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Gravitational acceleration 
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PURPOSE 

This study was conducted i n  order to establish valid 
parameters for use in the design"of low-pressure pipe 
systems by predicting the amplitude and frequency o f  
possible unsteady f low occurring at f low rates less 
than the design value. 

CORCLUSIONS 

Pipelines designed to  produce an hydrbulic gradient 
roughly parallel to the ground profile are inherently 
underdamped when operating at less< than design 
discharge. Thus, when operatiny at less than design 
f low rates, any unsteadiness in the f low 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 i n  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 wi l l  not  magnify 
incoming surges i f  it has a natural period greater than 
1.43 times the period of the incoming disturbance. I f  
a reach has a natural period which is less than 1.43 
times the period of an incoming surge, the surge will 
be amplified unless sufficient resistance to  flow exists 
within the reach. 

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

This report describes a study centered around experi- 
ences with the existing Coachella and Canadian River 
1ow.pressure pipe systems. The results of this study 
could lie used directly in the design of low-pressure 

li 
systems to control the amplitude of the free-surface 
fluctujrtions. Many studies have been made i n  the past 
to compare the results of one.dimensional analysis 
wit!?actual f low conditions, and there appears to be 
l i t t l e  reason to doubt that actual conditions agree, to  
a reasonable degree, with analytically calculated 
results. 

'Superscripts indicate references at end of report. 

distribution system Is defined as one designed fo 
produce an hydraulic gradient roughly parallel with 
the ground, with discharge controlled at the upstream 
end of the system. In  order t o  prevent these pipe 
systems from draining completely when the dircharyc 
is shut off, check structures are constructed at 
intervals along the pipelines. 

.. 

Typical check structures are illustrated in Figure 1. 
The pipe system carrying water from the Coachella 
Branch o f  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. Although the 
former system carries water for irrigation, and the 
latter for municipal purposes, the dynamic character- 
istics o f  the two systems are basically the same. 

FQUW 1 T y p d  plpe-check and pipe-$rand rtruciures 

When the Coachella system was placed in operation in 
1948, unsteady f low and resulting operational 
difficulties arose almost immediately. Although 
inflow to  the system was steady, the f low in some 
sections became quite 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.2 

When the Main Aqueduct 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 f low was 
difficult to establish for rates below the design value. 
Overtopping was noted at three structures when the 



f low rate was decreased to  a final discharge 
substantially below the design value. 

As a result of the experiences on the Coachella and 
Canadian Rivers, corosiderable study was initiated, 

:,.some of which has slready been n~ted, ' .* .~.~.  This 
study represents an attempt to  analyze the problem 
of unsteady f low in low-pressure pipe dicvibution 
systems as a problem in dynamics. A teview was made 
of all available published and unpublished results i n  
order to arrive at representative system parameters 
and t o  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  f i t  into the current analysis best. 

. . 
The results o f  the analysis are pet forth in a form 
which should be useful t o  designers interested in the 
analysis of unsteady f low in a low-pressure pipe 
disti ibutiori system. . . 

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

Not -li possible combinations of parameters have 
been included i n  these numerical results. However, a 
listing o f  the program is included in the appendix and 
can readily be used to  make further analyses as 
reouired. 

EQUATIONS OF MOTION 

Development 

The equations of motion have been correctly 
formulated by  lover' and by Holley4 but are 
reformulated here because they provide the necessary 
means of systematically analyzing the dynamic 
charactertstics of the pipe distribution system. Figure 
2 illustrates the variables involved. Either Newton's 
second law, F = m (dV/dt), or the unsteady form of 
the Bernoulli Equation: 

may be used in the derivation5. In  Equation (11 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 pipireach. 

Y: 

pipe.-!! it is assumed that flow i s  one dtmensional 
(velocity is everywhere parallel t o  the pipe walls) and 
that elastic effects are unimportant, Equation (1) can 
be integrated over the volume of liquid contained i n  
the pipe reach o f  interest: 

where and H~ are, respectively, the total heads at 
Points 1 and 4 on Figure 2. I n  order t o  integrate the 
left side of Equation (21, reaches of constant 
diameter must be considered. Thus, < 

where hL is the loss in head through the pipe. But 
from continuity 

and avl - - ~ ~ = ~ ~ n 2 = ~ ~ 3  av2 av3 
at 

av A, a v 1 -  2- so that - - 
at a t  AT  

and a!!, av2 A 2  
-=-  - 

a t  at  A, 



lncorporat~ng Equatlon (5) in Equatlon (31 gtves For all pipe checks AZ/Al = 1. and for all pipe stands 
A2/Al is less than 0.125. Table I (next page) ltsts 
values of Z K  for all Canadian River structures. The 
ZK  term i s  never less than 25. Therefore, Equatton '11 a t  

