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LIST OF SYMBOLS

The symbols listed below are briefly defined and any descriptive

units refer to the gravitational (technical) system. F is a force

(usually in pounds), L is a length (usually in feet), and T is time

(usually in seconds).

a

A

h(t)

' H(X> jw)

The velocity of propagation of the pressure wave; LT 1.

Area; L2 .

The limit for the validity of the inverse Laplace trans-
form; T+ .

The coefficient of capacitance in a pipe; L4 F-1 .
The diameter -of the pipe; L .
The Darcy-Weisbach resistance coefficient.

Impulse response of linear system.

Linear system Fourier transfer function for system with
variables of x and t .

ST

The fluid system modulus of elasticity inéluding wall
effect; FL~2 .

"Length; L.

62

The coefficient of inertia of the fluid; FL~
The exponent of q for mean flow.
The Reynolds number.

The point in a continuous pipe line where the flow source
is considered to be located.

A dependent variable in a continuous system; the tran-
sient pressure; FL-2.

vii



p(x,t)

1 ol

o

f
P(x, s)
rms(x’ wc)

L, w

prms( C)

B (5. 30)

@ (2. )

Z(x,s)

The transient pressure at the point x and at time t ; FL—Z.

The 2ins’can’caneous pressure at any point x and time t ;
FL~

The pressure which establishes the mean flow a: ; FL"2
That part of p which is a loss due to the flow q in the

line; FL.”

The transformed transient pressure at the point x ; FL-ZT.

The rms value for p at the point x and for the discrete
frequency W, FL-2,

The rms value for p at the point £ and for the discrete
frequency W, FL-2

The spectral density function of the random pressure
fluctuation at the point x .

The spectral density function of the random pressure
fluctuation at the source of disturbance £ . °

A dependent variable in a continuous system the tran-
sient flow rate; L3T- :

Tlge transient flow rate at the point x and the time t ;
The instantaneous volume flow rate; L3771,

The mean flow rate; L3T-1 ]

The fransformed transient flow rate at the point x ; L3 .

The point in the system at which the disturbance flow
occurs.

The coefficient of functiional resistance; FL~6T. Also
the receiving end of the pipeline.

The Laplace transform operator; the complex transform
plane; T-1

An independent variable; time; T .

An independent variable; distance from the receiving end;
L.

An independent variable; distance from the flow source; L.

The generalized impedence at any point x ; FL-ST .
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zZ, The characteristic impedance;. FL °T .

a The spatial attenuation coefficient; L.~ 1

() The limiting value of o for increasing i}alues of w; L L.

B The spatial phase coefficient in Equations (24), (25),
and (26) only; L™1 .

B(0) El_lei limiting function of B for increasing values of w ;

v The propagation coefficient; L~ L

u The viscosity of the fluid; FL 2T .

o The density of the fluid; FL™*T .

T Ai dummy variable of integration; T .

w The complex part of s ; T_1 .

W, A specific value of w ; !

w, The values of w for which the nth maximum. occurs .at

a point in the pipeline.
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INTRODUCTION

Traditionally systems have been analyzed with load inputs which
are expressible as deterministic mathematical functions of time (e. g.,
step, ramp, sine, etc.). Such a function will be called a conventional
time function. A function not expressible as a deterministic function
of time is called a random time function. Random time functions are
characterized by controlling physical mechanisms of such complexity
as to make human prediction impossible (e. g., wind gusts, particle
motion in turbulent flow, etc.).

A random physical phenomena can frequently be described sta-
tistically. Such a description, while not purporting to exactly express
a random function, does state its most probable form. If the random
input of a linear system has an adequate statistical description, it is
possible to predict the probable output of the system. An analysis of
this nature can be carried out either in the time or frequency domains.

The purpose of this report is an analytical investigation of a
pipeline system when subjected to random pressure fluctuations.
Three idealized terminations are considered when acted upon by two.
separate random inputs.

This report attempts to unite the work from two fields. It does
not propose to extend either the fundamental theory of transient con-
ditions in pipelines or the tools of analysis employed in random func-

tion theory.



CHAPTER I
HYDRAULIC TRANSIENTS IN A PIPELINE SYSTEM

1.0 General.

The discussion following comes in a large part from references
[13*, (2], and [3] by Waller. The terminology and.symbols intro-
~duced in the disqussion of pipelines also comes from thesev referenoeé.
The author feels that the fundamental theory of transient flow .in pipe- {
lines is well established [4, 5], and has been thoroughly confirmed by
experimentation [6, 7] . The mode selected for describing the system
was chosen primarily becauée of its simplicity and direct application

to this report.

1.1 The General Pipeline System

The mathematical development‘for a pipeline from the contin-
uity equation, bulk modulus considerations, and the Navier-Stokes
equations leads to two simultaneous partial differential equations.
Solution of these equations is complicated by the presence of a non-
linear frictional resistance term. This difficulty can be eliminated
by> aﬁalyziﬁg' the flow condition as a variable fluctuation about some

mean flow state. To this end, define

*Numbers in brackets refer to references in the bibliography.
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where

q is the total instantaneous volume flow rate (ft3/ sec);

Q|

is the steady state flow rate which would exist in the absence
of disturbance;
q is the flow due to disturbance;

Py is the total instantaneous pressure (lbs/ftz);

T

is the steady state pressure which would exist in the absence
of disturbance; -
p is the pressure due to disturbance.

The resulting equations then are [2]

99 % _
L * Ra+ 5 =0,

and (2

9q oq
C3t+0+ax 0

where L, R, and C are parameters of the pipeline, x and t are-
the independent variables of direction and time, and p and q, as
defined in Equation. (1), are the dependenf variables.
The parameters are defined as
R = n—if[ 1+ %—,‘H L + _(___(___n~1§,n—2) (%)2 + .. ] (3)
- 1q ) q o q
for turbulent flow;

R = —3:3% , for viscous flow; (3.a)
AD
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P is the portion of the mean pressure p required to overcome
frictional resistance and n}airitain the steady state flow rate;
£ is the length of the pipeliné;
p 1is the density of the liquid in the pipeline;
. A 1is the cross-sectional area of the pipe; and
K' is the bulk modulus of the liquid cbrrected for yield of the pipe.
- A relationship useful in finding C is the equation for the velocity of

propagation of liquid-borne sound. This relationship is given by

2 _ 1 _ K!
S ¥ e Balre . (6)

where a is the welocity.

Figure 'l below is definitive of the pipeline system considered in

this report.

—

Q] Tl

A_ —y ~|< X

-3 £ 1
(2) (R)
Source Receiving End

Figure 1

Schematic Diagram of the General Pipeline System

The source of mean and disturbing flow and pressure is at £ . The

line is terminated at' R , the receiving end.



