jLE A T THE CES I KEC 
LUCATI0N IN THE NETWuHK. 

89 

SUI:lROUTINE YY1Y(Pl,Pl,P3,P4,Cl,C2~t3,C~,C5,Cb,C7,(8 
,D3,D4,X,Y,Il 

V=3.1415927 
EPS=1.E-15 
A=C5*C5+C6*C6 
1:l=(Cl*C5+C2*C6)/A 
C=(C2*C5-Cl*C6J/A 
D=C!3*I:l-C7*C 
E=C8*C·C7*1:l 
F=C4-1.) 
O=C3-E 
G=Pl.I:l-P2*C 
P=P1*C+P2*t;; 

-8=P3*F-P4*O 
U=P4*F+P3*O 
R=H+(l 
S=U+P 
IF(I.~T.2> ~O TO 10 
DM=D3*03+L)4*D4 
T=-(R*D3+S*D4)IDM 
S=(R*1.)4-S*D3>/~M 

R=T 
10 X=SURT(R*R+S*S) 

Y=Q..-
IF(I.LE.O> RETURN 
IF(AdSIR).LE.EPS) GO TO 20 
Y=ATAN<S/Rl 
IFIR.LT.O •• AND.S.LT.O.l Y=Y-V 
IF(R.LT.O •• ANU.S.~r.u.) y=y·V 
R ETURi~ 

20 IF(S.CJr.O.l Y=V/Z. 
IF(S.LT.O.l Y=-V/2. 
RETURN 
END 

\ 



APPENDIX F 

METHOD OF CALCUlATING THE LINEARIZED FRICTION 
TERM FDR STEADY OSCIllA'lDRY Fl..(NJ 

A method to calculate the linearized friction term for 

steady oscillatory flaw is presented in Chapter IV and was used to 

obtain the results of this study. This Appendix presents another 
~ . 

method of approach which was derived· during the last days of this 

study. 

Average Steady Oscillatory Flaw 

Steady oscillatory flow through a pipe is a function of 

position and time. Assuning sinusoidal variation of the flaw with 

respect to rune-, the following equation may be written: 

Q(x, t) == Q(x) Sin(u.\t) (F-l) 

The time average of the flaw may be found if equation F-l is inte

grated over a range of 0 to ~ and divided by ~ as shawn belor.v. 
11 

- 'Z(2 ? 
Q(x) = ~O Q(x) Sin(wt) d(wt) ~ ~ Q(x) (F-2) 

The average flow over the length of the pipe may be found if the flow 
-

distributions along the length of the pipe are integrated over the 

length. Since the flow distributions are-different for different 

frequencies, and it is not convenient to' have a separate averaging 

routine for each frequency, a method is developed to give an 

approxiITation of the average flow for any frequency. Tests presented 

in Table 4. 1, showed that the linearized friction term is llrportant 

90 
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only for excitation near the resonant frequency. Assuning the flow 

distributions for the frequencies close to the resonances are the same 

as they are for resonance, then a method to calculate the average 

flow can be developed for the resonant frequencies (which are the 

>. critical frequencies), and subsequently used for any frequency. Since 

the flaw distributions for resonance of different harmonics are 

different, t~ sample problem defined in Chapter IV was tested at 

excitatlon-frequencies of (211-1) uR' forn=l, 2, 3,4, where 

2na . 1 fr f 1 F 1 haws h WR~, 1.S the natura equency 0 t 1e system. Figure . s t e 

flow distributions along the non-dimensional length of the pipe for 

different values of n. Tne excitation source is placed at x == 0, 

and the tank is connected at x == 1. This family of curves has the 

same value Qf (~~n at any location of (2~-1)' If these curves 

passed through the origin of the figure, they would all repeat with 

periods of (2n~1)' and ~Duld have the same average value as a function 

of their maximum values. It is assumed that these smooth parts of the 

curves are straight lines connecting the location 5(2~-1) of the curves 

to the origin. The areas between these straight lines and the 

corresponding curves were neglected and will be considered later in 

this section. Flaw distributions between x = 0 and x := (2n:l)' may \ 

be defined as 

(F-3) 

where Y:= (2n~1)' Substituting equation F-3 into equation F-2 and 

integrating over the r~e of 0 to_
Un

:1), the following equation 

results: 



( 
( 

I 
" 

+
50

 
I 

/
-
.
.
.
.
/
-
.
.
.
.
.
 

-
-
-

1 

/ 
/"

i 
Y

 
~
 

/ 
n 

=
 
~ 

/ 
/ 
\
/
'
"
 

/ 

+
40

 i
 

I
/
?