' 2 ds +l ' ds :L 2 ds/ = (f3I can be written as 

gH1 -9H4 - g h ~  dQ -= - TKlQlQ +A 
2 CL,A (Y1 - Y21 (91 

dt A22ZL/A 
The pressure is  zero at both 1 and 4 so that 

with little loss in accuracy. 
2 

v : v1 , -  

H I= -+Y1andH4=-+Y2 Considering continuity in the upstream vertical leg 
29 29 (Figure 2 ) :  

I,\ ,& 
dy 1 

, , 

av2 
o r A 2 ~  i-[:+z+:] =g(Hl - H4 - I tL )  (6) 0, -Al- dt = a  (10) 

where QI i s  the inflow rate from the next upstream 

'-1 '-2 '-3 
Letting Q = V A  Z L I A = - +  -+-. 2 2. 

reach. Equation (10) can be rewritten as 
A1 A2 A3 

d y l  0 1  - Q  
2 

-=- ., 
dt A1 

(111 

and 
v 2  

h 2 = Z K -  
2ll Equations (9) and (1 11 must be solved simultaneouily 

to determine what happens to flow in a particular 
we obtain pipe reach as time passes. 

unsteady flow in a pipeline, ~q i a t i ons  (91 and (11) 
will be combined and rearranged in order to put t h h  

realizin'g ?L;t 0 is  a function only of time. Using . 
In a single classical form. L~.. 

Equation (41 again we can write Equation (7)  as 

Differentiating  lati ti on (9) gives 
2 . , . . 

(81 
Substituting (11) into (12) gives 

.' ,:., 
Now examine the quantity within brackets in Equa. 
tion (8): 

d2a2 ZKIQI dQ glQl . : .  gd,''' - + - + = - -  
dt2 ~A$L/A 

dt A lZL /A  AIZL/A 

The absolute value of Q is  used in order t o  insure that 
using the Darcy-Weisbach form of resistance. For all resistance always acts opposite to the flow, lf it is 
structures on the Canadian River Project A2/A3 =-I. assumed that dy2/dt is zero, as it nearly i s  except for 



Table I 

Station 

DATA ON CANADIAN RIVER PIPES AND STRUCTURES" 

* "Station" identifies structure. Quantities are for pipe downstream from structure. Stationc1882 is Amarillo 
Reservoir; the end o f  the pipeline, Station 8074, is Lubbock E,eszrvoir; Stations marked "t" are pipe checks, 
Station 5744 i s  also a turnout. A roughness o f  0.01-foot was used t o  compute K. 

the case of large amplitude motion, then Equation 
(13) becomes . ,,,,: 

.:. . . 

The form of Equation (14) is nearly that o f  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  Equation (14) depends on the relative 
values o f  the coefficients of dO/dt and Q and the 
nature af QI. If  the coefficient of the resisting or 
damping effect, dq!dt, is small any displacement of 
the water in the pipe will produce a periodic fluid 
motion. 

Equation (14) is generalized by  dividing Q by  Qo (the 
design discharge) and t by TN (the undamped natural 
period of the reach). Thus, 

Q 
Now, taking - as being nearly equal to  unity gives 

Qo 



Equation (161 becomes 

Solut~ons to Equation (:7) are well known6. I t  R = 0 
then the motion of the system will be undamped and 
any disturbance of the flow will produce a motion 
wlth the natural period. 

can be gleaned from studying solutions of the linear 
Equation (19). However, quantitative information is 
obtained from solutions of Equation 115). Using the 
previous definitions of R and TN, Equation (15) can 
be written as 

Thus, Equation (17) can be written as 

The snlutions to Equation (19) will yield considerable 
insight into the behavior of disturbed flow in the 
gipeline. 

I f  R > 4n 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 
amplitude of the incoming fluctuations may or may 
not be amplified depending upon the relative 
magnitude of the period of the incoming flow and the 
natural period of the reach. 

I, 

In order to adapt this discussion and analysis to the 
problem of interest, the magnitudes of R, TN, and To 
which can occur in the real system need to be known. 
Table I shows t h ~  values of TN and R as calculated 
for pipe reaches in the Main Aqveduct of the 
Canadian River Project as originally constructed. 

There is only one reach in which R i s  seen to be 
greater than 4n. Hence, that is the only 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 *.!?on the incoming 
frequency. 

The Actual Surge Problem 

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

The secmd term in Equation (20) represents the rate 
at whlcli energy i s  dissipated by plpe friction. The 
term QIt1, is  equal to unity when the flow rate Q is  
exactly equal to the design discharge, (1,. 

Because of design procedures the pipe runs full 
throughout when Q = 0,. and the hydraulic gradient 
passes through the top of each structure as shown in 
Figure 1. In Equation (91, the first term on the right 
of the equal slgn shows that the dissipation rate is 
proportional to the square of discharge. Thus, if the 
discharge is descreased below 0, the dampmg 
decreases more rapidly than does 0. A pipe reach 
whch had a large enough R value to just be stable 
when flow was taking place at design conditions 
could then become quite unstable i f  the flow rate 
were decreased below Qo . 