5
It has been previously demonstrated [8] that the Laplace domain
solution for Equations (2) with the medium initially relaxed (i.e.,

p(x,0) = q(x,0) = 0)is

P(x,s) = P(R,s) cosh yx + ZC Q(R, s) sinh vx;
(7)
Q(x,s) = Q(R,s)cosh yx + EK—RZ—’—SQ sinh yx
c

when referenced from the receiving end R, and

P(£,s) cosh yy - ZC Q(£,s) sinh vy;

P(y.s) =
| (8)
Q(y.s) = Q(,s)cosh vy - = é’s) sinh vy
) C

when referenced from the source of flow £ . By definition,

7 = (SC)R + sL); ®)
z? - ®*sbh) (10)
c sC

v will be termed the propagation coefficient, while ZC is the charac-
teristic impedance.
This report uses capitalization to denote a transformed rela-

tionship for the dependent variables. This may be shown by

F(s) = ff(t) e 5t gt
0

for the one sided Laplace transform.

1.2 Idealized Terminations of the General Pipeline System.

Equations (7) and (8) governing the general system become much
simpler for certain idealized terminations of the pipeline at R . This
section will éonsider three such terminations.

If at x = 0 the line is terminated in an open end, it has been
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verified experimentally that p(R,t) = 0 [6] and,consequently, p (R, s) =
0. For this specialized termination Equation (7) reduces to

P(x, s)

U

Zc Q(R, s) sinh vx; (11)

Q(x, s)

For x = £, in Equation (11),

Q(R, s) cosh yx. _ (12)

P(t,s) = Z_  Q(R,s)sinh vye .= . (13)

Substituting for Q(R, s) from Equation (13) into Equation (11),

sinh ¥yx

P(X,S) = P(ﬂ,S)m . (14)

Equation (14) states the transformed relationship between the pressure
a distance x from the receiving end R in terms of the system pa-
rameters and the distrubing pressure at the source £ .

If at x = 0 the line 1s terminated in a closed end, obviously

q(0,t) = 0 ; consequently, Q(0,s) =0 . For this termination the

general equations reduce to

P(x,s) = P(R,s) cosh yx; (15)
Qux,s) = ZG8) qinn yx . (16)
- |

For x = £ in Equation (15),
P(L,s) = P(R,s) cosh v1L . o (17)

Substituting from (17) into (15),

h
P(x,s) = Pu,s)‘é—ggm“ff‘ : (18)

Equation (18) gives the transformed relationships between the pres-
sure a distance x from R, in terms of the system parameters, and
the disturbing pressure.

The third idealized termination is the infinitely terminated pipe-

line and occurs when the receiving end R is far removed from the



source of disturbance. This case will be approached from the point
impedence concept. Defining the point impedence of a pipeline as

. P(x,s)
Z(=.8) = Qis)
one obtains from Equations (7) and (8)

Z(R,s) + ZC tanh ¥x

Z(x,8) = Zc ZC + Z(R,s) tanhyx °

(19)

and

Z(1L,s) - ZC tanh Yy

2(y,s) = Zc ZC - Z(4,s) tanh vy ° (20)

If x is set equal to £ in Equation (19),

Z(R,s) + ZC tanh v 4
c ZC + Z(R,s) tanh ~¢

Z(4,s) = Z (21)

It has been shown [1] that <, the propagation coefficient, is a com-
plex term of the form

Y = a+ if . (22)
If £ 1is sufficiently large, sinh o = cosh af, and tanh af = 1.
For this condition, Equation (21) yiélds

z(4,s) = Z_

Substituting into Equation (20), one obtains

Z(y,s) = Z . (23)

This relationship is in terms of y and is not dependent on the rela-
tive distance between the disturbance and the point of consideration.

If the result of Equation (23) is substituted into Equation (8),

P(y, s) P({,s)cosh vy - P(4,s) sinhvyy,

or

t

P(y,s) = P(4s)e 'Y .



Finally, since P(x,s) = P(y,s),

P(x,s) = P(4,s)e 17, o (24)
The governing relationships for three physical idealizations have now
been established.

“Equations (14), (18), and (24) govern respectively the open,‘
closed, and infinitely terminated pipelines. These equations state
the transformed relationships between the disturbing pressure, the
system parameters, and the pressure at some point in the line.
Pressure fluctuation is of primary importance in pipeline systems;

therefore, the equations developed are for pressure.



CHAPTER 11

LINEAR SYSTEMS SUBJECTED TO RANDOM INPUTS

2.0 General.

The material following is available in several excellent sources.
The author drew heavily from Newton, Gould, and Kaiser [9] in the
physical interpretation of spectral density. Aseltine [10]and Truxal‘
1 1] present competent developments of the necessary derivations,
as does Chang [12] .

The description of random inputs is frequently approached from
the theory of probability. For the problems involved in this report,
this approach is unjustified and unnecessary. For this reason, the
developments following are not pursued from such a basis. Persons
interested in this approach are referred to Laning and Battin [13].

This section is obviously not original with the author. It is
felt, however, that the relative newness of random function theory

as applied to systems justifies its inclusion within this report.

2.1 Description of Random Processes in the Time Domain.

The functional statement of a random process in time can pro-
ceed from various basic statistical concepts. Averaging processes
comprise the necessary statistical theory for this report.

The time average is not unfamiliar and will be introduced first.
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Consider the emission w(t) from one of N identical function genera-
tors. Mathematically the time average for this function may be stated

as

where T is the period of time.

A somewhat more difficult concept is the ensemble average.
Consider the-emission V‘i(tO) of all N function generators ata
given time tg - The ensemble average of the emission of the genera-

tors can be defined as

) viltg) T vyltg) + 0 viltg) o+ vp(ty)
V -

N
The ensemble average is often called the statistical average.

Statistical functions may be roughly classified as stationary
or nonstationary. A stationary random function may be defined as a
random function whose statistical description does not vary with time.
For a physical phenomena this would mean that the complex physical
mechanism controlling the function generators was time invariant.

If the output of identical function generators is controlled by
the same underlying mechanism, and the output is stationary, the
ergodic hypothesis states that the time averaged emission for a
single function generator, considered over all time, would be equal
to the ;zns~emble average of an infinite number of like function genera-
tors at a discrete time to . From intuition, this hypothesis would

appear reasonable for most physical phenomené. An ergodic process
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may then be defined as a random stationary process whose time aver-
age equals its ensemble average. All ergodic processes are station-
ary, but all stationary processes are not necessarily ergodic.