:
 

\ 
, 
'
"
 

I 
1_

__
 n 

=
 

2 
/ 

/ 
\ 

. 
/
'
 

I 

+
30

 
/ 

I 
/ 
\
,
 

"
"
 

/ 
\ 

I 
_ 

_ 
_ 

_ 
_ 

_ 
n 

~ 3 
F

 
j
l
/
 

\ 
' 

/ 
\ 

I 
, 

~ 
+

20
 

/
/
 

y.
 

~ 
/ 

1
-
-
-

n
=

4
 

~/
 

\ 
./
~ 

~ 
: 

+
10

 
y 

\ 
/ 

\ 
./ \

 
M

 
(f~

3 /s
.)

 
0 

\ 
\ 

/ 
\ 

/ 
\ 

P 
, 

\ 
\ 

I 
L 

-1
0

 
\ 

\ 
/ 

/ 
\ 

i 
\
.
,
'
 

\ 
U

 
-2

0
 

\ 
\ 

/ 
/ 

\ 
\ 

D
 

\ 
/ 

E
 

-3
0 

\ 
'I.. 

/
.
,
 "'"

 \
 

-4
0"

-1
 

\ 
/ 

\
,
 
/
1

,
 

\ 

'-
/
 

'
, 

.. / 
~
 

-5
0

 
~ 

i 
i 

~ 
1 

-
-
-
>

-
X

 
7" 

5" 
"3 tv

N
-D

ll-
1E

N
SI

O
N

A
L 

LE
G

TH
 

F
is

u
re

 
F

.l
. 

F
lo

w
 A

n
p

li
tu

d
e 

D
is

tr
ib

u
ti

o
n

s 
al

o
n

g
 t

h
e
 N

o
n

-D
ir

.e
n

si
o

n
al

 L
en

g
th

 o
f 

P
ip

e 
o

f 
th

e
 S

y
st

em
 d

ef
in

ed
 i

n
 t

h
is

 
S

e
c
ti

o
n

 f
o

r 
R

es
o

n
an

t 
F
r
e
0
L
~
c
i
e
s
 

o
f 

D
if

fe
re

n
t 

H
ar

rr
rm

ic
s.

 

,
,
,
,
~
 .. 

\.
0

 
to

 



93 

Q ::: ~ (Q:nax)n (2- + % + ....... + if) (2n-l) (F-4) 

Choosing the first hamonic curve and applying ten boundary 

conditions at.Y = 0.1, 0.2,: ....... ,l.0 to the equation F-3, ten 

simultaneous equations result 'Which are presented in a matrix form 

shown in Figure F.2. The solution to this matrix is as follows: 

a=0.7594 , b=19.806 , c=-182.3l , d=892.26 

e==-266!.08 £=5064.33 , g=-6195.23 , h=:4720.l4 
-

i=-2039.36 , j==381.69 

Substituting these values into equation F-4, the following equation 

results: 

Q = ~ (0.6375~) 
rr 

(F-5) 

This equation gives a good approximation of the average steady 

oscillatory -flow through the pipe. However, consideration of the 

neglected area between each curve and the corresponding line further 

improves the average. In this case, the average of the steady 

oscillatory flOW' through a pipe is written as 

Q==~ (0. 6375Qmax + Qc). 
rr 

In order to find the value of Qc the shaded area shown in Figure 

(F-6) 

F.3, which is a portion of the first harmonic _curve shawn in Figure , 
\ 

F.l, must be calculat~d and divided by S(2n-l). Using the same method 
-

auployed earlier in this Appendix, -the value of Qc is evaluated by 

the following equation: 

Qc = (2n:l) (0.1049 Qrnin - 0.00493 ~) (F-7) 

The term, 1, can be expanded as 
(211-1)-

1 WoR 2rra/4L rra 
-;-;:( 2n::---:::-l""-) =: -w = --'-w- = 2wL 
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Figure F.3. Portion of the First l1armonic Curve Shown in Figure F.1. 
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Substituting this value into equation F-7, the following equation 

results: 

Qc = ~ (0.1049 Qmin - 0.00493 Qrnax) (F-8) 

SUbst'ituting equation F.;;.8 into equation F-6 and rearranging, the 

following equation results: 

Q = O. 4058Q:nax + r.: (0.1049Q:nin - O. 00493Qnax) 

Correction Factor 

(F-9) 