ANALYSIS 

Stability 

As noted in the previous section, Ejuation 120). 
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 resulting motion is 
also dependent upon the inflow QI. I f  01 is periodic. 
the linear Equation (19) predicts an exponentially 
domped harmonic motion which, as time increases, 
developer a constant period and amplitude governed 
by the period and amplitude of Ql. This motion is  
illustrated in Figure 3a. 

The nonlimar Equation (201 can be expected togivea 
somewhat similar result. If Ql i s  abruptly changed; 
the linear Equation (19) predicts a resulting motion 
which will be overdamped or vnderdamped depend- 
ing upon R. I f  QI i s  changed from one constant value 
to a second constant value, a harmonic motion is 
produced for the underdamped case. The harmonic 
motion is  damped out as time increases, eventually 
producing a constant flow Q equal to QI. Such a 
motion i s  illustrated in Figure 3b. The rate at which 



Ql i s  changed (dQlldtl i s  also of importance. I f  
dQlldt is very small, then the resulting unsteady flow 
will have an insignificant amplitude. As the absolute 
value of dOlldt is made larger, the resulting unsteady 
flow will have a larger amplitude. 

In classical dynamics, systems are checked for 
instability with both the periodic and the cnange-of- 
flow rate inputs mmtioneii in 1hc previous two 
paragraphs as a!cii as with a pulse input.' In  the case 
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. 

Figure 3% Damped omllations due to an oscillating 
inflow. 

generated numerical solutions to  the nonlinear 
equation of motion for a sinusoidal incoming flow 

v~here Qm IS the amplitude of the fluctuating flow 
occurrng wlt l i  perlod To superimposed on the 
steady-state flow rate 0 .  Holley formulated his 
dimensionless equivalent to  Equation (201 as 

The solution of Equation (21) yields the amplitude 
':and period of motion resulting from periodicinflow. 

Figure 4 shows Holley's results for two values of 
QslQm. Resonance i s  seen to  occur at T o I T ~  = 1.0 
just as would occur in a linear system. The ordinate 
represents the amplification of theincoming f low 
fluctuations. I n  order to insure that fluctuations o f  
excessive amplitude do not arise, fluctuations , . "  

entering one reach should not be amplified in passing 
through that reach. It would be desirable i f  they 
couid be diminished. 

Two methods of control are immedi~tely~obvioua 
from Figure 4. The first and most obvi,uus method 
would be to  make the damping (resisr&ce to  flow1 
large enough to  insure that amplification does not 
occur. The second method (the method of control 

f ~ v e r d o m p ~ d  motion used on Coachella) is to, .insure that the natural 
periods o f  successive rcaches differ sufficiently t o  

"n<. rO~mpad motion make amplification impossible. ,+ 

./' 
I n  order t o u s e  Fiqi7,(4 effectively, it is first 

. . . necessary , to insure that&:ues of Q,l@, of 1.0 and j; 

1 I v ,. svstcm. Table II was ~ r e ~ a r e d  usinu the values 
-. ;: 2.0 can&asonably be elbected to  occu;in a pipeline 

\ 1 rrported by Holley bas26 on his labo&ory study.4 - 
:? Values o f  Qs/Qm are seen to vary widely but appear 

Fngure 3b. Flow rate due to a sudden cutback in inflow. 
ryplcal types of unsteady flow. to  encompass 1.0 and 2.0, as well as both larger and 

smaller values. 
,I" 

Figure 3. Typical types of unsteady flay: I f  the amplitude of the resulting fluctuation in Q is 
greater than the amplitude of the incoming periodict 
disturbance 0,. amplification has occurred. On 

Periodic Inflow Figure 4 ampli&ation occurs any time IQ-Qsl/Qm is 
greater than 1.0. Thus. for Qs/Qm = 1.0, amplifica- 

Instability arising as a result of periodic inflow has tion occurs whenever QIQm is~greater than 2.0 or less 
been investigated by ~ o l l e y . ~  In  his report, Holley than zero. 
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Examination of Figure 4 indicates that, regardless of 
the value of (R/2n) Qm/Qo, amplification cannot 
occur if TonN is less than 0.7. For large values of 
T,,/TN (2.0 or greater) amplification will not occur if 
(R12n) Qm/Qo is  at least  1.2 for Qs/Qm = 1.0 and 0.5 
for Qs/;lm = 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 period of that 
reach. Passing through the succeeding ~ a c h ,  depend- 
ing upon the values of (R/2n:QmlQo and To/TN for 

Table I I  

DIMENSIONLESS DISCHARGE RATIOS FROM 
A SURGING MODEL PIPELINE 

0.166 0.02 ?0.041 CLM; 0.247 
0.166 0.04 +0.048 0.289 
0.166 0.06 t0.020 5.88 0.120 
0.166 0.08 W.008 16.67 0.048 
0.166 0.10 fO.O1l 14.30 0.066 
0.166 0.12 k0.028 4.00 0.169 
0.1 66 0.14 k0.019 4.75 0.1 14 

Values of Qs and am are taken from H o ~ l e ~ ~ ~ ,  
Figure 17A - Low head loss. 

this sb~cceeding reach, the oscillation may be 
somewhat reduced, ::iaffected, or amplified in 

, . 
amplitude. However, - unless great amplification 
occurs, the period of oscillation will not be changed 
significantly. 

