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FMOMENCLATURE
Definition

Cross-sectional areas

Diameter

Darcy-Weisbach resistance coefficient

Frequency

Gravitational acceleration”

Total head

Head loss ;

Roughness height

Pipe lengths

Discharge

Steady design discharge

Final steady discharge

Discharge entering’a pipe reach

Fluctuating discharge with period
Tg superimposed on

Steady -- state discharge

- Dimensionless resistance coefficient

Distance along pipe centeriine

Natural period of reach

Period of superimposed fluctuation
or period of first upstream reach

Time . "

Mean velocity ‘

Horizontal coordinate

Depth of water at inlet

Maximum possibie value of Y9

Depth of water at outlet

y1 max — Yo

Combined resistance coefficient
thy = ZK v2/2q)

Specific weight

Density

*M = mass; F = force; L = length; T = time
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L/T2
L
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PURPOSE

This study was conducted in ordér to establish valid
parameters for use in the design‘ydf low-pressure pipe
systems by predicting the amplitude and frequency of
possible unsteady flow occurring at fiow rates less
than the design vatue,

CONCLUSIONS

Pipelines designed to produce an hydraulic gradient
roughly paraliel to the ground profile are. inherently
underdamped when aperating at less¢than design
discharge. Thus, when operating at less than design
flow rates, any unsteadiness in the flow may be
amplified depending upon the characteristics of the
pipeline system. :

in order to assure stable flow, a pipeline system must,

be proportioned in such a manner that small disturb-
ances in one reach will not be amplified upon
entering a succeeding reach. To do this the natural
periods of adjoining reaches must. be sufficiently
different from each other. A reach will not magnify
incoming surges if it has a natural period greater than
1.43 times the period of the incoming disturbance, If
a reach has a natural period which is less than 1.43
times the pericd of an incoming surge, the surge will
be amplified unless sufficient resistance to flow exists
within the reari,

The stability of a given reach for rapid changes in
inflow rates has been tabulated graphically in terms
of amount of cutback, rate of cutback, and resistance
to flow. These results can be used to determine
permissible rates of change of inflow which will
prevent unstable surging.

APPLICATIONS

This report describes a study centered around experi-
ences with the existing Coachella’and Canadian River
low-pressure pipe systems. The results of this study
could e used directly in the design of low-pressure
systems$ to control the amplitude of the free-surface
fluctu;‘fitions. Many studies have been made in the past
to compare the results of one-dimensional analysis
wit!i actual flow conditions, and there appears to he
_little reason to doubt that actual conditions agree, to
“a reasonable degree, with analytically calculated
results.

*Superscripts indicate references at end of report.

BACKGROUND

For the purposes of this report a iow-pressure pipe
distribution system is defined as one designed to

" produce an hydraulic gradient roughly parallel with

the ground, with discharge controlled at the upstream
end of the system. In order to prevent these pipe
systems from draining completely when the discharge
is shut off, check structures are constructed at
intervals along the pipetines.

Typical check structures are illustrated in Figure 1.
The pipe system carrying water from the Coacheila
Branch of the All-American Canal to the Coachella
Valley, and the Main Aqueduct of the Canadian River
Project in west Texas, are well-known examples of
low-pressure pipe distribution systems. Afthough the
former system carries water for irrigation, and the

- latter for municipal purposes, the dynamic character-

istics of the two systems are basically the same.

H)
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Figure 1, Typical pipe-check and pipe-stind structures,

When the Coachella systern was placed in operation in
1948, unsteady flow and resulting operational
difficulties arose almost immediately, Althouah
inflow to the system was steady, the flow in some
sections became guite unsteady, sometimes develop-
ing amplitudes in discharge sufficiently large to cause
overtopping of check structures, Subsequent labora-
tory study suggested two solutions: airtight covers for
part of the structures to change the nearly resonant
dynamic characteristics of the system,! * and air vents
downstream from the check structures to provide a
means for escape of air entrained in the overfall
process at the check.?

When the Main Agueduct of the Canadian River

Project was placed in operation in 1968, operation .

was found to be smooth and trouble free for the
design flow rate. However, smooth steady flow was

difficult to establish for rates below the design value.

Overtopping was noted at three structures when the

e
e
¢




flow rate was decreased to & final discharge
substantially below the design value,

As a resuit of the experiences on the Coachella and
Canadian Rivers, cornsiderable study was initiated,
© some of which has already been noted,“*%*  This
'study represents an attempt to analyze the problem
of unsteady flow in low-pressure pipe distribution
systems as a probiem in dynamics. A review was made
of all available published and unpublished results in
order to arrive at representative system parameters
and to isolate at least a portion of the problem which
had not been thoroughly studied. A summary of
previous work is incorporated where the particular
work seemed to fit into the current analysis best.

The results of the analysis are.set forth in a form
which should be useful to designers interested in the
analysis of unsteady flow |n a Iow-pressure pipe
distitbution system. -

All resufts have been computed and displayed in a
dimensionless fashion in " order to completefy
generatize the analysis and results. The dimensionless
parameters have been defined and can readily be
computed from the dimensional properties normally
used by designers.

Mot _ll possible combinations of parameters have
been included in these numerical results, However, a
listing of the program is included in the appendix and
can readily be used to make further analyses as
required.

EQUATIONS OF MOTION
Development

The equations of motion have been correctly
formulated by Glover'! and by Holley® but are
reformulated here because they provide the necessary
means of systematically analyzing the dynamic
characteristics of the pipe distribution system. Figure
2 illustrates the variables involved. Either Newton's
second {aw, F = m {dV/dt}, or the unsteady form of
the Bernoulli Equation: :

v 3
3t =g 3 {1

may be used in the derivation®. In Equation {1} V is
the average velocity, t is time, g is gravitational
attraction, H is total head, and s is distance along the

Figure 2. Definition sketch for flow in a pipe reach.
Yy

——

pipes=tE it is assumed that flow is one dimensional
{velocity is everywhere parallel to the'pipe walls) and
that elastic effects are unimportant, Equation {1) can
be integrated over the volume of liquid contatr'ed in
the pipe reach of interest: !

f4—ds-—gf4 Q—ds :
1 ot A os

where H! and H% are, respectively, the total heads at
Points 1 and 4 on Figure 2, In arder to integrate the
left side of Equation (2}, reaches of constant
diameter must be considered. Thus,