Equation F-8 was used in the main program and applied for 

the systan defined in the Sample Problem for pipe friction factors 

from.0.02 to 0.20 and an excitation frequency equal to the'natural 

frequency of the pipe. In these tests the system was defined as a 

2-node pipin-Z neu..urk. Results of these tests including the results 

obtained by the method of characteristics for the same system are 

s~ in the Table F .1. To obtain the same results by this method 

as it was obtained by the method of characteristics, equation F-9 

ITU.lSt be rrodified as 

Q = (CF) [0.4058Qnax + ~ (O.l049Q:nin - 0.00493Qrnax)] 

where CFis the correction factor and its value varies with 

(F-lO) 

\ 

friction factor as shown in the fourth column of Table F.l. Inter-

polating between friction factors of 0.02 and 0.05, shows that the two 

methods coincide for the friction factor of 0.02072. To generalize 

the correction factor, one may define the following equation: 

. CF ~ (O.O~072 /A + B£ + Cf
2 

+ DfJ) 
(F-ll) 



'--

97 
M.O.C. = METHOD OF CHARACTERISTICS 

S.O.M. = STEADY OSCTI..I.AIDRY HETHOD 

:FmCTION NON-DIMENSIONAL HEAD 
(x)RREcrIO~ 1'AClDR .. -

M.O.C. S.O.M. 
FACIDR 

--

- 0.02 19.24 19.27 1.0026 

~ 

.. 0.0.5. _ -- - 13.22 12.20 0.8508 

0.075 11.00 9.98 0.8204 

0.07.6 10.94 9.91 0.8197 

0.08 10.68 9.66 0.8171 

-

0.10 9.64 8.65 0.8036 

0.15 8.01 7.09 0.7812 

0.16 7.78 6.37 0.7772 

0.20 T.05 6.17 0.7595 

Table F .1. Non-D:Lr:-ensional Head Response and Correction Factor 
needed to make Hethod.s Ar,ree as the Filllctions of Friction 
Factor for the System Defined in this Section. 
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Applying four data points fram Table F.l, for friction factors 

of 0.05, 0.10, 0.15, 0.20, four simultaneous equations are obtained 

with four unknowns A, B, C and D. Solving these sets of equations for 

A, B, C, D, and substituting into the equation F-ll, the following 

equation results: 

(
' 2 3 

CF 
__ (0.02072 ) 0.2778-2.518f+13.895f -26.092f ) 

(F-12) 
~ f 

. -
Thiseq~-S:ion and_ the equation F-10 were used in the main program and 

applied for the same system for the friction factors fram 0.02 to 0.20. 

A ffi3X:Unum difference of 0.26% was noted between the results of this 

method and the results of the method of characteristics. For use of 

this method, Figure F. 4 shows the required trodification to the main 

program. 

\. 



1..71 
721 
722 
3470C 
3490 410 
3491 
3492 
3493· 
3494 

REAL AC(20'20) 
AC(I,J)=A 
AC(J.I)=A 

U=AF (I ,J) 

99 

POWER=.2778-2.518*U+13 •. 895*U*U-26.092*U*U*U 
CFAC=(.02072/U)**PbWER 
-QQQ=AC(I~J)*(.1049*QMIN-.00493*QMAX)/{L(ItJ)*OMG) 
QQ=QBAR(I,J)+CFAC*(.4058*QMAX+QQQ) 

Figure F. 4. Modification of t1ain Program for the use of J:--fethod 
Presented in this Appendix. 



APPEt.TDIX G 

SAMPLE PROBID1 DESCRIPTION 

This Appendix presents the input and output fonnat of the 

.. sample problem defined in Chapter IV. 

Input Fonnat 

-Referring "to the data listed an page 101, the two-digit 

numbers on the left are the line numbers and each line contains the 

following infonnation: 

Line No. 10: Absolute viscosity of the liquid in Ib-Sec, 
ft2 

mass density of the liquid in Ibm, and the gravitational acceleration 

. ft
ft3 

ill --. 

Sec2 
Line No. 11: Number of nodes, number of constant head nodes 

(tanks), and number of pipe segr£e1ts in the piping netW'Ork. 

Line No. 12: Constant head node number. Note: If there 

are IDJre than one tank in the system, each tank I S node number Im.lSt be 

entered in separate line following this line. 

Line No. 13: Number of head excitation and number of flow 

e.xcitation sources. Note: The program is able to analyze a piping 

network with several excitation-sources, but they Im.lSt all have the 

same excitation frequency. In this case, line numbers 370 to 670 

of the main program I1U.1st be followed. 

Line No. 14: Flow excitation node number and its flow 

amplitude in ft3 . 
Sec 

100 

\. 