Random processes in the time domain are described by the
correlation function. The correlation function describing two ran-

dom time functions v(t) and u(t) is defined by

T
bou(T) = v(t) uttr) = }[i‘r_{loog% _:{: v(t) u(t+T) dt (25)

and is called the cross-correlation function of v(t) and uy(t). The

correlation function for wv(t) with itself is defined similarly as

T
SURSCONCOREU 3 RUNCUE I
V T—o00 -

and is called the autocorrelation function of wv(t) . This report will
concern itself only with the autocorrelation function. It should be
noted that if 7 =0,

T
¢VV,(O) = lim —-2-1,1—, fv (’c)2 dt (27)
T o0 _T

which is the mean square value of v (t) . It can be shown that 10 the
autocorrelation function is an even function of 7 and is maximum for

7=0. For v(t) an ergodic process,

gy (1) = VO VEFT) = v (v ()

The significance of the autocorrelation function is that it
serves as the mathematical statement of a random function in time.
The correlation function of a random input can be used for analysis
operations, by means of the convolution integral, in exactly the

same fashion.as conventional time functions.
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2.2 Description of a Random Process in the Frequency Domain

The previous section developed the correlation function as the
describing relationship for random functions in time. As would be
expected, a corresponding relationship in the frequency domain is

obtained from
00
B = [ o, (me T ar. (28)
— 00

This relationship defines the spectral density function (bvv(s) as the
two sided Laplace transform of the autocorrelation function ¢Vv('r) .
The spectral density fuhction is significant in that it serves as the
mathematical statement of a random function in the frequency domain.
The inverse relationship also holds. Thus,
- c+joo
g (1) = E% f 0, () et ds . (29)

c-joo

If s is replaced by jw , the Fourier inversion integral results;

joo
by = g [ B lie T (30)
_jw
When 7=0,
Jjoo
05,0 = 7 [ B, 60 o, e
‘jOO
but
. T
2
(0) = lim == | v(t)° dt,
¢W T =00 2T6[

the mean square value of the function v(t) . This indicates that the

spectral dénsity function can be considered a mean-square-value
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density spectrum. The mean,square value per unit frequency for v(t)
is found [9] for a discrete frequericy “w by dividing the spéctral
.density Q){rvi by 2r.: The author recommends.reference [14] by Cheng
for readers desiring additional insight into -frequency spectrum dis-
tributions. .

In summary, the spectral density function is the mathematical
statement of a random time function in the frequency domain. It can
be employed in a manner very similar to the Laplace transform of a

conventional time function.

2.3 Analysis of Linear Systems by Correlation Functions.

A linear system with a random input may be represented by

v(t) u(t)

————>d ht) p—

Input Output

where h(t) , the weighting function, is the time response of the sys-
tem due to a unit impulse input. v(t) and u(t) are random time func-
tions. The block diagram above represents, from the convolution

integral, the relationship

uft) = f h(t,) v(t - t;) dt; (32)
or
ugt + 1) = f h(ty) v(t + 7 - ty) dt, . (33)

From the previous definition of the correlation function,
T
i

¢uu('r) = ]'%‘I—?oo 5 -_Tfu(t) u(t +7)dt . (34)
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Substitution from ‘Equation (32) and (33) for u(t) and u(t + 1) yields
T

00 00
. 1 . |
buulT) = }I{Ifw T -1'[ [_O{h(tl) v(t - ty) dty ][_;]o'h(tz)v(t +7 -'tz)dtz] dt .

(35)
If the sequence of integration is altered and integration is performed

first with respect to time,

Buul™) = [f_h(tl) dty ][ J ney) dtz]

T

. 1
lim R fv(t -t vt T - ty)dt
T =0 -T

(36)

By definition, however,

)

T
. ﬁ
Boy(™ +1y = 1y) = Lim o fv(t vl -ty -ty Jar
-T

T —o0
(37)
Substituting from Equation (37) into (36),
0 o0
g (1) = fh(tl) at, f B(ty) g (T +1t, = to) dty . (38)
=00 =0

Equation (38) above is a mathematical statement predicting the
output autocorrelation function of a linear system as a function of the
unit impulse response of the system and the autocorrelation function

of the input. This relationship holds for any linear system.

2.4 Analysis of Linear Systems by Spectral Density.

The mode of analysis for a random function has been developed
for the time domain in Section 2. 3. As with conventional functions, it
is frequently more conwenient to analyze random functions in the

Laplace domain.
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If both sides of Equation (38) are transformed by the two sided

Laplace operation,

+oo +o0 +o00
f¢uu(7)e~STdT = f [ f h(tl)dtl fh(t2)¢ (7- + t -t )dt ] STd'T ]

(39)
Equation (39) can be altered by changing the order of integration and

manipulating the exponential term to the equivalent expression.

+o0
f¢uu(7)e‘s [f h(tl)e ][f h(ty)e Stz]

e -8(T4, ~t,)
[f ¢VV('T + tl - t2) e dt2
=00

From Equation (28) and the fundamental definition of the two sided

(40)

Laplace transformation, Equation (40) is seen to be equivalent to the

relationship

@, (s) = H(s) H(-s) @_(s) (41)
If s is replaced by jw in Equatioh (41), the Fourier solution is
obtained; .

Puulie) = H(w) H(-jo) @ (o) .= [H{o)| @) . (42)

Equation (41) is the fundamental relationship used to analyze

random time functions. It states the frequency domain relationship
between the spectral density (z)vv(s) of the random input function v,
the system transfer function H(s) which is the transform of the sys-
tem weighting function h(t) , and the spectral density (Duu(s) of the
system output u. Equation (41) corresponds to the conventional time
relationship; U(s) = H(s) V(s) . Equations (41) and (42) are basic

and applicable to any linear systein.
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It was shown in Section 2.2 that spectral density is a mean-
square-value frequency spectrum distribution. This is the only infor-
mation available from frequency domain analysis. This analysis gives

results for the steady state only, and reveals nothing of the transient

conditions.



CHAPTER III

SPECTRAL DENSITY ANALYSIS OF PIPELINES

WITH IDEALIZED TERMINATIONS

3.0 General.

The two preceding sections have reviewed pertinent topics in the
fields of transient pipeline flow and basic random time function theory.
The following sections will employ portions of both of these fields.
Basic equations governing the specially terminated pipelines will be
evolved which will govern these sys’;ems when _subj‘ected to random
inputs. Thé analysis‘ will pfoceéd .fro__m-a épectral dehsity appréach

as opposed to the correlation function approach.

3.1 Open End Termination.

From Equation (11), the governing relationship for the open end
line is

sinh v {s)x

P(x,s) = P(L8) crpaiayr

where [sinh'_'y (s)x/sinh v (s){])is the system transfer function H(s) .