—9(H4 - H1’:79hL

where h|_ is the loss in head through the pipe. But
from continuity

Q=V4Aq =VohAg=VaAq (4)

and oV ov oV
1 _ 2 Y3 A
50 M= A2t TR S
oy avahy
Sa that 3t At A1
and 8\4'3 dVo Ag
a_t_ ot '-A3




Incorppratihg Equation {5} in Equation (3) gives

gH1 —gHg —ghy,
The pressure is zero at both 1 and 4 so that

2 2
Hy =Ly =]
1_2Q+Y‘!an.dH4_§g+Y2

aV2 Ly
or A [AT”E*A:J "oy~ Ha L 16

Letting Q= V2A2, ZL/A —K? + Ké +KE
) -
i V2
and h2= “,Kz—g
we obtain

d_ g Vi~ vag  IKV2
& TUANZg 1T Y23 7}

realizing. thit Q is a function- only of time. Using
- Btjuation (4) again we can write Equation (7) as

2
2 2
dt 2ZU/A “\Az

g )
TL/A (Y1 -Ya) {8)

Now examine the quantity within brackets in Equa-
tion (8}:

LqfA z L L 2

1{A2 2 3{ A2
ZK=f —

1 D1( 1) +szz faDa(Aa

using the Darcy-Weisbach form of resistance. For all

structures on the Canadian River Project Ag/Ag =-1.

i

For all pipe checks Ap/Aq =1, and for all pipe stands
Ag/Aq is less than 0.125. Table | (next page) lists
values of ZK for all Canadian River structures. The
ZK term is never less than 25. Therefore, Equatlon
{8} can be written as

dQ_ ZKIOIO g
Prra
dt A%2TL/A ZL/A

{Y‘] s YZ} {9)

with little loss in accuracy.

Considering continuity in the upstream vertrcal Ieg
{Figure 2):
e
o-al_q 10)
1A T L

= where Q) is the inflow rate from the next upstream

reach. Equation {10 can be rewritten as

dV1 0.1 —-Q
dt - A1

(1

Equations {9} and {11) must be solved simultaneously
to determine what happens to flow in a particular
pipe reach as time passes. '

Interpretation

In crdzr 1o provide understanding of the problem of
unsteady flow in a pipeline, Equations (9) and (11)
will be combined and rearranged in order to put them
in a single classical form. !

Differentiating E_ql]étinn (9} gives

dy2
dt TLA S 9@ 0 (2

d%a, _zkjo| da g i
a2 2a251/A

Substituting {11} into {12) gives

9207 skjof 40, glol 7. 990"
da = _
a2 2aZpisa O AJZUA  A{ZL/A
dy )
_9 o4
TL/A dt (13}

The absolute vatue of Q is used in order to insure that
resistance always acts opposite to the flow. If it is
assumed that dy/dt is zero, as it nearly is except for




DATA ON CANADIAN RIVER PIPES AND STRUCTURES”

Table |

Station

1882
24301
2976

3044

3375
3617
3777

4050
4625
5107
5260
53566
5445¢
5744

6701t
7232t
7487

77157
7788t
7919

80267

LA
(')

1,603.4
1,741.6
-236.8
1,156.2

948.2

674.5
1,160.8

12,4230

2,045.2
642.3
510.5
583.2

1,418.8

2,448.7

2,238.2
1,363.6
1,428.3
"449.9
830.0

682.0
303.6

ZK

180.0
156.8

249
121,56

119.4

66.5
113.4

238.8
201.5
63.3
79.7
47.0
80.3
2413

223.2
136.5
121.4

38.3

, 70.0

53.3
268

AyfA,

650.6
0.2
8.0
7.1

208

20.8
)

™
{Sec)

6,876.0
245.7
256.7
533.9
906.5
764.6
499.3

1,4490 -
665.7

3730

3326
300.0
166.3
267.1

255.3
181.2
482.1

93.7
127.8
335.0

76.9

* “Station” identifies structure. Quantities are for pipe downstream from structure. Station-1882 is Amarilio
Reservoir; the end of the pipeline, Station 8074, is Lubbock Reservoir; Stations marked 1" are pipe checks,
Station 5744 is also a turnout. A roughness of 0,01-foot was used to compute K.

the case of large amplitude motion, then Eguation
{13} becomes -, )

FA TL/A " AqgzLA 4

The form of Equation (14} is nearly that.of the
classical second-order differential equation widely
known in the area of vibrations.® The only difference
lies in the second term which is_nonlinear in Q. The
solution to Equatlon {14} depends on the.relative
values of the coefficients of d@/dt and Q and the
nature of Q). If ‘the coefficient of the resisting or
damping effect, dQ/dt, is small any displacement of
the water in the ppe will produce a perlodrc fluid
motion. :

Equation {14} is generalized by d'rvid'ln‘g Q by Qg {the
design discharge) and t by Ty (the undamped naturai
period of the reach), Thus,

d2¢o/o a\ EKOOTN]QfOOI dtarag TTn2Q/g)
d(t/TN)2 d(t/Tyy) A1EL/A

2A2E L/A
e
gTn?

"—'m {Qq/Qy)

iy
. " .

Q L e
Now, taking o as being nearly equal to unity gives
1a)

d2a/ay) |
d(t/Tpy)2

IKQ Ty diQ/ay) ,
2AZ TL/A dlUTN} |

gTN2(QfOQ) -

gTN2(Q|/QQ)
A‘|ELI'A : i

ZKOGTN oo T2

Letting R =
I 2A22LfA AZL/A




Equation {16) becomes

d2(0/a,) , . de/Qg)
dit/TnI2  dt/TN)
M2 (Q)/Q,) . (17)

+ M2 (Q/aqy =

Solutions to Equation {17).are well known®, iItR =0
then the motion of the system will be undamped and
any disturbance of the flow w:ll produce a motmn
with the natural period, :

Ty =2m lffﬁ;‘ﬂ {18}

Thus, Equation (17) can be written as

R d(Q/Q,)
d(t!’TN)

d2(0/a,) |

ST + 4n2(Q/Q,) =
1.

an2(Q;/Qg} (19}

The snlutions to Equation {19) will yield considerable
insight into the bebavior of disturbed flow in the
‘pipeline.

if R > 4m the system is said to be overdamped or
stable against oscillations. Any sudden change in
discharge will produce a flow in the reach which
exponentially approaches the final steady-state value,
The flow in the reach produced by a periodically
fluctuating inflow will also be periodic. However, the
ampiitude of the incoming fluctuations may or may
not be amplified depending upon the relative
magnitude of the pericd of the incoming flow and the
natural period of the reach.

