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ABSTRACT

- Burges of head and discharge were studied experimentally in a laboratory
pipe system having check structures spaced equally along the pipe.
Surges developed when the downstream portion of the check structures did
not flow full. The surges were initiated by the release of air en- '
trained 'in the downstream leg of the check structures, and the surges
were amplified as the flow passed through the successive pipe reaches.
‘The experiments were made for various inflows steady at the upstream end
of the system., Plots of surge magnitude vs. inflow rate showed two
peaks. One peak apparently resulted from surges initiated by air re-
lease through the vent downstream of the check structures; the other
peak originated from surges initiated by air release through the down-
stream leg of the check structure. The nonlinear momentum equation was
integrated numerically to predict the growth of the discharge surge from
one pipe reach to the next. The results were in good agreement with the
experiments for different head loss conditions and for pipe reaches with
and without surge tanks.

DESCRIPTORS-- *pipelines/ *surges/ hydraulic models/ laboratory tests/
surge tanks/ closed conduit flow/ fluid flow/ fluid mechanics/ computer
programming/ hydraulics/ air entrainment/ check structures/ oscillation/
¥water pipes/ momentum

IDENTIFIERS-~ *nipeline surges/ Runge-Kutta method/ surge waves
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" NOTATION
Definition R Dimensions
_Crossl.sectional area of pipe | | ‘ _L2 N
Overall head loss’ coefficieht

Cross sectional area of vertical pipe;
force

' Head loss associated with boundary forces
Length of pipe |

Discharge

Amplitude of inflow oscillation

Average inflow

- Q4/Q,

Q/Qy

-Damping coefficient

'.‘Period of c¢scillation’

Period of infloﬁr oscillation

Undamped natur_alperiod of oscillation

rI'o'/._Tn

Velocity (Q/A)

: _Gravitationai aéceleration

Time | |

/T,

Water surface.élevation in.vertical leg of pipe

_-Bpecific 1.w.v.ei‘ght of fluid.

:Density. of ‘ flﬁi’d ey f g)




PURPOSE

Analytical and experimental studies were made to investigate the
type*and magnitude of surges which can develop when there is steady
inflow into a pipe system containing a series of check structures.
Methods of surge control were also investigated.

CONCLUSIONS

Surges of head and discharge can develop for steady inflow into a
pipe system which contains a series of check structures. Small
surges existed in the upstream part of the pipe system and these
surges were amplified as the flow passed through successive pipe
reaches., In this study the release of air which was entrained in the
downstream part of the check structures seemed to be the disturb-
ance which initiated the surges.

An analysis has been developed and has been used successfully to
predict the change in surge magnitude from one pipe reach to the
next both when the downstream reach had no surge tank and when
it included a surge tank.

It was found both analytically and experimentally that the magni-
tude of surging was reduced by the use of a surge tank. However,
a tank did not completely remove the surging and the remaining
surge was amplified again as the flow passed through the reaches
downstiream of the tank.

APPLICATIONS

There are many types of flow disturbances which can start surging.
These disiurbances never can be completely eliminated. It is more
practicable to seek means of controlling surge magnitude rather

than trying to remove all the possible causes of surging.

The maximum amount of amplification of flow disturbances occurs
when the natural period of oscillation for a pipe reach is the same
as the period of an inflow disturbance. This undesirable situation
often occurs when the pipe reaches between successive check struc-
tures are identical and consequently have the same natural periods
of oscillation, Geneérally, any meodifications that will change the
natural frequency of oscillation in successive pipe reaches will
reduce the amount of surge amplification. The most benefit is ob-~
tained if the natural period of a pipe reach is greater than 1. 4 times
the period of the inflow oscillation. Under this condition, the in-
coming flow disturbance will'be damped rather than amplified.

The natural period may be increased by increasing the length of
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pipe in a reach or by including a surge tank in the reach. An analy-
sis is given in the report to estimate the amount of reduction in
surge amplification which would result from a given change in a
pipe -reach.

INTRODUCTION

Water delivery systems are tending more and more to be systems

of closed conduits rather than open channels. In pipe systems, there
is generally a choice of having the control valve either at the up-
stream end or at the downstream end. If the control valve is placed
at the downstream end of the pipeline, then the design pressure for
the pipe must be derived from the elevation difference along the pipe
to account for the hydrostatic condition when the valve is closed.
When the drop in elevation along the pipe is large, the design pres-
sure for the pipe may become prohibitive. On the other hand, if an
upstream control valve is used, it may be possible to use a lower
design pressure,

When upstream control is used, check structures must be spaced
along the pipe. Three possible types of check structures are shown
in Figure 1. No doubt other configurations could also be used.
Whatever the configuration, the structure must (1) provide an over-
flow point high enough in elevation to keep the pipe from draining
when there is no inflow, (2) have a great enough total height so that
the structure does not overflow for the design discharge or, in other
words, enough height so that the hydraulic gradient always passes
below the top of the structure, and (3} provide an air source to keep
negative pressures from developing when the discharge is less than
the design value.

Usually the check structures are designed so that the hydraulic
gradient is above the crest of the check for the design discharge
(Figure 1). For smaller discharges, water spills into the down-
stream portion of the structure. Thus for discharges less than
‘the design value, the check structures effectively divide the pipe
into separate reaches. (The term '"reach" is used here to refer to
the length of pipe between two check structures.) It is possible for
the flow in the various reaches to interact in a manner to develop
surges of discharge and piezometric head. Surging may be caused
by variation of the inflow rate. This type of surging is being stud-
ied by the Canals Branch of the Bureau of Reclamation in connec-
tion with their design of the Canadian River Aqueduct in the north-
western part of Texas (Reference 1).