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 movernsnt. The water surface at the upstream 
end drops and the driving force decreases, finally 
becoming a restoring force i f  theupstream level falls 
to an elevation lower than the downstream level. The 
solution to Equation (20) describes this motion. Here 
again i f  R i s  large enough, the transition from one 
flow rate to a smaller one will occur without resulting 
unsteadiness. However, i f  R is  small compared to 477, 
oscillations about the final steady-state flow rate QF 
can occur. If 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 (201 i s  a second-order nonlinear 
differential equation, it was necessary to write it as 
two equations - Equations (8) and (11). These two 
equations, made dimensionless in accord with 
Equation (201, become 



A Runge-Kutta method of solution was used in the 
numerical simultaneous solutions of Equations (22) 
and (231.' The program used is listed in the 
Appendix. Actually the solution of Equations (221 
and (231 is  a six-parameter aroblem. The Darameters 
are Q/Qo, tn~. A1/A2, QF/Q~. R, and d(Ql/Ool 
d(t/TNl where 

Looking a t  Equation (23) one might expect 
v1A1/QT~ and v2A1/Q0TN to also be parameters. 
However, v l  - y2 is  fixed by the head loss occurring 
between the two structures at the design flow 0,. 

The dimens~onless elevation ylAl/QoTN is deter. 
mined by Q/Qo and t/TN and, thus, is not 
independent. 

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. Second, 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/Qo for given values of d(Ql/Qo)/d(t/TN), 
A1/A2 and QF/Q, As R increases, the maximum 
amplitude becomes smaller with almost no fluctua- 
tion arising for R = 10. With A11A2 = 1.0. Figure 5 
corresponds to a pipe check. For a pipe stand. A1/A2 
is much larger than 1.0 (Table I). Ths 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. 

F ~ u r e  5. Effect of resistance on the flow rate. 

8 



Figures 6 through 15 (at end of report) show Q/Qo 
and ylAl/Q,,T~ for various combinations of R, 
Q F / Q o ,  Al/A2 and the cutback rate 
d l / Q 0 / d t N .  Not all solutions obtained are 
represented in the figures. Only those depicting 
special conditions were graphed. In all solutions, 
except where Q became negative, y2 was taken to be 
constant. Actua:ly, i t  will vary somewhat since the 
downstream structure acts as a weir and y2 must be 
relatively large for large positive flow rates. However. 
it i s  y l  - y2 which is really important in the solution 
since this elevation difference represents the driving 
force. Because y l  undergoes large changes with 
respect to time, the minor change of y2 for positive 
flows was neglected. Figure 12 shows a case where y2 
actually decreased because the flow rate Q became 
negative. Figures 9 and 15 illustrate more drastic 
cases. 

In Figures 6 through 15, wherever ylAl/QoTN rises 
above i t s  value at t/TN = 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/% never becomes negative. However, 
that is  a case of rapid cutback of inflow and low 
resistance such as might be expected in a short reach. 

The periods of flow in Figures 6 through 15 are seen 
to be nearly equal KO the natural undamped frequen- 
cy of the system. Although damping decreases the 
natural period, in the cases shown, damping is  small 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 i s  
seen to produce almost no fluctuation (Figure 131 
while rapid cutback (Figure 15) produces large 
fluctuations and even negative flow. 

Maximum and miniml~m values of QIQo are 
summarized in Figures 16 through 21 for all solutions 
obtained. Those figures show the extreme values of 
Q/Qo for the values of R. A1/A2. QF/Q~, and 
cutback rate. Magaitudes of extreme values of Q/Qo 
are seen to be increased as the cutback rate is  
increased, as R becomes smaller, as QF/Qo becomes 
smaller, and as A1/A2 becomes smaller. 

However, as demonstrzted by Figure 16 there are 
cases where magnitudes of extreme fluctuations are 
reduced as d(Ql/Q0l/d(t/TN) is made larger. For 
instance. in Figure 16 with R = 0.5, the maximum 
value of QIQo is 0.32 for d(QllQo)ld(t/TNI = -0.5 
and 0.24 for d(QI/Qo)/d(t/TNI = -0.75. 

immediately se t  into unsteady motion with natural 
period TN. The cutback reinforces a decreasing flow 
rate and diminishes an increasing one. I f  the cutback 
rate is  very slow, its effect i s  distributed over many 
periods, and thus i t s  nel effect i s  a small oscillation. If 
the cutback rate i s  large, its'effxt 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, i s  counteracted by the 
decelerating effect during the second half of the first 
period. I f  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 y1 rises to the top of the 
structure. Thus, critical values of cutback rate can be 
observed by looking a t  the motion pattern shown in 
Figures 6 through 15, where ylA1/QoTN curves with 
flat tops such as Figure 12 indicate that overtopping 
of the upstream structure would occur. 