In order to adapt this discussion and analysis to the
problem of interest, the magnitudes of R, Tpy, and T
which can occur in the real system need to be known.
Table 1 shows the values of Ty and R as calculated
for pipe reaches in the Main Aqueduct of the
Canadian River Project as originally constructed.

There is only one reach in which B is seen to be
greater than 4m. Hence, that is the enly reach in
which oscillations should not be expected as a result
of a rapid change in flow rate. All other reaches are
underdamped and may possibly amplify incoming
flow osciallations depending t'pon the incoming
frequency.

The Actual Surge Problem:

As was shown in the preceding section, considerable
qualitative understanding of unsteady pipeline flow

can be gleaned from studying sclutions of the linear
Equation (19}. However, quantitative information is
obtained from solutions of Equation {15). Using the
previous definitions of R and Tp, Equatnon {15} can
De written as

d%(a/a,)
d{t/Tp)2
ar2iq,/q,)

[ald(e/ay)
+ R
Qg dit/Tyy)

+4r2(0/Q,) =

BN (20)
The second term in Eguation (20} represents the rate

at which energy is dissipated by pipe friction. The
term QIQO is equal to unity when the flow rate Qs

"~ exactly eyual to the design discharge, Q.

Because of design procedures the pipe runs full
throughout when Q = .Q,,, and the hydraulic gradient
passes through the top of each structure as shown in
Figure 1. In Equation {9), the first term on the right
of the equal sign shows that the dissipation rate is
proportional to the square of discharge. Thus, if the
discharge is descreased below. Qg the damping
decreases more rapidly than does Q. A pipe reach
which had a large enough R value to just be stable
when flow was taking place at design conditions
could then becorme quite unstable if the flow rate
were decreased below Q, :

ANALYSIS
Stability |

As noted in the previous section, E:ation {20Q),
which is characteristic of the motion of water in a
given pipe reach, can be expected to predict an
underdamped motion for the practical case, As well
as being dependent upon R, the resufting mation is
also dependent upon the inflow Q). If Q| is periodic,
ihe linear Equation {19} predicts an exponentially
damped harmonic motion which, as time increases,
developes a constani period and amptitude governed
by the period and amplitude of Q). This motion is
illustrated in Figure 3a.

The nonlirear Equation {20) can be expected to give a
somewhat similar result. if Q is abruptly changed;
the linear Equation {19} predicts a resulting motion
which wilt be overdamped or underdamped depend-
ing upon R. If Q; is changed from one constant valug
to a second constant value, a harmonic mation is
produced for the underdamped case. The harmanic
motion is damped out as time increases, eventually -
producing a constant flow Q equal to Q}. Such a
mation is illustrated in Figure 3b. Tke rate at which




Q, is changed (dQp/dt) is also of importance. |f
dQy/dt is very small, then the resulting unsteady flow
will have an insignificant amplitude. As the absolute
value of dQ;/dt is made larger, the resulting unsteady
flow will have a larger amplitude,

In classica! dynamics, systems are checked for
instability with both the periodic and the change-of-
flow rate inputs mzntiongd in the previous two

of interest here, both the periodic inflow and the
change-in-inflow {Figure 3} need to be considered in
the stability analysis. A pulse of input cannot
‘logically occur in the system of interest and need not
‘be considered.

o

. [\ M ﬁ Favvay

“‘S'r.udy - State
omplitude

1

Figure 3Ja. Damped oscillations due to an oscillating
inflow,

9
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/_.Over-du mped motion
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Figure 3b. Flow rate due to a sudden cutback in mflow

Typical types of unsteady flow,

o

Figure 3. Typical types of unsteady flow:

o
e

Periodic Inflow

Instability arising as a result of periodic inflow has
been investigated by Holley.* In his report, Holley

- equation of motion for a sinusoidal incoming flow

paragraphs as vreli as with a pulse input.” In-the case

“zand period of motion resulting from periodic inflow,

U VR

- greater. than 1.0. Thus, for Q./Qp,

generated numerical solutions to the nonlinear

Q) = Qpy, sin(2mt/T,) + Q

where Qp, is the amplitude of the fluctuating flow
occurring with period T, superimposed on the
steady-state flow rate Q. Holley formulated his
dimensionless equivalent to Equation (20) as

d2(Q/Qp,) am T, Q ldco/om)
aT/T2 * 2R Qo Toe[Oai 27T}
2 2
+ an2 qu£=4n2 To” O (21)
T2 Om Tyy2 Ym

The solution of Equation {21} yields the amplitude

Figure 4 shows Holley's results for two values of

Q,/Qp,. Resonance is seen to occur at T,/Ty = 1.0

just as would occur in a linear system. The ordinate ;
represents the amplification. of .the .incoming flow e
fluctuations. In order to insure that fluctuations of
excessive amplitude do not arise, fluctuations
entering one reach should not be amptified in passing
through that reach. |t would be desirable if they ‘
couid be diminished.

Two methods of control are immediately-“obvious
from Figure 4. The first and most obvjous method -
would be to make the damping {resistance to fiow)
large enough to insure that amplification does not
occur. The second method (the method of control
used on Coachella) is to -insure that the natural
periods of successive reaches differ sufficiently to
make amplification impossible.

- a
In order to . Lse F1gu"°/4 effectivety, it is first
necessary, 1o insure that{f‘. sues of @ /Qm of 1.0 and
2.0 camreasonably be e,\pected to occur in a pipeline
svsrﬂm Table Il was prepared using the values
raported by Holley basad on his {aboratory study.?
- Values of Q./Qp, are seen to vary widely but appear
1o encompass 1.0 and 2.0, as well as both larger and
smaller values. '

(e

If the amplitude of the resulting fluctuation in Q is
greater than the amplitude of the incoming periodict
disturbance Q. amplification has occurred. On
Figure 4 amplification oceurs any time (Q—Q}/Q, is
= 1.0, amplifica-
tion oceurs whenever 3/Q, is greater than 2.0 or less

than zero,




8
am

£
E
-
5
=}
®
]
E
E
ols

mox  ond min/

-R_O_m!:
2T Qo

-

Magm!ude of I
L

Infiow
OsCIIlchuns

N
\

SURGE FOR Us/Qm=!