Considering the discussion of spectral density analysis and Equation (42),

. - .  8inh v (jw)x sinh v (-jw)x ;
Pop - 3) = Bop (8 39) i (jw) £ sinh v ()L (43)

This relationship may be considerably simplified by operation on the

system parameters 7v(jw) and v(-jw). From Equation (9),

17
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[ij(jooL + R)J 172 :

1]

Y (jw)

or

n

y(w) = [-CLe® + jCRw] /2

From fundamental complex variable theory,

- CLw? + jCRw = Mel®
where
M = Cw [szz + R2]1/2
and
-1 R
6 = tan (-Lw ) - (44)

The parameter v (jw) is now defined by the relationship,

YGw) = M2 [COS (8t 2K 6 + 2K )]

) + jsin(
where K = 0,1 . The resultant two values of v (jw) are

vio)y = - vGe), = MY 2 [cos (£) + jsin ()]
where the subscripts refer to the respective values of K. A similar

development on the function v (-jw) yields

yiog = - v, = MY [eos (8 - jem (D],

This report will denote

172

M cos (g) , (45)

and

172

1)

M

B sin (-26-) . (46)

Operation on Equation (44) yields

- Lo

Vv R2 + L2w2

cos 6 =
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which when introduced into the trigonometric relationships for cos (6/2)

and sin (6/2) results in

1/2
6 L% + R? - Lo
coOSs 5 = 5
2y L1202 + R?
172
6 _| VL%?+Rr? + Lo
Slng =
2V L1202 + R?
This yields from Equations (45) and (46)
| 1/2
Cw 2 2 2
a=\/-§-—[\/Lw + R -Lw] : (47)
172
8 =\/—C-2—“3[\/L2w2+32 + Lw] : (48)
The functions +v(jw) and vy (-jw) can then be stated as
vY(w) = *(a+]B) ; (49)
v(-jw) = + (a- jB) : (50)

with ¢ and B defined by Equations (47) and (48). The negative sign .
can be dropped* as it would never occur in a passive physical system.

Equation (45) may now be stated as

. ik (ot 8% sinh (o - -
Pop - 39) = Qpp(£:30) :igh §Z+i§§?§ Stk §i~ 3‘23’5 . (51)

This equation can be further simplified by now considering the term
sinh (a + jB) sinh (a - jB) .

From the hyperbolic identities,
sinh (¢ + jB) = sinh e@cos B + j cosh a sin B

and

sinh (¢ - jB) = sinh @acos B - jcosh asinf,

*See Section (3. 3) for confirmation of this statement.
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sinh (@ + jB) sinh (a - jB) = [ cosh 2e - co8 25 ] . (52)
The substitution of Equation (52) into Equation (51) results in
. - . cosh 2ax - cos 28x
D05 00) = @ () [So5f 2 - c0s AAx]. (53)

This equation will be employed in the solution of the example problems.

3.2 Closed End Termination.

The relationship gowerning the closed end pipeline termination,
from Equation (15), is

cosh yx

P(X,S) = P(ﬁ,S)E—O—Sm .

This system when subjected to random inputs is described by

L . h v (jw) h v (-jw
Oyptis ) = 00010 [ SR SO ICRE]. e

Substitutions from Equation (49) and (50) into Equation (54) yield

_ _ h (a+ i h (¢ -]
D k. J0) = G)pp(f,Jw) [ggzh §Z+§§§’£ ESZ’h EZ §5§f] ‘ (55)

By a development very much similar to the steps previously employed

in simplifying the term sinh (a + jB) sinh (e - jB) it can be shown that

cosh (a + jB) cosh (a - jB) = [COSh 2a + cos 23] . (56)
Equation (56) when substituted into Equation (55) results in
. - . cosh 2ax + cos 2f3x
Q)pp(x, jo) = wppu’Jw)[cosh 2al + cos 2[3.2] : (57)

Equation (57) will be used in éolving example problems to follow.

3.3 Infinitely Terminated Pipeline.

The describing mathematical relationship governing the infinitely

terminated pipeline is, from Equation (24),
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P(x,s) = P(g,8)e 77 . | (58)

For P(4 s) a random function
o) = o) oYV () + ¥ (-iw]
Pop 2 30) = D (L, jw) e
Substituting from Equation.(49) and (50),

Dy (%5 J0) = Q)ppu,jw)e'z“y : | (59)
This simplified relationship will be employed in the solution of example
problems.

The sign of the exponent in the above equation illustrates why the
negative sign was dropped in Equations (49) and (50). A negative «
would result in a positive exponent, indicating that pressure is an
increasing exponential function of y . This would obviously be incor-
rect since the pipe is a passive system and tends to damp the input

pressure rather than amplifying it.



CEAPTER IV

PROBLEM PRESENTATIONS

4.0 General.

This chapter contains selected examples of specially terminated
pipelines designed to illusirate the equations developed in Chapter III.
Idealized inputs to be used in solution of the examples are also pre-
sented.

Unfortunately, an adequate solution of a single pipeline entails
a large number of laborious numerical operations. In addition, due to
the small numbers and diverse operations involved, it becomes diffi-
cult to obtain a measure of accuracy that is both reasonable and con-
venient. These factors combine to make a computer solution desirable..

R , the coefficient of resistance, L , the coefficient of inertia,
and C , the coefficient of capacitance, are required for a computer
solution as is £ , the length of the pipeline. The parameter R is
subject to large fluctuation and is discussed extensively by Waller [6] .

Recent discussion of L. and C may be found in [15] by Parmakian.

4.1 Spectral Distributions for (Z)pp(f, jw).

Two distributions will be considered in this section and will

serve as inputs to the specially terminated pipelines. As has been

previously stated, the inputs are purposely idealized in an attercpt to
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illustrate _the nature of the system response.

The limited nature of this report precludes any discussion of
means for actually computing spectral densities from a trace or re-
cording of a random function. A discussion of this nature can be found
in Chang [12]. The following discussion then assumes that by some
means or another the spectral density for the input pressure has been
obtained.

The first input considered is a clipped white, or completely
random, distribution. This input, while physically improbable, is fre-
quently used for illustrative purposes. It should clearly show the
] response of the system to the frequencies considered. Figure 2 below

defines this input.

A
+10 | @ (4 30)

A

20 w(f2d-

-20
Figure 2

Input 1

The second input is Gaussian, a frequently encountered physical

distribution. The governing relationship for this input is
2
-0
. 100
£,jw) = 10e
Byp (4 39)

and is shown in Figure 3.
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10 1@, (L )

\
=
L
o,

10 20 w( __,*,‘__)
Figure 3

Input 2

4.2 An Open End Pipeline.

Consider an open end commercial steel pipeline carrying

water at 70° ¥F. The following information is known:

q = 0.5cfs.;

D = 3in. ;

g = 2.05% 1072 1b. sec. ft. 2 ;
p = 1.936 slug £, 73,

£ = 2000 ft.
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Rather than become involved in additional parameters, the acoustical
velocity, a , will be set equal to 4000 feet per second for all three‘
pipelines, although this would not be so. The preceeding information
is sufficient to calculate the parameters L. and C . The additional
information following is required to vcornputé R:

1) the Reynolds number, Nr = 241, 000;

2) the Darcy resistance coefficient , f = 0. 018;

3)n = 1.80

Equation (3), (4), and (6) plus the known value of £ give, respectively,

R = 26.7 lb. sec. ft. 0 ;

\ L = 39.41b. sec. ft. *;
c = 15.85x 10 0. 4 1p. 71,
2 = 2000 ft.