101 

10 O.OOOOld 62.4 32.2 
11 9 1 8 
12 9 
13 0 1 
14 1 4.9087385 
15 1 2 625. 30. 3000. • 1 3 o. 
16 2 3 625. 3U. 3000. • 1 3 o. 
17 3 4 625. 30. 3000. .1 3 o. 
18 4 5 625. 30. 3000. • 1 3 O. 
19 - 5 6 ·625. 30. 3000. .1 3 o. 
20 6 7 625. 30. 3000. • 1 3 O. 
21 7 8 625. 30. 3000. • 1 3 O. 
'~2 8 9 625. 30. 3000. • 1 -3 o • 
23 1 • 9424778 O • 

,. 



102 

Line Nos. 15 to 22: Each line contains the infonnation 

about a pipe segment. 1his infonnation is: terminating node 

numbers, length in feet, diameter in inches, speed of sound through 
_... ... 

the liquid in ft/Sec, friction factor, mIDlber of e.,'{tra locations for 

calculation of head and flow amplitudes, and steady state flow in 

ft3/Sec. 

Line No. 23: Nunber of frequencies, first frequency, and 

frequeney interval~. 

Output Founat 

Page numbers 103 to 106 in this Appendix, show the ccmputer 

output for this sarrple problem as follows: 

Page No. 103: Echo format of input data. 

Page No. 104: Head and flow arnpli tudes and their phase angles 

at eaoh node of the piping netMJrk. 

Page Nos. 105 and 106: Head and flow amplitudes and their 

phase ~~les along the length of each pipe segment in the piping 

network. The maximum head and its location in the piping netMJrk. 
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ALL THE YHASE A~GLES ARE CUMPARED 
TO THE FLOW AT ,WlJE NU. 

104 
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105 
HD AMp - 89ti.724 (j97.(j!j7 894.910 889.799 882.567 
PH ANCJ 3.06 3.06 3.05 3.05 3.04 

NODE( 1 ) 0========0========0========0========0 NCDE( 2) 
FW AMP 4.909 5.260 6.472 8.161 10.079 
PH AN(j -3.14 2.69 2.35 2013 1.99 

HD A~P 8ti2.567 d73.1Z3 861.595 848.011 832.404 
PH ANCJ 3.04 3.04 3 .. 03 3 .. 03 3.02 

NODE( 2. ) 0========0========0========0========0 NOLlE ( 3 ) 
F'W AMp 10 .. 079 12.103 14.173 16.255 18.327 
PH AN(j 1..99 1.90 1.t;3 1.78 1.74 

HO AMp 
PH ANCJ 

NODE( 
FW AMp 
PH AN(" 

--8"32.404- 1314.679 795.007 773.436 750.0H> 

HD AMp 
PH ANtl 

NOD£ ( 
FW Afvlp 

PH ANtl 

HU AMp 
PH AN(" 

r~Oi)E ( 
FW AMp 
PH ANtl 

HU AMp 
PH ANtl 

NOUE( 
FW AMp 
PH ANtl 

3.02 3.02 3.02 3.01 3.01 
3) 0========0========0========0========0 NODE( 4) 

18.327 20.377 22.392 24.365 26.287 
1.74 1.71 1.69 1.61 1.65 

750.016 724.674 697.597 668.849 638.500 
3.01 3.00 3.00 3.00 2.99 

4) O========U========O========U========O NOLlE ( 5 ) 
26.2B7 2~.153 29.956 31.691 33.352 

1 .. 65 1 .. 04 1 .. 62 1.61 1.60 

638.500 006.504 573.uSl 53d.224 502.105 
2..99 2.99 2.99 2.9ti 2. '18 

5 ) 0========0========0========0========0 NCDE( 0) 
33.352 34.937 30.439 37 .. tl55 39.1d2 

1.60 1.60 1.59 1.58 1.5d 
, 
\ 

502.105 .. 64.682 420.142 3ti6.517 346.083 
2.9d 2-. '1 d 2.97 2.97 2.~7 

6 } O~=======U========O========Q========O r~CLlE ( 7 ) 
39.1tl2 40.415 41.552 42.590 43.525 

1 .. 5d 1.57 1.57 1.56 1.56 



HI,) AMp 
PH AN(.J 

NODEI 
FW AMp 
PH AN(.J 

HD AMp , 
PH AN<.J 
'. NOl)E ( 

FW AMp 
PH AN<.J 

106 

346.003 304.bd6 202.550 219.793 176.502 
2.97 2.~7 2.97 2.97 2.96 

71 u========O========O========O========O NeOEI tl ) 
43.525 44.356 45.0!:il .. 5.697 46.20 .. 