The extreme movements of the upstream water 
surface have been summarized in Figures 22 through 
27. In those figures the diagonal line going upward to 
the right is  the difference between the tops of the 
upstream and downstream structures for steady flow 
[Equation (22) with d(Ql/Qo)ld(tlT~) set equal to 
zero]. As Equation 122) indicates, this difference in 
elevation (in dimensionless form) is  determined by R 
alone with D(Q/Qo)/d(t/TNl is  zero (steady flow) 
and WOO= 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 particu!ar 
values of R. QF, and A1/A2, 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 A1/A2 larger) in general makes it poss~ble to 
cut back at a faster rate without overtoppmg than 
could be done with a pipe-check structure. The effect 
of the resistance ( R )  i s  already seen. For a des~gn 
situation, a cutback rate could be chosen at whlch 
overtopping would not occur in a pipe reach for 
which the values of R. A1/A2, and QF/Qo 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  lowpressure pipeline 
systems. As mentioned earlier, the Coacheila system 
was constructed with pipe reaches having almost 
identical natural periods, and a resonant condition 
was reached. The recommended remedy involved 
placing 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 
learned how to avoid trouble in most cases. 

Examination of Figure 4 can yield a possible 
explanation for the failure of airtight lids to work in  
all cases. I f  the period of a reach i s  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/TN will be greater than unity, and R i s  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. 
0bservations~~:iowed 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 pipe-stand structures (large A11A21. 
Subsequent tests by project personnel in 1969 
produced overtopping of only one pipe-check 
structure when the flow rate was changed. 

Canadian River Tests, 1968 

Table Ill shows values of lR/2n)QmIQo. To/TN, and 
amplification factors as computed for the Main 
Aqueduct of the Canadian River system i s  they 
existed in 1968. A value of Qm/Qo = 0.29 was 
assumed in computing (RI2nl Qm/Qo since that i s  the 
maximum value indicated in Table II. To/TN was 
computed as the ratio of the natural periods ITN) of 
each pipe reach and the reach immediately preceding 
it T I  Maximum amplification factors are also 
shown in Table Ill RQm/2nQo = 0 to indicate the 
possible range of amplification. 

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

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 factrrrs computed 
with Qm/O, = 0.29 are examined, only Stations 6701 
and 2976 indicate possible trouble due t o  resonance. 
No trouble was 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. 

Durinc-, operation, overtopping of structures also 
occurred at Stations 5445. 7788, and 791 9. A t  none 
of these locations could resonance with the structure 
$mediately upstream have been a problem. Station 
5445 probably overtopped because of the combined 
arnplifica:ion occurring through the structures up- 
stream 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 I 
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. Simiiarly, 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 a t  the Kress 
flowmeter at Station 5080 show that a change of 
discharge from 40 to 0 cfs took place in about 4-1/2 
minutes. For that reach the rate corresponds to 
dimensionless cutback rate d(Ql/Q,,)/dltiTN) = 
-0.50. Using the values of R shown in  Table 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/TN is 4.4 for the reach following Station 
8026 and the value of RQm/2Qo is  0.48 as seen in 
Table Ill. Figure 4 shows that amplification might 
well be expected in that reach. Thus, overtopping of 
that structure might have been expected. 



Table Ill 

CANADIAN RIVER SURGE DATA 

Station 
(f t l  

Amplificationt 

(Omax - QsIIQm 

RQm 
Maximum Using - 2nQ0 

from 
Column 3 

t Amplification factors from Qs/Qm = 1.0 curves. Figure 4a 

Check structures 
+Structures which experienced overflow during the 1968 tests 

SIMULTANEOUS CONSIDERATION 
OF SEVERAL REACHES 

~ . ,.~ -. - 
A t  the outset of this study it was p1an"ed to consider 
several reaches simultaneously to see what the mutual 
effect of one reach was on the remainder. However, 
when this problem was formulated mathematically, it 
was found that the system of equations was singular. 
Practical consideration of the problem showed that 
this should have been expected. The only way a 
downstream reach can affect an upstream reach is  for 

flow to move upstream Into the upper reach. That 
condition already violates the desired design condi- 
tions. In othw words, the surge IS already beyond 
tolerable limits, and it i s  of little consequence to 

,k'ninow how much worse it gets. 