R is obtained as a first term approximation of the series in Equation
(3). Since q > q, this would appear to be a good approximation and

has been experimentally verified [6] to be so.

4.3 A Closed-End Pipeline.

Consider a closed end commercial steel pipeline containing

water at 7Q° F. The following information is given:
3 -1

q = 0.0ft.°sec. = ;

D = 3.in. :

b= 2.05% 1070 1b. sec. ft. 2,
p = 1.936 slugs ft_.'3 ;

£ = 2000 ft. ;
"a = 4000 ft, sec. *

This comprises sufficient information to calculate the parameters R,



L, and C. Thus; from Equations (3.a), (4), and (6) and the known

value of £, one obtains,respectively,

R = 0.2151b. sec. ft. O ;

L = 39.41b. sec.2 ft. %

c = 15.85x 10 0. 410,71
2 = 2000 ft.

Equation (3.a) was used in computing R since for the closed end

pipeline ‘laminar flow is assumed to exist.

4.4 An Infinitely Terminated Pipeline.

Consider a pipeline carrying water at 70° ¥. The following

information is known:

q = 2cfs. ;

D = 10in. ;

4 = 2.05X 1072 1b. sec. ft. 2 ;
p = 1.936 slugs ft. > ;

2 = 50mi. = 264,000 ft. :

a = 4000 ft. sec. "1

Additional information required to calculate the parameter R is:

1) the Reynolds number, Nr = 289, 000 ;
2) the Darcy resistance coefficient, £ = 0. 018 ;

3)n=1.80.

Equations (3), (4), and (6) plus the known value of £ give,

respectively,
R = 0.228 1b. sec. ft. 0 ;
L = 3.551b. sec.? ft. %
c=1.76x108s 4w,

£ = 264,000 ft.

26
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4.5 Comparative Example Closed End Pipeline.

One of the primary aims of this report is a comparison of the
solutions of two pipelines which are identical except for termination
differences. A comparison of this nature for the open and closed
terminations is impossible since the closed end pipeline of Section 4. 3
has a different R from the open end pipeline of Section 4.2. To
remedy this, a closed end pipeline is proposed which has identical
parameters R, L., C and £ as does the open end pipeline of
Section 4.2. Such a pipeline Woﬁld be very difficult to realize phys-

ically.



CHAPTER V
PROBLEM SOLUTIONS

5.0 General.

There are two general types of problem solutions in this report.
The first type consists of obtaining the spectral density at a given point
in one of the specially terminated pipelines when subjected to one of
the inputs. Consider such a solution, namely, the open end pipeline
with Input 1 at x = 0.5£. Section 4. 2 contains the required pipeline
data. Equations (47) and (48) give. respectively. a and B, while
Equation (53) provides the defining relationship for the open end pipe-
line. If the known data is substituted into Equation (53), the relation-
ship reduces to

Bp(0- 5L, §0) = B (£,30) F(e) .
The solution proceeds by substituting a sequence of §a1ues for w into
the right side of this equation and obtaining their corresponding values
of (Z)pp(O. 514, jw). TFor this particular case these values constitute a
solution for the first type.

A second type of solution requires the calculation of values for
Q)pp(x,wc) at characteristic points along the pipeline for a single fre-
quency w, . The results of this calculation may be considered a mean
squared density distribution in x for a constant value of w . This is
analogous to the preceding type of solution where a mean square dis-

tribution in w was calculated with x held constant. For the preceding

28
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pipeline a solution of this nature might be the calculation of Q)pp(x, w,)
at x equal to .14, .24, etc. for"eoc = 6 rad./sec. Numerical compu-
tation is the same for both types of solutions. |

Selected solutions of both types are in the figures of the following
section. It was stated in Section 2. 2 that the mean square frequency
distribution '(per unit frequency)* is the square root of this quotient.

Ordinates of the figures in this section are normalized rms values.

5.1 Computer Solution.

The computer program on the following pagé illustrates the
general nature of an I. B. M. 650 Fortran program for a partial pipe-
line solution. The program is presented for illustrative purposes only
and does not necessarily represent the optimum program. The nature
of the program is such that on the indices J, M, and N the computer
selects, respectivély, the pipeline, the input and the point of consider-
ation (value of x) in the pipelihe. The index I causes a sequential in-
crease in w . |

The order of operation is such that the computer selects the pipe-
line by reading the parameters R, L., C, and £ . It then selects

the input-and value for x and proceeds with a cyclic problem solution

by computing frequency spectrums for each point considéred.

5.2 Solution Presentation.

Ordinates in the following figures are normalized rms values of

p for a given frequency. Normalization was carried out by dividing

*This is to be understood throughout the remainder of this report.
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c 79000
C 200¢C
Cc 27100

OB NI P L N s

YD DD

OMHC’(-_)N!—‘OQWNHOOOC’)OOOOOOOOOOOHOHOOOOOOOOTDDD—'OC’O(’)ONH’.D

COMPUTER SOLUTION

IN THIS PROGRAM [ENGTH =EL
L=DsALPHA=A,BETA=By -
INPUTS=PHINsQUTPUTS=PHIO, .
DIMENSION A(3320)sEB(3520)
PHIMN(3520)sPHIO(10920)951( 10>
20)952(10,20C)

"ZERO=0.,C

DO 5 I=1+20
V=1
PHIN(1s1)=10.

PHIN(2sT)=10e*EXPEF (= (W*#24)/ -

1004

DO 36 J=1,3
READIRIELSCHD
DO 34 M=1,3
DO 30 N=1s10
DO 30 1=1,20
W=1 '

IF (M=1) 13s13,24

P=N=-1
IF (N=1) 15:15:17

’A(Jsl)-w*((C*D/Z-)*(((lo+(R/(‘

DHW) ) H X2 4 )HH g5 ) =14) ) ¥%e5 -
BUJUs I ) =W ({C*D/ 20 ) *¥((({1e+(R/H
DAW) ) HH2 4 ) EH g5 )k1q) ) #ite5
Q=COSHF (A(Jy I ) #PHEL /54 )
X=COSF(B(Jn] Y% P*EL/5,)
Y=COSHF (2e¥*A(Js 1) *EL)
2=COSF(2e%B(Js1)*EL)
SI{(NsI)={(Q=X)/(Y~2)
SZINsy [ )=(Q+X) /7 (Y+2)

GO TO (25927929)sJ"
PHIO(N [ )=PHIN(MsI)}%*S1(Ny I)

"GO TO 30

PHIO(N»I)=PHIN(MsI)#*S2(N> I)
GO TO 30
PHIO(Ns»I)=PHIN(Ms ) *EXPEF(~(A(
CONTINUE : ’
DO 32 1=1»20

CUMMY=PRNTF (PHIO( 1y I)oPHIO(Z:
[)sPHIO(391)sPHIO(4sI)sPHIO(S
21V »PHIO(6sI)sPHIO( Ty 1}sPHIO
89 1) »PHIO(Ss1)sZERO)

DO 34 1=1920

DUMMY = PRNTF(PHIO(IOiI)’ZERO:

PHIN{MsI)9sZEROYZEROIZEROWZEROY

ZEROZEROsZERO)

DO 36 1=1420
DUMMY=PRNTF(A(JsI)sB(Js1)s
ZERO2ERO»ZERO»ZEROSZERO s
ZEROyZERO»ZERO) »
END

Figure 4

Fortran Program for Pipeline Solution

30



31

all rms values by the input rms value, i.e., by p

rms(l)’ the rms

value for p at the source ({).