___(

on ) ]
”__ 7/'
Y

a 4
Mognityde of
Inflow
Osritlationa~

T

Lo
Yol 1~
SURGE FOR Qg/Qm=2

Figure 4. Magnitude of discha.gE;mge;

Examination of Figure 4 indicates that, regardless of
the value of {R/2m} Q/Q,, amplification cannot
occur if To/Tpy is less than 0.7, For large values of
To/Ty (2.0 or greater) amplification will not occur if
(R/2m) Q.,/Qg s at least 1.2 for O/Opy = 1.0 and 0.5
for Qg/Am = 2.0

If a disturbance (a'sudden change in flow rate or an
oscillation produced by entrained air] occurs in an
underdamped reach, the outflow will have a period
approximately equal to the natural periad of that
reach. Passing through the succeeding reach, depend-
ing upon the values of (R/2mQnL/Q, and Ty/Ty for

Tabie 1l

DIMENSIONLESS DISCHARGE RATIOS FROM
A SURGING MODEL PIPELINE

Qm

Q | o
{cfs) {efs) {cfs)

Qy/Op,

0.02
0.04
0.06
0.08
0.10
0.12
0.14"

0.166
0.166
0.166
0.166
0.166
0.166
0.166

10.041
10.048
10.020
1n.008
+0.011
+0.028
*0.019

0.50
0.91
5.88
16.67
14.30
4.00
4,75

Values of Qg and Q, are taken from Hollev?,
Figure 17A - Low head loss,

reach, the ascillation may be
somewhat reduced, :.7affected, or amplified in
amplitude. However, “unless great amplification
occurs, the period of oscillation will not be changed
significantly,

this succeeding

Changes in Inflow Rate

When the flow is suddenly cut back, the inertia of the
water in motion carries it on through the system.
Resistance in the form of fluid friction opposes the
inertial movernant, The water surface at the upstream
end drops and the driving force decreases, finally
becoming a restoring force if the upstream level falls
to an elevation lower than the downstrearn level. The
solution to Bquation (20) describes this motion. Here
again if B is large enough, the transition from one
flow rate to a smaller one will occur without resulting
unsteadiness. However, if R is small compared to 4n,
oscillations about the final steady-state flow rate Qf
can occur, 1f the oscillations are large enough, the
upstream water surface could rise into the structure
causing overtopping.

in order to study surging caused by sudden flow
change, Equation {20) had to be solved numerically.
Because Equation {20} is a second-order nonlinear
differential equation, it was necessary 10 write it as
two equations — Equations {2) and {11). These two
equations, made dimensfonless in accord with
Equation {20), become

d(Q/Q,) Q L, 2v1A1
—_— —_—— +
dTy) |G 00 A BT

ax2 Y2711 y2h =0
QoTN




and {23)

(i)
o'N/ O @
dit/Ta) Oy Qg -
A Runge-Kutta method of solution was used in the
numerical simultaneous solutions of Equations (22)
and (23).® The program used is listed in the
Appendix. .Actually the selution of Equations (22)
and {23} is a six-parameter problem. The parameters
are Q/Q,, /TN, A1/A9, Op/Q,, R, and d{Q,/Q,)
d{t/Tyy) where

t/Ty)
Q) = 1+ %%’T_‘m’ divTy) (2]
0

Looking at Equation (23}
y1A1/QpTN and y2A1/0,Ty to also be parameters.
However; y1 — v2 is fixed by the head loss occurring
between the two structures at the design flow Q,.

one might expect

The dimensionless elevation y1A1/Q,TyN is deter-
mined by Q/Q, and t/Ty and, thus, is not
independent. g

Two occurrences are of interest in the solution of
Equations {22) and (23). First, if the flow becomes
negative (moving upstream), it will unwater the
downstream tower rapidly. Sscond, if the upstream
water surface rises to the top of the upstream
structure, overtopping will occur.

Figure 5 shows the effect of resistance on the flow
rate Q/Q, for given values of d{Q/Qu}/d{t/Ty),
A1/Ag and QE/Q,. As R increases, the maximum
amplitude becomes smaller with almost no fluctua-
tion arising for R = 10. With A4/A5 = 1.0, Figure &
corresponds ta a pipe check. For a pipe stand, A (/A5
is much larger than 1.0 (Table I). The pipe stand
provides additional storage and thus can be expected
to decrease the amplitudes of fluctuation to smaller
values than those of Figure 5, other conditions being
equal,

1

/

i/

\/j’

N/

z.5

t77y

Figure 5. Effect of resistance on the flow rate.
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Figures 6 through 15 {at end of report) show Q/Q,
and y1A{/Q,Ty for various combinations of R,
Qg/Q,, Aq1/A and the cutback rate
d{Q;/Q)/dit/Ty). Not all solutions obtained are
represented in the figures. Only those depicting
special conditions were graphed. In all solutions,
except where Q became negative, Yo was taken 10 be
constant. Actually, it will'vary somewhat since the
downstream structure acts as a weir and y5 must be
relatively large for large positive flow rates. However,
it is Yy —Y2 which is really important in the sofution
since this elevation difference represents the driving
force. Because y¢ undergoes large changes with
respect to fime, the minor change of y5 for positive

flows was neglected. Figure 12 shows a case where yp -

actually decreased because the flow rate Q became
negative. Figures 8 and 15 illustrate more drastic
cases.

In Figures § through 15, wherever y1Aq/Q Ty rises
above its value at t/Tpy = 0, overflow of the upstream
structure is predicted. In some cases such as that
represented by Figure 8, overflow occurs despite the
fact that Q/Q, never becomes negative. However,
that is a case of rapid cutback of inflow and [ow
resistance such as might be expected in a short reach,

The periods of flow in Figures B through 15 are seen
to be nearly equal o the natural undamped frequen-
cy of the system. Although damping decreases the
natural period, in the cases shown, damping is smail in
comparison to the inertial forces and, hence, has a
relatively small influence,

The relative influence of cutback rate is demonstrated
in comparing Figures 13 and 15. Slow cutback rate is
seen to produce almost no fluctuation {Figure 13)

while rapid cutback {Figure 15) produces. large -

fluctuations and even negative flow.

Maximum and minimum values of Q/Q, are
summarized in Figures 16 through 21 for ail solutions
obtained. Those figures show the extreme values of
Q/Q, for the values of R, A4/A; Qf/Q, and
cutback rate. Magnitudes of extreme values of 1/Q,
are seen to be increased as the cutback rate is
increased, as R becomes smaller, as Qp/Q, becomes
smaller, and as A /A5 becomes smaller.