Thus, the condition of interest is only the effect of 
inflow on any given reach. I f  the reach does not surge 
excesively for the frequency !and rate of decrease 
expected in the inflow, i t "  will be satisfactory. 
Consideration of each reach. for these conditions 
should result in a satisfactory overall design. 
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Figure 6 

Figure 7. 

D~mens~onlesr dtscharge variations as a functton of d~mensronlers time. 



Dimenrionlerr discharge variations as a lunction of dirnenrionlerr time. 





t/r. 

Figure 12 

Figure 13. 

'b 

Dimendonless discharge variations as af"nctjon of dimensionless time. 



Figure 14 



Figure 17. 

Range of dimensionless discharge as a function of the dimenrionlers discharge cutback ratio 
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Range of dimensionless discharge a s a  function of the ~irnensionless discharge cutback ratio. 



Figure 21 

Range of dirnensionlesr discharge as a function of the dimensionless discharge cutback ratio. 



Figure 23. 

Surge amplitudes ar a function of the resistance coefficient 
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Figure 24. 

Figure 25. 

Surge amplitude$ as a function of the rerirtsnce coefficient. 
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Figure 26. 

Figure 27. 

Surge amplituder as a function of the rerirtance coefficient 
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CONVERSION FACTORS-BRITISH TO METRIC UNITS OF MEASUREMENT 

The 1ollow:nr) conrerion fasrcrl adopted bb Ihr  Bd-eaL of  Rrr lamatm are l h o r  pvblorned 3v m e  h,er:cdn 
Socelv for Tert.ng and Materials IASTM Metric Prstice Guide. E 380.681 except mar adomonrl factors 1.1 
commorlv -red .n the 8 m a ~  have been aodw. Funher d m m  on of def8nir.onsof quanti! es and unnu .rg'wn in 
11 c ASTI.4 McVic Pr~;t%ce Guide. 

The meaic units and calversion factors adopted by the ASTM are b a r d  on the "lnrernational Synem of Unitr'. 
(designated SI for Svsteile International d'uniterl, fixed by the International Comminee for Weighs and 
Measurer; this wrtem is olrs known sr Ihe Giorgi or MKSA 1meter.kilogram lmaul-recand-amperel system. This 
Nnem har been adopted by the lnterontiooal Orgnization for Standardization in IS0 Recommendation R-31. 

The metrlc t ~ h n l e a l  mi: of force is the kilogram-force; this ir the form which, when applied to a bcdy hsving a 
mas of 1 kg. giver i t  an accelration of 9.80665 mlredrec. the Ramlard aceeleration o f  free fall tnward the mrrh'. 

...... .. .... -, .- ., 
acceleration due to gmvitv. Howwer. bemu= it ir general practice to  ure ''pound- rather than the technically 
correct term "pund.foroe." the term "kilogram" lor  derived mars unit) has been used in Ihir guide innead of 
"kilwram-force" in erprerring Ihe conversion factors for forcer The newton unit o f  force will find increasing we. 
and ir enential in SI units. 

Where approximate or nominal Engl ih un iu  are "red to exprerr a value or range of value.. the converted meoic 
units in parenther= are aka approximate or nominal. Whcre precire English unit9 are wed. the converted metric 
w i n  are expressed ar equally significant valuer. 

Table I 

QUANTITIES AN0 UNITS OF SPACE 

Multiply BY TO obtain 

LENGTH 

Mil . . . . . . . . . . . . . . . . .  25.4 lexaetl~) Micron . . . . . . . . . . . . . . . . . . . . . .  
Inches . . . . . . . . . . . . . . .  25.4 lexastlvl Millimeters . . . . . . . . . . . . . . . . . . .  I 

..... 

Ssuare inches . . . . . . . . . . .  6.4516 lexadlvl Square centimeters . . . . . . . . . . . . .  
Square feet . . . . . . . . . . . .  '929.03 '... . . . . . . . . . . . . . . . . . . . .  Square centimeters 
... 0.092903 . . . . . . . . . . . . . . . . . . . .  Square meters 

0.836127 . . . . . . . . . . . . . . . . . . . .  Square meterr 

. . . _ . . _ _ . . . . . . . .  . . . . .  ,. . . . . . . . . .  Square kilometers 
Square miles . . . . . . . . . . .  2.58999 . . . . . . . . . . . . . . . . . .  Square kilometers 

VOLUME 

. . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
I 

Cubic inches 18.3871 Cubiccentimeter$ 

I CAPACITY 

Fluidounces lU.S.l . . . . . . .  29.5737 . . . . . . . . . . . . . . . . . . .  Cubic centimeters .. , Fluid ounser (US.) . . . . . . .  29.5729.. . . . . . . . . . . . . . . . . . . . . . .  Milliliters 
, .  . .7. , , 

. . . . . . . . . _ .  . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

. . . . . . . . . . . . .  28.3160 . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters I Cubic yards . . . . . . . . . . . .  '764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
'1.233.5 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meterr ... 