Figures 5, 6, 7 and 8 are plots of computed values obtained in
partial solution of the pipelines presented in Sections 4.1 and 4. 5.
These pipelines differ only in termination, being respectively. open
and closed. |

Figure 9 illustrates the marked effect that the parameter R has

on the magnitude of the solution. It is a normalized p frequency

rms
distribution at x = 0 for the pipeline presented in Section 4.2. Except
for different values of R, the closed end pipelines introduced in
Sections (4.2) and (4. 5) are identical.

Figure 10 illustrates the effect of a variation in system inputs
and is for the pipeline presented in Section 4.1 when subjected to Input
2. Figure 6 shows the same situation for Input 1. The figure shows

the normalized p frequency distribution at x = 0.

rms
Figure 11 illustrates the form of the solution for the infinitely

terminated pipeline presented in Section 4.3. The open and closed

end pipelines of Sections (4. 2) and (4. 5) are also shown for comparison

of the three terminations at the same input frequency of 8 rad./sec.

The infinitely terminated pipeline shown in Figure 11, although ideal-

ized, would be physically realizable.” This would be true also for the

pipelines in Figures (9) and (5).
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Figure 8

Normalized Frequency Distribution for Closed End Pipeline at x = 0
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CHAPTER VI
DISCUSSION OF RESULTS

6.0 General.

The discussion in the following sections analyzes and interprets
the solutions of Chapter V. It begins with a study of the behavior of
the coefficients « and [ as functions of the angular frequency w and
the system parameters R, L., C, £, and a .

The factor |H(x, jw)] 2 [see Equation (42)1 is analyzed, rather
than the defining equations, for the various pipelines. This approach
is employed since a congideration of the ordinates of the figures in

Chapter V shows that

p
p

. 1 .

, jw) 5= . jw)
rms(}; J = zfr B, | = | H{x, ju)]
rms (% @) 53— 0, jw)

For simplicity, lH(xC,jm)ﬁz rather than iH(xC,jw)a is discussed, and
in this report is called the spectral transfer function.

The primary information desired in a study of spectral transfer
functions is a prediction of the nature and occurrences of maximums,
since maximum pressure fluctuations are critical factors in pipeline
systems. This is accomplished in the following secticns by first

ﬂz 2s a function of ofw) and PB(w), and as a result,

ﬂ2

analyzing }H(x, jw)
as a function of w . BH(X, juw) is also analyzed as a function of x .

Characteristics of the various pipeline solutions are interpreted

39
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on the basis of this analysis. Variations in the form of the solutions
as a result of different terminations, inputs, and values of R are

discussed.

6.1 Discussion of o and B .

In the following discussion, the attenuation coefficient « is
considered a function of w alone. In the limit as w approaches
igfinity,Equation (41), the defining relationship for ea{w) , assumes
the indeterminate form ( % ) , and by L'Hospitals rule can be reduced

to

-1
. . _Jcr®}z . R
Lim a() = aofw):= | Zr-|" = 51 -

w=*00

(60)

Experience has shown that a(w) very rapidly approaches a(w) and
that the rate at which it converges to its final value is largely deter-
mine’a by ‘R . This is illustrated by the pipelines in Chapter IV. The
pipelines in Section 4. 4 and 4.5 had, respectively, R equal to 26.7
and . 215 with a(w) approximately equal to 8.46 X 10" and

6.821 X 10" " . The pipelines were identical in other respects. a(w)

for the pipeline with R = 26.7 had «(8) = 8.4595 X 10-5 , while for

6 oinft.7l).

R = 0.215, (1) = 6.8209 X 10—'7 {for R in lbs. sec. ft.
B, the phase coefficient, is also congidered a function of w
!
alone, and for large values of w is seen from Equation (48) to approach

the linear function
1

Blx) = wlci)® = & . | (61)

The rate at which B(w) approaches the linear expression in Equation

(61) is dependent on R , although B(w) itself is not a function of R .
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6.2 Open End Pipeline.

From Equation (53), the spectral transfer function for the open

end pipeline is given by

cosh 2ax - cos 28x
cosh 2af - cos 284

2
| B, o) = (62)

Equation (62) plots as a three dimensional surface with indepen-
dent variables x and w .‘ Formal differentiation to obtain the occur-
rence of maximums becomes extremely involved. Furthermore, the
surface has a large number of local maximums and would require
additional involved differentiation to obtain the "maximum" maximums
or true maximums. Obviously these true maximums for pressure
fluctuatmion are of fundamental importance in a pipeline system. The
locatioh of these true maximums involves a consideration of the inter-
related variables x and w and is approachéd in the following para-
graphs ‘by first identifying the true maximum and then demonstrating
the required values of x and w for which it would occur. The terms
"maximum' maximum, true maximum, and, simply, maximum are used
interchangeably in the following material.

- For a =0, the numeratorin Equation (62) has a maximum and
minimum, respe‘ctively, of two and zero, as does the denominator.‘
It is seen that the magnitude of the function is heavily dependent on the
denominator and approaches infinity for 28£ = nm where n = 0, 2, 4,
etc.  As compared to the denofninator, the numerator has a minor role
in determining the occurrences of maximums. In a true physical sys-
tem,. a 1is never equal to zero. It was pointed out in Section 6. 1,
however, that a is generally a very small number, and it would be

}Sossible for 2af to also be a very small number. If this is the case,
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9
|",H(X, jw)l , while not infinite, could have very large maximum

values.
2

Consider lH(xC:, jw)] , which is a function of « alonme at x_ ,
some constant value of x . It was demonstrated in Section 4. 1 that
for increasing values of w , a(w) rapidly converges to _2‘5—1‘,’ while
B(w) approaches (—;—’) . Assuming that this state exists, the denomin-
ator in Equation (62) is plotted in Figure 12. This plot shows a nega-
tive displaced cosine curve at cosh 2ef with minimums at
(cosh 2a4 - 1) and a period of (%’T}S) , the minimums occurring for

anmw

ey where n =0, 2, 4, etc. The plot of the numerator shows

mé.ximums of (cosh 2axc + 1) and a period of (}%—E), the maximums
occurring for w = (n + 1) %— with n as be’fore.C

The true maximum valcue for ['H(,x’,,,jw)[ 2 at a given point X
occurs for a value of w which causes simultaneously, a maximum

in the numerator and minimum in the denominator and is clearly

2 qosh 2a/xc +1
IH(XC’JQ)I = cosh 2a0f -1

(63).