However, as demonstrated by- Figure 16 there are
cases where magnitudes of extreme fluctuations are
reduced as d{Qq/Qu,)/d{t/Ty) is made larger. For
instance, in Figure 16 with R = 0,5, the maximum
value of Q/Q,, is 0.32 for d{Q;/Q,)/d{t/Tyy) = —0.5
and 0.24 for d(Q}/Qg)/d{t/Ty) = —0.75:

When a cutback in flow rate is started, the system is

immediately set into unsteady motion with natural
period Tp. The cutback reinforces a decreasing flow
rate and diminishes an increasing one. If the cutback
rate is very stow, its effect is distributed over many
periods, and thus its net effect is a small oscillation. If
the cutback rate is large, its effzct.is felt over only a
fraction of a total period, and a relatively large
oscillation occurs. . ’

However, there is a small range in cutback rate at
which the accelerating effect of the cutback,
occurring during the first half of the first period in
which discharge is falling, is counteracted by the
decelerating effect during the second haif of the first
period. I the cutback rate is slightly less than this, it
acts over more than one accelerating period, -
producing a slightly larger fluctuation., .

As pointed out in an earlier section, the overtopping
of a structure occurs when yq rises to the top of the
structure. Thus, critical values of cutback rate can be
observed by looking at the motion pattern shown in
Figures € through 15, where y1A{/QgTyy curves with
flat tops such as Figure 12 indicate that overtopping
of the upstream structure would oceur.

The extreme movements- of the upstream water
surface have been summarized in Figures 22 through
27. In those figures the diagonal {ine going upward to
the right is the difference between the tops of the
upstream and downstream structures for steady flow
[Equation (22) with d{Qy/Q.)/d{t/Ty) set equal to
zero]. As.Equation {22} indicates, this difference in
elevation (in dimensionless form) is determined by R
alone with- D{Q/Q/d(t/Ty) is zero (steady flowl
and Q/Qg= 1 {design flow).

The other lines in Figures 22 through 27 are the
extreme rises in upstream water surface elevations
produced by particular cutback rates for particular
values of R, Qp, and Aq/A3. Whenever a line for a
particular cutback rate crosses to the left of the
diagonal line, overtopping has occurred.

The effect of increasing storage in the upstream riser
{making A /Ay larger) in general makes it possible to
cut back at a faster rate without overtopping than
could be done with a pipe-check structure, The effect
of the resistance (R) is already seen. For a design
situation, a cutback rate couid be chosen at which -
overtopping would not occur in a pipe reach for
which the values of R, Aq/Ag, and Qp/Q, have been
calculated.



CORRELATION WITH FIELD
EXPERIENCE

Previous Field Tests

The Coachella and Canadian River systems provide
the bulk of the history which can be related to the
phenomenon of surging in low-pressure pipeline
systems. As mentioned earlier, the Coacheiia system
was constructed with pipe reaches having almost
identical natural periods, and a resanant condition
was reached. The recommended remedy invoived
niacing covers over adjacent pipe stands to effectively
change the natural periods of the reaches.! A review
of the Project Record for Coachella for 1955 and
1958 shows that this system of control has not
always been successful, but that the operators have
fearned how to avoid trouble in most cases. :

Examination of Figure 4 can vield a possible
explanation for the failure of airtight lids to work in
all cases. [f the period of a reach is effectively
increased, an oscillation entering it may not be
amplified. However, when passing into a following
reach, amplification can take place since at that point
To/Ty will be greater than unity, and R is small.
Project records also indicate that problems with
surging arise when discharges are changed.

The Canadian River system was tested by personnel
from the Hydraulics Branch and the Project in 1968,
Observations-showed that flow occurred smoothly
and trouble free at design flow. However, upon
cutting back from design flow, surges developed
which overtopped four structures. Two of the
overtopped pipe-check structures were subsequently
replaced with pipestand structures (large Ag/A2).
Subsequent tests by project personnel in 1989
produced overtopping of only one pipe-check
structure when the flow rate was changed.

Canadian River Tests, 1968

Table 11 shows values of (HIZn)OmIOO, To/TN, and
amplification factors as computed for the Main
Agueduct of the Canadian River system as they
existed in 1968. A value of Q,/Q, = 0.29 was
assumed in computing {R/27) Q,/Q, since that is the
maximum value indicated in Table I, T, /Ty was
computed as the ratio of the natural periods {Ty) of
each pipe reach and the reach immediately preceding
it (Tgy). Maximum amplification factors are also
shown in Table Il RQ,/21Q, = 0 to indicate the
possible range of amplification.

Examination of the maximum amplification factors
contained in Table Il indicates five reaches in which

~No trouble was

severe amplification might have been expected

(Stations 2976, 3617, 5260, 5356, and 6701}). Of

these five, only Station 6701 overtopped in actual

operation. When the amplification factors computed

with Q,/Q, = 0.29 are #xamined, only Stations 6701

and 2978 indicate possible trouble due to resonance.

observed with Station 2976.-
However, it was near the upstream end of the system

and was probably not subject to incoming oscillations

as severe as those entering structures farther
downstream.

During-, operation, overtopping of structures also

occurred at Stations 5445, 7788, and 7919. At none
of these locations could resonance with the structure
immediateiy upstream have been a problem, Station
5445 probably overtopped because of the combined
amplification occurring through the structures up-
streamn from it. Overtopping of the: structures at
Stations 7788 and 7919 appears to be more subtle,
Amplification factors for these structures do not
appear to be severe,

However, no consideration is given to resonance with
structures farther than one reach upstream. Table |
indicates that several reaches upstream have periods
nearly in resonance with Station 7788 or 7919. A
periodic surge generated upstream could pass through
several reaches without being amplified before
reaching one where large amplification occurs. Thus,
a disturbance generated at Station 5260 or 5356
might very well receive large amplification at Station
7919 since, unless overtopping occurred somewhere
between these two stations, the period of the surge
would remain relatively unchanged. Simitarly, a
disturbance generated at Station 5445 or 7232 might
cause severe problems at Station 7788.

Canadian River Tests, 1969

" A review of the discharge records for the 1969

Canadian River ‘tests as recorded at the Kress
flowmeter at Station 5080 show that a change of
discharge from 40 to O cfs taok place in about 4-1/2
minutes. For that reach the rate corresponds to
dimensionless cutback rate d(Q)/Qul/d(t/Tpy) =
~.50. Using the values of R shown in Tabte I, Figure
27 indicates that none of the structures should have
been overtopped. Only the structure at Station 8026
was overtopped, and that only slightly. However, the

- ratio To/Ty is 4.4 for the reach following Station

8026 and the value of RQp,/2Q, is 0.48 as seen in
Table 11l. Figure 4 shows that amplification might
well be expected in that reach. Thus, overtopping of
that structure might have been expected.