OUANTITIES AND UNITS OF MECHANICS 

hlvltiply B Y  To obtain 

- MAS5 

. . . . . . . . .  Grains c1170W lbl 64.79891 iexariiyi . . . . . . . . . . . . . . . . . . . . . . . .  Miiligamr 
~ r a y o u n d i  14PQgmr~ . 311035 . . . . . . . . . . . . . . . .  '. . . . . . . . . . . .  trams 

. . . . . . . . . . . .  Ounces l o d d  28.3495 . . . . . . . . . . . . . . . . . . . . .  ; . . . . . .  Grams 
Pwnds I d ~ l  . . . . . . . . . . . .  0.45359237 Iexacflyl . . . . . . . . . . . . . . . . . . .  Kiiogrsml 

. . . . . . . .  Shon tons i2.OW tbi g07.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~i logramr 

. . . . . . . .  S M ~  m r  12,OW lbl 0.907185 . . . . . . . . . . . . . . . . . . . . . . . . . .  M~tr ic tons 

. . . . . . . .  ~ong tanr  12.240lbl 1.01505 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogram% 

P.WSSlCAPACITY 

. . . . .  Ounce%per  ailo on 1U.S.) 7.4893 . . . . . . . . . . . . . . . . . . . . . . . . . .  Gramroer liter 
. . . . . .  O u n r o r ~ ~ r  grilon IU.K.1 6 2362 . . . . . . . . . . . . . . . . . . . . . . . . . .  Gram%per IPcr 
. . . . . .  Poundr oei gallon 1U.S.l 119.829 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gramroer liter 
. . . . . .  Pound.  erga all on 1U.K.I 98.774 . . . . . . . . . . . . . . . . . . . . . . . . . .  Gism%per liter 

BENDING MOMENT OR TORQUE 

Fooipoundi . . . . . . . . . . . . .  0.138255 . . . . . . . . . . . . . . . . . . . . . . . . .  Mercr-kilogrmw 
Fompoundr . . . . . . . . . . . . .  1.35582 x l o7  . . . . . . . . . . . . . . . . . . . . . .  centimrter-dyncr 
Fmtpourdr  per mch . . . . . . . .  5.U31 . . . . . . . . . . . . . .  ~ n ~ i m e ~ e r - ~ i ~ o o r ~ ~ ~ o e r  ceniimmer 

Multiply BY To obmin 

WORK AND ENERGY' 

. . . . .  Br i l i h  Lhermal unln IBW '0.252 . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~i~ograrncaiorier 

. . . . .  Br i l i h  thermal unit% l6rul 1.055.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Joules 
8 m  oerpound . . . . . . . . . . .  2.326 larasllyl . . . . . . . . . . . . . . . . . . . . . . .  h u l ~ l p e r  gram 
Fool-pounds . . . . . . . . . . . . .  '1.35582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  JOuler 

Horv?pwor.  . . . . . . . . . .  745.700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  watts 
Bzu oer hour . . . . . . . . . . . . .  0.293011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Wani 

. . . . . .  Fooiwoundraerwmnd 1.35597 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  lYanr .- 

---- HEAT TRANSFER - - .. 
Biu in lh r  t12 dqr re  F Ik. 

lhcrmal mnducliviwl . . . . . . .  1.442 . . . . . . . . . . . . . . . . . . . . . . .  ~ i l l ~ w a m i ~ d e g r e c c  
Blu in.!hr 1t2dqrer 2 lk. 
inrrmal Funducrivitvi . . .  0.1240 . . . . . . . . . . . . . . . . . . . . . . .  KQ ~ a t i h r m  degree c 

Blu *!hr t12 dcgne F . . . . . . . .  .I4860 . . . . . . . . . . . . . . . . . . . . .  Kg ral mlhr m2degrsa C 
B u / h r f t 2  degrer F IC. 

thermal mcduftancel . . . . . . .  0.588 . . . . . . . . . . . . . . . . . . . . . . .  rrliiiiwatwcm2 d w e e  c 
Blu!hr f t2degw F IC. 

!Jemal mnduftancel . . . . . . .  4.88: . . . . . . . . . . . . . . . . . . . . . . . .  Kgcallhr m2degweC 
o e G s  F hr h 2 1 ~ r u  IR. 

thsrmll reri3lsnrL) . . . . . . . .  1.761 . . . . . . . . . . . . . . . . . . . . . . .  OeypeC~m2lmil l iwarl 
BmIlQ degree F is, neat caoaciwi . 4.1869 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  J lgdweeC 
Btullb degree F . . . . . . . . .  '1.WO . . . . . . . . . . . . . . . . . . . . . . . . . .  Callgram degree C 
~ 1 ~ h r  lkhcrmal diffusiviiyl . . . .  0.2581 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  cm2!ws 

. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ft21hr Itherma1 diffuSNilvl ..O.W290 M2/hr 