For a given value of X, the true maximum may or may not occur.

Consider Figure 12 and assume that this maximum does occur: for-

some value of w = Wy For the numerator then, wy = %xl + N %ﬂ
' c c
where N is the number of full periods (%F-) between w = 0 and
c

W =W Similarly for the denominator, wy = M ‘_}"I where M is the

number of full periods (%E) between w = 0 and w = Wy - Equating -

the two,
am am Mar
ox_ | N x_ 7

“and
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“cosh 2ax - cos 2Bx

2T am gy

2%, Xo cosh 2afxe + 1

cosh 2afxc :
UL . ;
: i ~-. cosgh 2afxC -1 /.

-~ rad.
(Sec.)

®

Y

@1
cosh 2af - cos 2834

;- __cosh 2af + 2
; .

- .~ cosh 2af '
7
]
I cosh 2af - 1 Ll

- _ ——

) rad )
sec.
Figure 12

N Y
Numerator and Denominator of |H(xc, j) |

| 21\/1(;3.) -1
N = 3
X

where M and N are by definition integers. If the ratio (TC) is

such that some integer value of M causes an integer value for N, a
X

true maximum is possible at x = X, - If the ratio of (TC) is such
that no integer valuej of M exists which yields an integer value for N,
a true maximum can not occur. Maximums occur for (;—9 = TBM )
where M =1, 2, 3, etc. and B=1, 3, ** ", 2M - 1. The values
of M correspond to the modes of vibration, while the values of B
refer to the peaks of the modes. The first true maximum occurs for
w = M (%;ZT—) and is repeated after a period of Zwl = 2M (%ﬂ) .

X

This analysis is verified in Figure 7. For this case () = %

and for M =1, N = 0. The first maximum occurs at‘g—}r- = 6.28

rad./sec. The period is seen to be E_%Z = 12.56 rad./sec. The



44

second maximum occurs for M =3, N =1 at wg = 18. 84 rad./sec.
It should be noted that the "maximum'' maximum value does not change

at a given point X, with increasing frequency. The maximum at

X
= 18. 84 rad. /sec. for —[C- = 0.5 is also shown in Figure 5.

“2

The occurrence of integer multiples of 7 as characteristic
frequenciesl is an individual characteristic of the pipeline considered
and is not the general case, because for this‘pipeline 24 = a .

The preceding discussion of the spectral transfer function is
intended to demonstrate primarily the effects of fréquency variations;
however, they reveal much of the functional relationship of x . Equa-
tion (63), which defines the maximum for |H(Xc’ jw)l2 , shows that the
maximum values are increasing functions of X, - Figure 5, which
sﬁows 'H(x, jwc)| corresponding to the third mode of vibration at
W, = 18. 84 rad. /sec., demonstrates this. The locus of both maxi-
mum and minimum values in Figure 5 increases from right to left.

Extending the discussion that developed from Figure 12, it is seen

that for a given value of M , the largest maximum occurs when
o o 2M-1

1 M

Frequencies lying to both sides of w = 18. 84 rad./sec. in

B=2M -1 and

Figure 5 demonstrate the effect, along the pipeline, of increasing
frequencies. It is seen that higher harmonics result for increasing
frequencies. Figure 5 shows the beginning of transition from third

harmonic to fourth.

6.3 Closed End Pipeline.

Discugsion of the closed end pipeline is much the same ag for

the open end and is consequently condensed.



45

Equation (57) gives for the closed end pipeline,

cosh 2ax + cos 2f3x (65)

. 2
|E(x, jo)] cosh 2al + cos 281

The spectral transfer function is seen to have the same possible maxi-
mum for the closed end pipeline as for the open end pipeline.

If the spectral transfer function is considered as a function of
frequency alone at X, , some constant value of x , an analysis of the
nature pursued in the preceding section can be followed in determining
ratios of (}—;ﬁ) for which true maximums can occur and the frequen-
cies at which they do occur.

The following defining relationship for Wy, the frequency at

which a true maximum occurs in the closed end pipeline is evaluated:

X
N =[TC (M + 1)]. (66)
X B
A true maximum may exist for (T) = M F1 where M =0, 1, 2,
etc. and B=0, 2, - - -, M-1 with M and N as previously defined.

The first maximum occurs in the frequency spectrum at wy =

| %%T(ZM + 1) and is repeated after a period of 2w1 = %;'—T(ZM + 1). For
the closed end pipeline M + 1 corresponds te the harmonic modes of
vibration, while B corresponds to the peaks in the modes when
moving from right to left down the pipeline.

Figure 6 and 8 illustrate the correctness of this analysis. In
Figure 8, };——9 = 0.0 . The first maximum would be expected for the
initial value of M = 0 . The initial maximum occurs for %%T(ZM + 1) =
3.14 rad. /sec. and is repeated after a period of —%E(ZM + 1) = 6.28
rad./sec. The third maximum occurs for M = 2 at wg = %%T(ZM + 1)
= 15, 70 rad. /sec. This maximum occurs for the third harmonic mode

X
(M + 1 = 3) and is seen in Figure 6 at (—1;9) = 0.0 (B = 0). The value
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X
of B =2 would correspond to the next peak to the left at = =0.4.

J]

StL{dy of Figures 6 and 8 reveals that the open and closed end
pipelines behave similafly in several respects. First, Figure 8 demon-
strates that at a given point X, maximums do not change for increas-
ing frequencies. Figure 6 shows that the closed end pipeline tends to
damp maximum pressure surges as they proceed away frdm the source
of disturbance, and that increasing frequencies result in higher har-
monics.

The primary difference in the open and closed terminations is
illustrated by Figures 5 and 6. The receiving end R is always a mode
in the open end pipeline. In the closed end pipeline for harmonic modes,
R is always a point of maximum fluctuation. Maximums for the two

pipelines never ‘coincide, making it difficult to compare frequency

differences.

6.4 The Infinitely Terminated Pipeline.

Equation (59) yields for the infihitely terminated pipeline

|H(X,_ j<.o)|2 = g"20Y

This relatively simple relationship is illustrated by Figure 11. Typi-
cally, in.an infinite pipeline R is small, and’ é(w) converges to
a(w) very rapidly. Consequently, there is practically no variation in
the form of this solution for different frequencies.

Figure 11 shows an interesting contrast in the form of the solu-
tions for the three general types of terminatioﬁs at w = 8 rad./sec.
The maximums and minimums for the open and closed pipelines nearly

coincide for this frequency.
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6.5 Input and Values of R .