1.56 1.56 1.55 1.S5 1.55 

176.502 132.750 tld.67tl 44.392 0.000 
2.96 2.96 2.96 2.96 1.39 

til 0========0========0========0========0 NCDE( 9) . 
46.2J4 46.599 46.Hb2 47.052 47.109 

1.55 1.55 ~.55 1.55 1.55 

NO. OF TRIAL = 11 
FLOW l)IRECTIDN ------> 
MAXIMUM HEAl) AMPLITUDE RECORDED = 89~.724 FEET, 
LOlATION OF MAX. HEAU: O. FEET FROM NOUEtl) ON LINE(l-Z) 

\ 

: ",.': ... 
: : ... :.-: 



APPEl\lJ)IX H 

FRICTIONAL EFFECT OF ORIFICE 

Tn this Appendix, the frictional effect of the orifice 

connection is calculated, and the length ,of a pipe segment with the 

same diameter and frictional effect as the orifice is determined in 

order to rrodel- the orifice cormection for the tests referred to in 

Chapter- V .. , 

The head loss across the orifice may be ca~culated by the 

following equation: 

1-t = ~ ~ 
2g K2 

(B-1) 

where C = 1, if ~o (0.3, and C = 1 - (~) if ~) 0.3; K is the 

orifj.ce coerficient which varies from 0.52 to 0.98 depending on the 

type of orifice, and K = 0.61 for a sharp edged orifice. Vo is the 

fluid velocity at the orifice, and g is gravitational acceleration. 

The head loss across the length of a pipe segment is defined 

as 

(H-2) 

where f is the friction factor of the pipe, L is the length of the 

pipe, D is the diameter of the pipe, ,,:hich in this case is equal to 
\ 

do. V is the bulk fluid velOCity inside the pipe and in this case is 

equal to Vo, and g is gravitational acceleration. Combining equations 

B-1 and B-2, the length of a pipe segment with the same diameter 

and frictional effect as the orifice, is calculated by the following 
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equation: 

L = Cd g 

fK2 

108 

(H-3) 

with f = 0.1: D = 30 inches and K = 0.61) the length of the pipe segment 

>. with the same diameter and frictional effect as the orifice, for 

orifice diameters of 5, 10, 15 and 20 inches, and calculated by 

equation H-3, are 11.2, 22.1, 31.5 and 35.9 feet, respectively . 
... 

\ 



Parameter 

a 

B,b,C 

CF 

c 

D 

d 

E -

e 

F 

f 

g 

H 

H 

h 

hI 

i 

N:l1ENClATIlRE 

Definition 

Constant; pipe area 

Orifice area 

Acoustic velocity 

Correction factor 

Constant; subscript for correction 

Pipe diameter; constant 

Constant 

Orifice diameter 

MOdulus of elastisity 

Pipe wall thickness; constant 

Force 

Pipe friction factor; constant 

Gravitational acceleration; constant; 
subscript for ground 

109 

Unit (M,L, T) 

LIT 

L;-

L 

M/LT2 

L;-

Instantaneous total head; ~~ad amplitude L 

Av~age head 

Constant 

Instantaneous oscillatory ~ead 

Subscript for node number; constant; 
vCr 

L 

L 
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-- Parameter Definition Unit(M,L,T) 

j Subscript for node number; constant 

K Bulk compressibility modulus M/LT2 

k Constant 

L Length L 

1 Length L 

m Constant 

n • Nunber of nodes 
-P Pressure M/LT2 

Q Instantaneous total flow; flow amplitude L3/T 

q Average fl6w L3/T 

q Flow amplitude L3/T 

q Average of oscillatory flow L3/T 
"--- -

q' Instantaneous oscillatory flow L3/T 

R Linearized resistant per unit length; T/L;-;-;-
subscript for real; subscript for 
receiving end; subscript for resonant 

Re Reynold number 

S Subscript for sending end 

V Velocity LIT 

X Constant 
\. 

x Position; non-dimensional position L'-, 

Y Constant 

Zc Characteristics impedance 

Zex) Ratio of h' to q' 

ex Real part of y 

S Imaginary part of )' 



III 

Parameter Definition Unit (M,L 1 T) 

y Propagation constant 

e Angle 

11 Poisson's ratio 

\i Kinematic viscosity L2/T 

£.:1 Pipe axial strain 

t.:2 Pipe lateral strain 

p • Mass density MILs 

OJ ~ipe axial stress M/LT2 

02 Pipe lateral stress M/LT2 

To Wall shear stress M/LT2 

w Angular frequency liT 

0 Subscript for orifice 