Table 1]

CANADIAN RIVER SURGE DATA

Amplificationt
(Qmax ~ Qs Qpyy

RO,
Maximum Using ZmQ,

Station Qg RQpn HQm)z' 0 fram
{ft) : 2rQ, 2nQ, Column 3

1882 '
+2430 0.06 1.4
2976 0.08 g . ) >5.0
3044 0.15 . 0.4
3275 0.06 . 05
3617 0.34 . >5.0
3777 0.27 . 1.9

4050 0.54 . 0.2
4525 0,24 . 1.4
5107 : 0.14 ) 1.5
5260 0.20
5356 022 .

+5445* 0.08 ) 1.5
5744 0.09 £ 0.6

+6701* 0.09 .
7232* 0.09 ] 1.9
7487 0.32 . 0.3
7715" 0.06 ) 1.4

+77838" 0.08 ] ) 1.2

+7919 0.20 . : 0.3
8026" 0.48 ] 1.4

T Amplification factors from Qg/Qy, = 1,0 curves, Figure 4a

® Check structures :
+ Structures which experienced overflow during the 1968 tests

SIMULTANEQUS CONSIDERATION fltow to move upstream into the upper reach. That
OF SEVERAL REACHES condition already violates the desired design condi-
. ' tions. In other words, the surge is already beyond
T tolerable limits, and it is of little consequence to
At the outset of this study it was planned to consider _Khiow how much worse it gets. 5
several reaches simultaneously to see what the mutual & ‘
effect of one reach was-on the remainder. However, Thus, the condition of interest is only the effect of
when this problem was formulated mathematically, it inflow on any given reach. If the reach does not surge
was found that the system of equations was singular. excesively for the frequency land rate of decrease
Practical consideration of the problem showed that expected in the inflow, it will be satisfactory.
this ‘should have been expected. The only way @ Consideration of each reach for these conditions
- downstream reach can affect an upstream reach is for should result in a satisfactory overall design.

et
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Dimensionless discharge variations as a function of dimensionless time.
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Dimensioniess discharge variations as a function of dimensionless time,
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Range of dimensionless discharge as a function of the dimensionless discharge cutback ratio,
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Surge amplitudes as a function of the resistance coefficient.
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APPENDIX

COMPUTER PROGRAMS FOR DIMENSIONLESS AQUADUCT PARlAMETERS
AND AQUADUCT‘ SURGE CHARACTERISTICS
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USER'S HANUAL = PRD 1532 = aQSURG - PAGF 2
EESsaNguSNBNGGEARERNERERURARENERNEES Rat24,72

11=20 THE INITTAL WATER SURFACE ELEVATINN AT THF OPWNSTRFAM  FND
IN DIMENSIONLESS FORM, Y21

21=-30 THE MAXIMUM POSSIBLE UPSTREAM WATER SURFACE ELEVATIAN IN
DIMENSTONLESS FORM. YIM

31=-40 THE MaXIMUM POSSIBLE DOWNSTREAM WATFR SURFACT ELEVATION IN
DIMFNSIONLESS FORM. Y2H

41=50 THE FIMITE TIME INTEPVYAL.s D1
51=n0 AREA RATIO OF Al/A2. AR
&£1~70 MAXIMUM TIME OVER WHICH THE ANALYSIS 15 MaDEa. THAX

SECONMD CARD

THE SECaND CARD IS5 FILLEM QUT AS FOLLOWS:

COLUMNS 1~-10 THE DIMENSIONLESS €1 TBACK RATE TDIQI#G0}/N(T/TN) «
net .

11-20 THE FIMAL DIMENSIORLFSS DISrMAAGE AFTFR CUTBACK. QF
21-30 THE DIMENSIONLESS MAMPINGIFRICTION) COEFFICIFNT. R

A1-40 THE MIMNIMUM POSSIBLE UPSTREAM DIMENSTONMLESS WATFR  SURFACE
ELEVATIONS TIMIN

41-50 THE MINIMUM POSSIBLE [DOOWMSTREAM DIMENSIONLESS WATER
SURFACE ELEVATION, YZMIN

SUBMITTAL INSTRUCTTONS

THE NUMRER DF SFTS OF DATA SUBMITYED IS NOT LTMITFD. HOWFVFR-
EACH SET MUST CONTAIN TW0 DATA CARDS IN THF ORMER  MFNTIONED
ABOVE.

QUTPLT

THE bASIC IMPUT VARIABLES ARE PRIATFD. THIS T5 FriLOWFR AY A
PAGF 3

LIST OF DISCHARGES AND WATER SURFACF ELEVATINNS FOR THE TTHE
TNTFRVAL WHICH WAS CHOSEN.

USER'S HMANUAL - PRO 1532 - rQsUsG PAGF 4

SES RN NS T YU AR NvE AR EERE N RSy Nal24472

APPENDTIX &

FORTRAN LISTING

€ PRAGRAM FOR SOLUTINN OF SURGE EOUATION,

102 READ(2410NI0TaYPTaY1MaY2MaTIT 4R THAY
100 FORMATEIF10,2)
FALL EFOF ()
tFtJ«FGR.1} CALL EXIT
BEAR(2 W 10NIDOEWNF R YIMINSY2MIN
CAMPUTE PARAMETERS FOR DIFFERFNTIAL EQLATION
ST4.83.141623,1416
=01
DFTFRMINF STFADY STaTF UPSTREAH wWATER ELFVATION.
_ YLIZRaQeQ/S+Y21
TEAYIMoLE.YITIYIM= Y11
WRITE QUT HEADINGS,
16} WRITEr342031Q1+NQT+QF sR2AR Y11 ,¥2T 1M, Y2M
203 FORHAT{LHl44H QT=4F5,2,1H NEI=4FS5. 2480 QF=.F4.2,%H R=+Ffe249
1H BUZAZ=FT.2/745H YLIT2aFG 2, 7H Y21=WF5,2.7TH YIM2.F5,2.TH
PYEM=LF5.272/)
WRITE(3,20})
201 FOPMAT(SIH T ni Y2744
SET INITIAL CONDITTONS
18 y2=v21
¥l=vir
T=0.
. WRTTF QYT CONDITINNS,
1 WRITE(342N0)T«QaQ14Y1,Y2
700 FORMAT(IFIN.2.7F10.3)
12=Y2
CHFCK TO SEE IF SOLUTION 15 COMPt £YE.
TFIT=THAXI 2424102
SOLVE
2 ni=q
nYTi=Q0l=n
NAT1=8"({Y1=YZ}=REABS(Q}oQ
TF{QI~DOF) 14418413
NI=Q1«0071eGT
TF((CT=-RF).LE.D,301= GF
GO TQ 15
AT=0F
pYT2=al=-0

Y1sYi+(OYT1+DYT20NIT/2, PAGE 5
PFIY1.LE.YIHINIYISYLIMIN Nas24iT2
NAT2=80 (Y ]1=Y2}=R#ABS(Q} 00

AR+ (NOTI+NATPIoDT/2.