Figures 10 and 8 show the solution differences which occurred,
respectively, when Input 2 and Input 1 were inputs to the pipeline of
Section 4.5. The solutions differ only in magnitude, reflecting the
linearity of the system. Figufe 10 is of interest in that Input 2 is a
more physically realistic input than Input 1. It is known that for very
high frequencies, the pressure fluctuations at x = 0 decrease. On
the basis of the results in Section 6. 3, this can only be explained by "
decreasing pressure fluctuations at the source for increasing frequen-
cies as illustrated by the Gaussian Input.

Figure 9 is for the pipeline of Section 4.3 where R = 0.215 1b.
sec. ft. -6 and demonstrates the marked influence that R has on the
magnitude of the solutions. It may be compared with Figure 6 which
shows the same pipeline with R = 26.7 lb. sec. ft. "6 Discussion
in the first parts of Sections 6. 1 and 6. 2 should clarify this phenomehis.

It should be noted that the solutions differ in'magnitude but not in phase.



CHAPTER VII
SUMMARY AND CONCLUSIONS

The purpose of this report is an analytical investigation of
specialized pipelines systems when subjected to random pressure
fluctuations. The investigation proceéds as follows. The governing
partial differential equations for transient conditions in pipelines are
introduced and by Laplace transform analysis are reduced, using
boundary conditions, to a pair of transformed equations in x and
s . These equations are simplified for idealized pipelines with
open, closed, and infinite terminations, and are altered in form to
relate the transformed relationships between pressure at the source
of distﬁrbance and at some other point in the pipeline.

The fundamental relationships governing linear systems when
subjected to random inputs are introduced in Chapter II. On the bases
of statistical definitions introduced in that chapter, the correlation
and spectral density functions are shown to serve, respectively, as
the time and frequency domain description of random functions. Equa-
tions are developed to show analytical techniques using both of these
descriptions.

Chapter III demonstrates that the transformed relationships of
Chapter I caﬁ be fitted to the analytical techniques evolved in Chapter
II. Equations relating the spectral density of the input pressure to the

spectral density of pressure at a point x are developed for the three

48
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ideally terminated pipelines.

Idealized pipelines and inputs - presented: . 1n - Chapter IV
are de signed to illustrate the nature of the solutions for the various
terminations in terms of the vériables; frequency w and distance x .
Solutions to particular cases are presented in Chapter V in the form
of normalized rms distance and frequency distributions..

The results presented in Chapter V are analyzed and discussed -
in Chapter VI by correlating predicted results from analysis of the
spectral transfer function to particular figures in Chapter V. Com-
parison is made on the basis of variations in termination, input, and
value of the parameter R .

Analysis is presented in Chapter VI which makes possible pre-
diction of the location (value of x) of true maximum pressure fluctua-
ti'ons:and the frequencies at which these true maximums would occur.
The correctness of this analysis is verified by comparison with ex-
‘ample problems. Conclusions are dré.wn on the basis of this analysis
which relate the magnitudes of maximum pressure fluctuations to
changes in x and w .

This report clearly illustrates the applicability of4Spec1:ra1
density analysis to sp_ecially terminated pipelines. It is conceivable
that for some investigations the location of maximum pressure fluctu-
ations. and the frequency at which they would be expected to occur could
. be of more significance than the time response of the system. The
form of analysis presented in this report could then be superior to con-

ventional analysis.



10.

11.

12.

50

BIBLIOGRAPHY

Waller, Edwin J., "Response of Pipeline Systems to Transient
Flow Using the Generalized Impedence Method, " Engineering
Experiment Station of Oklahoma State University, January 1960.

Waller, Edwin J., "Prediction of Pressure Surges in Pipelines by
Theoretical and Exper1menta1 Methods, " Engineering Experiment
Station of Oklahoma State University, Publication No. 101, June
1958.

Waller, Edwin J., "Pressure Surge Control in Pipeline Systems,"

Engineering Experlment Station of Oklahoma State University,

Publication No. 102, January 1959.

Rich, G. R. Water Hammer Analysis by the Laplace Me111n
Transformatlon " Transactions A.S.M.E., Vol. 67, (May 1945),
pp. 361-376, :

Lud!wig, Milton and Johnson, Sidney P., Predlctlon of Surge
Pressures in Long Oil Transmission Lines ' Proceedings
American Petroleum Institute, Vol. 30, Sec V, 1950, pp:. 62-70.

Waller, Edwin J., "Report No. 1 from Pressure Surge Research
Project No. 2," Englneerlng Experiment Station of Oklahoma State

University,. August 1959,

Paynter, N. M., "Surge and Water Hammer Problems, " Trans-
actions A.S.C.E., Vol, 118, 1953.

Lecture Notes from Civil Engineering 533, Linear Systems;
Oklahoma State University, Fall 1961. ,

Newton, Gould and Kaiser, James F., "Analytical Design of Linear
Feedback. Controls, " John Wiley and Sons, 1957, Ch. 3, 4.

Aseltine, John A., "Transform Methods in Linear System Analysis, "

McGraw-Hill Book Co., New York, 1958, pp. 200-245.

Truxal John G., "Automatic Feedback Control System Synthesis, '
McGraw-Hill Book Co., New York, 1955

Chang , Sneldon S. L., "Synthesis of Opt1mum Control Systems; '
McGraw-Hill Book Co., New York, 1961. _



13,

- 14,

15.

51

Laning -an'd.Battin, R. H., "Random Processes in Automatic Con-
trols, " McGraw-Hill Book . Co., New York, 1961. :

Cheng, David K., ""Analysis of Linear Systems, " Addison-Wesley
Publishing Co., Reading, Mass., 1959.

Parmakian, John, '""Waterhammer Analysis, " Prentice-Hall, New
York, 1955, pp. 8-24.



VITA
Dara Wallie Childs
Candidate for the Degree of

Master of Science

Report: PIPELINES WITH IDEALIZED TERMINATIONS SUBJECTED
TO STATISTICAL INPUTS

Major Field: Civil Engineering
Biographical:

Personal Data: Born March 16; 1940, in Ethyl, Arké.néas, the
son of V. L. and Juanita Childs.

Education: Graduated from E. W. Grove High School, Paris,
- Tennessee in May, 1957; entered Oklahoma State Univer-
sity in September, 1957; received the degree of Bachelor
of Science in Civil Engineering from Oklahoma State
University, May, 1961; member of Chi Epsilon and A.S.C.E.
Recipient of Chuck Bretz Fluid Mechanics scholarship.
Completed the requirements for Master of Science degree.-.
in August, 1962. ' '

Professional Experience: Employed by.the School of Civil
Engineering at Oklahoma State University as a graduate
assistant (teaching, grading and research) from September
1960 to September 1962.