WATER VhWR TRANSMISSION 

Grainrinr ft2 lwsrar uapor) 
~ran~mirr ionl  . . . . . . . . . . . .  16.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ r a w 1 2 4  hr m2 

Perms lwrmeanrel . . . . . . . . .  0.659 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metrb perms 
Perm-incheiipermeabilifyl . . . . .  1.57 . . . . . . . . . . . . . . . . . . . . . . . .  Metric~ermzemimterr 

. . . . . . . . . . .  Feri parrnand 30.48 kxacrlvl . . . . . . . . . . . . . . . . . .  Centimnersper m o n d  

. . . . . . . . . . .  Fpet m r  =and 0.3048 Icraet l~ l '  . . . . . . . . . . . . . . . . . . .  ~ c s : r  per rernnd 
Fe tper  yDar . . . . . . . . . . . . .  '0.965873 x lo6 . . . . . . . . . . . . . . .  Ccnt iwters~er s a n d  
M i l e ~ p e r n ~ u r  . . . . . . . . . . . .  1 . ~ 9 ~ 4  ~ ~ ~ a r t l y l  . . . . . . . . . . . . . . . . .  ~ i ~ o m e ~ e r r p h o v r  

. . . . . . . . . . . .  Mile. per hour 0.44101 ( e i a r t l ~ l  . . . . . . . . . . . . . . . . .  Meterr per mend 

ACCELERATION. 

. . . . . . . . . . .  ~ r e r  per wmnd2 '0.3048 . . . . . . . . . . . . . . . . . . . . . . . . .  Meter per second2 

FLOW 

FORCE' 

Pounds . . . . . . . . . . . . . . .  '0.453692 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogrsmr 
. . . . . . . . . . . . . . . .  Pounds '4.4482 . . . . . . . . . . . . . . . . . . . . . . . . .  Newtons 

Pwndr . . . . . . . . . . . . . . . .  '4.4482 x lo5 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Dynes 

Table 111 

OTHER OUANTlTlES AND UNITS 

Mvliiply BY TO obisin 

Cubic fetperrquere foot per day lmepagcl . . . .  '3048 . . . . . . . . . . .  Lirerroei mu.i~neater m d a y  
Paund-semnds per square fool lvivosityi . . . . . .  '4.8824 . . . . . . .  Kilqgram second persquare mctei 
Square feet wr second (uiwarifyl . . . . . . . .  '0.W2903 . . . . . . . . . . .  Squarem~fempm rnond 
Fahrcrh~it degrw lchangol' . . . . . . . . . . . . .  519 e i a l y  . . . .  Celsius or Kelvin degrees ichangei. 
VOIO wr mil . . . . . . . . . . . . . . . . . . . . . .  0.03937 . . . . . . . . . . . .  Kiiovollr pw millimctcr 
Lumens oereirquare f ~ ~ t  1foor.eandial . . . . . . . .  10364 . . . . . . . . . . . . .  Lumens w r  square meter 
Ohmcircular m i h m  foot . . . . . . . . . . . . . .  0.001662 . . . . . .  Ohm-square m i i l ime t~s  per meter 
Mi l l ieur lcr~sr~ubictoo( . . . . . . . . . . . . . . .  '35.3147 . . . . . . . . . . .  Mil l imriapertubic mcmr 
Milliampi prrquare iwt . . . . . . . . . . . . . . .  '10.7639 . . . . . . . . . . .  h'i l l iamprp~r sqvwememr 
Gailon, per r q u n r ~  yard . . . . . . . . . . . . . . . .  -4.52721Y . . . . . . . . . . . .  Literrner mvaie meter 
Poundrper inrh . . . . . . . . . . . . . . . . . . . . .  '0.17858 . . . . . . . . . . .  Kilogiamrpererntimewr 
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DESCRIPTORS-/ 'pipeliner/ -rurger/ closed conduit flow/ f luid flow/ f luid mechaninl 
hytiravlicr/ orcillationr/ 'Water piped momentum 
IDENTIFIERS-/ 'pipcline $urger/ Canadian River Proiect. Tex 

DESCRIPTORS-/ 'pipelines/ .rurgerl closed conduit f low/ f luid f low/ fluid mechanics1 
hydraulics/ orcillacionr/ 'Water piper/ mornenturn 
IDENTIFIERS-/ 'pipeline surges1 Canadian River Proiect. Tex 
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hydraulics/ orcillationd 'Water piped momentum 
IDENTIFIERS-/ 'pipeline rurger/Canatiian River Proiect,Tex 
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Denver. 37 p. 27 flg, 3 tab.8 ref.append 

DESCRIPTORS-/ 'pipelines1 'surged closed cond-,it f low/ f luid f l l r~u l  f luid mechaoicd 
hydiaulicr/ oreillationd 'Water piper/ momentum 
IDENTIFIERS-/ 'pipeline rurger/ Canadian River Pr0i.c'. T e x  