T=T+TT

v2=Y2+OTHAR® (Q+0R) /2.

TF(YZ2.LE.Y2HINYY22Y2HIN

TFIY2-T211545.20

¥e=Y2T

TFIY1=Y1MITeT4h

Yl=YiM
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FNO




7-1750 (3-71)
Burseu of Reclamorien

CONVERSION FACTORS-BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Bureau of Reclamation are those published by the Aunerican
Society for Testing and Materials (ASTM Metric Practice Guide, £ 380-88) except that additional factors ")
commonly used in the Bureau have been added. Further discussion of definitions of guantities and units is given in
the ASTM Metric Practice Guida.

The metric units and corversion factors adopted by the ASTM are based on the “International System of Units”’
(designated S| for Systeme International d'Unites}, fixed by the International Committee for Weights and
Measures; this system is alsa known as the Giorgi or MKSA [meter-kilogram {mass)-secand-ampere} system. This
system has been adopted by the Enternational Organization for Standardization in ISO Hecommendation R-37.

The metric technical unit of force is the kilogram-force; this is the force which, when applied to a body having a
mass of 1 kg, gives it an acceleation af 9,80665 tm/sec/see, the standard acceleration of free fall toward the earth's
center for sea fevel at 45 deg latitude. The metric unit of force in S| units is the newton (NI, which is defined as
that $oree which, when applied to a body having a mass of 1T kg, gives it an acceleration of 1 m/sec/s=c. These units
must be distinguished from tha {inconstant} Jocal weight of a body having a mass of T kq, that is, the weight of a
body is that farce with which a body is attracted to the earth and is equal to the mass of 2 body multipfied by the
acceleration due to gravity. However, because it is general practice to use “pound” rather than the technically
carrect term “pound-foree,” the term “'kilogram™ {or derived mass unit} has been used in this guide instead of
“kilogram-force™ in expressing the conversion factors for forces. The newton unit of force will find inereasing usa,
and is essential in S1 units.

Where approximate or nominal English units are used to express a value or range of values, the converted metric
units in parentheses are also approximate or nominal. Where precise English units ate used, the converted metric
units are expressed as equally significant values. .

Tabte |

QUANTITIES AND UNITS OF SPACE

Multipty By To obtain
LENGTH
Mil . 258 (exactlyl ... ... e Micran
Inghes . ...........,... 284 exactly) ... ... Millimeters
Inches . .............. 254 dexactivi® L ... L. L. ... Centimeters
Feet ..............., 3048 {exactly)l . ... . ... Centimeters
Feet ................ 03048 (exactly)* ... ... ... ... ..., Meters
Feet .............,... 0.0003048 {exactly)” Kiometers
Yards ... ............ 09144 fexactly} , .. ........... 1570 “Meters
Miles {statute} .......... 1,609,344 {exactly)™ L F - Meters
Mites ..., ........... 1608344 (exactly) ., ............. Kilarmeters
AREA
Square inches . . . ., f e G451 16 exactly) .. ... ........ Square centimeters
Squarefeet ... ......... 2903 L. .. e Square centimeters
Squarefeet . ........... 0092803 ....,.......c.. . ..., Square meters
Sguarevards ... ........ 0836127 . ... . " . . Square meters
ACTES « . i i i c ., 040469 L .. L. e - Hectares
ACTES v v u v i v v v e e e AOABY . e e Square meters
ACTES . v ey e e it 0040483 L L. .., e e e e Square kilometers
Squarewmiles . ...,....... 288999 .. ... ... L., Square kilometers
VOLUNME
Cubicinches .. ......... 183871 ., ... e Cubic centimeters
Cubicfeet ... .......... 00283168 ... ... ... vt Cubis meters
Cubicyards . ........... Q764655 ., ... .. ... .. . ..., Cubic meters
CAPACITY
Fluid ounces (US) ... ..., 295727 L. L e e e Cubic centimeters
Fluid ounces {(US) ., ..... 295728, ... L e Miliititers
Liguid pints (US) . .. .. ... BAT317S e e vunic decimeters
Liquid pints (US} . .. ... .. = DA47T166 . ... . i e Liters
Quans{US) ........... B - - Cubic centirmeters
Quarts (US) ........... "OQ48331 L. L. L e VLiters
Gatlons (U5 ... ... ... .. 378543 L L Cubi¢ centimeters
Gallens(US) . ... ....... 378543 ... L e Cubic decimeters
Gallens{US) ........... B 1 2 = S Liters
GallonsiUs) .. .. ......,. 000378543 . ... L. .. i Cubic meters
Gallons{UK.} .......... 454600 . ... ... Cubic decimeters
Gallons (VLK) ... ....... 488898 . .. ... e e Liters
Cubicfeet . ............ B3BO ., ... e e Liters
Cubicyards . ........... TIBABE L L. e I.. .. Liters
Acrefeet ... ... L. 12335 L e e, Cubic maters
Acrefeet .. ... .., ..., B T < v T Liters

39
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Tahle 1}

QUANTITIES AND UNITS OF MECHANICS

Multiply

By

To vhtain

MASS

Grains (3/7.000 1b)
Tray ounces B0 grains)
Qunees (avdp)

Pounds [evdpl

Shart tons (2,000 1k}
Shart tons (2,000 1o}
Long tons (2,2401b)

BA. 79897 (exactiy}

31.103%

28.3495

0.45359237 (exactiy) .. ..

Kilograms
Metric tons
Kilagrams

FORCE/AREA

Pounds per sguare inch
Paunds per syuare inch
Pounds per square foot
Pounds per squarg foot

9.070307
0.689476

47,2803

KiHograms per square centimeter
Newtons per square centlimeter
Kilograms per square meter

MASS/VOLUME (DENSITY}

QOunges ger cubic inch

Pounds per cubic footr . ... . L.

Pounds per cubic foot
Tons (lang) per cubse yard

1,72999
16.0185
0.0t60185

Grams per cuhic centimater

Kilograms per cubic meter
Grams per cubic centimeter
Grams per cubic centimeter

Dunces per gatlon (U.S.)
Dunces per gallon (WK}
Pounds per gallon (U.S.}
Pourds per gallon (UK.}

Grams per liter
Grams per liter
Grams per liter
Grams per liter

BENDING MOMENT OR TORQUE

inch-paunds
Inch-pounds
Foot-pounds
Faot-pounds
Fopt-pounds per inch
Qunce-inches

0.011523
1.12085 x 108
0.138255

1.35582 x 107

Meter-kilograms

Centimeter-dynes

Meter-kilograms

. Centimeter-dynes
Centimeter-kilograms per centimeter
Gram-gentimeters

Table 11-Continued

Multiply

By

To obuain

WORK AND ENERGY”

British thermal unizs |Btul
British thermal units {Btu)
Sty per pound
Foot-pounds

2,326 {exactly)
*1.38582

Kilogram calories
Jouyles

Joules per gram
Joutes

Horsepawer
B per hour
Foot-poynds ner second

Bt in.fhr 12 degree F {k,
thermal conductivity)
Bt in/hr ft2 degree F (k,
thermal conductivity}
Btu ft/hr ft2 degree F
Btu/hr 112 degree £ [T,
thermal conductance}
Btu/hr ft2 degree F {C,
thermal eonductance]
Deciee ¥ hr 112/Bw (R,
thermal resistance}
Btu/th degree F (&, heat capacity} .
Btu/lb degren F
Ft2/hr (thermal diffusivity)
#12/hr f1hermal diffusivity)

Milliwanis/om degree C

.+ . Kgcatthr m degree C

Kg cal m/hr mZ degree C

Milfiwarts/em? deqree C

. . Kigcal/hr m2 degree C

Gegree C cmzfmll[iwar!
J/g degree C
Calfgram degree C

Grains/hr #2 (water vapar}
transmissian}

Porms {permeancel

Peren-inches (permeability)

Grams/24 hr m2
Metric perms
Metric perm-centimeters

VELOCITY

Eeet per second
Feet ger second
Feet per year
Miles per hour
Miles per hour

30,48 {exactly)
0.3048 fexactlyl”

"0.965873 x 108
1.600344 [exactly)
0.44704 {exacily)

Centimeters per second
Meters per second
Centimeters per secand
Kilometers par hour
Meters per second

ACCELERATION®

Feet per secand?

., Meters per second?

Table 1§

OTHER QUANTITIES AND UNITS

FLOW

Mulziply

Ta abtain

Cuhic feat per second
{second.feetl

Cubic feet per minute

Gallens {4.5.) per minute

"0.028317

Cubic feet per square 1001 per day (seepage) z
Poung-seconds per squara foo1 (viscosity) "3.0824

Sguare feet per second (viscasity)

*0,092303 . |

vs o« LitErs per sQuaie meter per day
Kilogram second per square meter

0.4719

Cubic megters per second
. Liters per second
L iters per second

*0.453502
*4.4482

Square meters per second
Fzhrerheit degrees {change) ® . S/ exactly . .., Celsius or Kelvin degrees {change} ™
Volts per mil | 0,03937 Kitovolis per millimeter
Lumens per square foot (foot.candies) 10764 ., .., Lumens per square meter
Ohm-circular mits per foot 0.ODIGB2 . ., .., Dhm-square millimeters per meter
Millicuries per cubic feog "35.3147 « Millicuries per cubic meter
Milliamps per square foot "10,7639 Miltiamps per squate meter
Gailans per square yard *4.627219 Liters per square meter
Pounds per inch "0,17858 Kilograms per centimeter

GRO ga4 -377
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REC-ERC-72.28

Cassidy, J J

CONTROL OF SURGING IN LOW-PRESSURE PIPELINES

Bur Reclam Rep REC-ERC-72-28, Div Gen Res, September 1972, Buteau of Reclamation,
Denver, 37 p, 27 fig, 3 tab, § ref, append

DESCRIPTORS~/ “pipelines/ “surges/ closed conduit flow/ fluid flow/ fluid mechanics/
hydraulics/ asciltations/ *Water pipes/ momentum
IDENTIFIERS—/ “pipeline surges/ Canadian River Project, Tex

REC-ERC-72-28

Cassidy, J J

CONTROL OF SURGING IN LOW-PRESSURE PIPELINES

Bur Reclam Rep REC-ERC-72-28, Div Gen Res, September 1972. Bureau of Reclamation,
Denver, 37 p, 27 fig, 3 tab, 8 ref, append

DESCRIPTORS—/ “pipelines/ "surges/ closed conduit flow/ fluid flow/ fluid mechanics/
hydraulics/ oscillations/ *Water pipes/ momentum
IDENTIFIERS—/ *pipeline surges/ Canadian River Project, Tex

REC-ERC-72-2B

Cassidy, J 3

CONTROL OF SURGING IN LOW-PRESSURE PIPELINES

Bur Rectemn Rep REC-ERC-72-28, Div Gen Res, September 1872. Bureau of Reclamation,

Denver, 37 p, 27 fig, 3 12b, 8 ref, append

DESCRIPTORS—/ *pipelines/ “surges/ closed conduit flow/ fluid flow/ fluid mechanics/

hydraulics/ oscillations/ *Water pipes/ momentum
IDENTEFIERS—/ “pipeline surges/ Canadian River Project, Tex

REC-ERC-72-2B

Cassidy, J 3 G

CONTROL OF SURGING IM-LOW-PRESSURE PIPELINES

Bur Reclam Rep REC-ERC-72-28, Div Gen Res, September 1072, Bureau of Reclamation,
Denver, 37 p, 27 fig, 3 tal, 8 ref, append

DESCRIPTORS—/ “pipelines/ “surges/ closed conduit flow/ fluid flew/ fiuid mechanics/
hydraulics/ oscillations/ “Water pipes/ momentum .
IDENTIFIERS—/ *pipeline surges/ Canadian River Projuct, Tex