Surging may also develop for a steady inflow if a source of disturb-
ance is present. These disturbances may be initiated by the escape




of air which is entrained in the downstream portion of the chack
structures, by pressure drop due to wind blowing over a vent, or
by anything else that causes a momentary unsteadiness in the flow,
Thus, analytical and experimental work was undertaken in the
Hydraulics Branch of the Bureau of Reclamation to study surges
which develop when the inflow is steady.

ANALYTICAL STUDIES

Previous Work

Glover (Reference 2) has previously reported some analytical work
on pipeline surges. Part of his work applied the analysis of forced
vibrations (Reference 3, page 56) to the inertial surges which develop
in a single reach of pipe in response to a periodic inflow. The in~
flow which he considered may be written as

Q, - Q, sin(2m t/T ) + Q, 1

where Qp is the amplitude of the inflow oscillation, t is time, T,
is the period of the inflow, and Q. is the average inflow. He
assumed that Q4 was much greater than Qp and thus that the
damping could be taken as linear, i.e., that the head loss in the
pipe varied as the first power of the velocity. For these conditions,
he presented amplification factors in Figure 10 and in Equation 17
of Reference 2. The amplification factor was defined as the ratio
of the maximum flow in the pipe to Qm‘

Derivation of Differential Equation

Assumptions. --The present analysis extended Glover's work by
removing the restriction that Qg must be much greater than Q
and by considering square-law damping,i.e., taking the head
loss variations as proportional to the velocity squared. The
dimensionless inflow was written as

t
Qin
Q. =0 if sin(2rt/T ) +Q.< O 2b

in o] r

1

sin(2m t/TO) + Qr if sin(2m t/To) + Qr_>_- 0 2a

where Qi, =Qi, /Q, and Q, = Q /Q. . Equation 2b was used to
assure that the analysis never too in as negative, If Q_ was
greater than or equal to Q, (Q, > 1), than Q}, of Equation 2a was
never negative and there was no need to use Equation 2b. One
period of Equation 2 is plotted in Figure 2 for both Q_> Q_ (Qr> 1}

and Q. < Q, Q. < 1). Eri
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The head loss H, was taken as being proportional to the.square
of the velocity according to the equation

H - B %L‘fi o 3
. . g )
‘B is an overall loss coefficient. The absolute value of the vel-~

"ocity was needed to preserve the correct sign for H.L if the flow -
reversed in the pipe.

Continuity and momentum. --The physical situation which was .
analyzed is shown in Figure 3. Assuming the water to be incom-
pressible, continuity in the upstream vertical leg required that

dy Q" Q
&t F

where F was the horizontal area available for storage of water
as the water surface rose and fell. Equation 4 assumed that
water never overflowed the upstream leg of the pipe. Also, F
was taken as a constant in the analysis, thus effectively assum-
ing that the water surface never fell into the horizontal pipe.

It was assumed that the rate of change of momentum of water in
the vertical legs was small compared to that in the horizontal
pipe. The validity of this assumption was born out by previous
work (Reference 2), Under the stat - conditions, the momentum
relation for the horizontal pipe m ieveloped as follows:

2 external forces = mas. -eleration

L _ dv
YYA ZFb = PALE’L_

where ¥ is the specific weight of the water, 2F, is the sum of
the boundary forces acting on the water in the horizontal pipe,
and V is the velocity of flow in the pipe. Hy was defined as

I ZF, ,
L Y




) :sol'tliaf'-H' was- only’ that part of the: head loss .associated with
boundary forces.and did not'include head loss due to the decay
©of turbulence:.generated by the inflow, With this definition of

HI.' 'the momentum relation becomes

Ldg
g dt °

y-H =

‘Equations 4 aand 5 can be combined to eliminate y by differentiat-
ing Equation 5 with respectto t. Replacing Hy from-Equation 3
and writing the resulting equation in dimensionless form, one
obtains

" _
d—Q‘- - - { o dQ! - dr2m2nl 2m 2
T YR T Q| —9~dt 4r’TZQ + 4mT2QY,
where Q' Q,’_Qm
= /T,
= T0 /Tn
en NFL/gh
BQ
2% T
2AL ga _
To obtain Equation- 6, d Q' | /dt was replaced by (sign Q')
dQ'/dt and then (sign Q')- Q' was replaced by {Q'|. T, is the
undamped natural period of oscillation of the pipe (Reference 2

or 4). R .is called a damping coefficient since R is proportional
to B, which is 2 measure of the head loss (friction} in the pipe.

Discussion of the Solution

The. solution of Equation 6 gives Q' as'a function of .t'. Astime

. increases, this solution'becomes periodic with period T,. That -
‘is, when the initial transients die out,.the flow in the pipe oscillates
with the same period as the inflow. The periodic part of the solu-
-tion depends-on the:three dimensionless parameters Q,, R, and Tr .
'The.length of timé required for the pipe flow to become periodic
‘also depends on these three parameters and on the initial conditions
used-for the solution of Equation 6. '

- ;E_quatiOhS 4.and"5 could a:lSO b'e corypbi'ned' so-as to eliminate @'
‘instead.of 'y. Then: an eguation sifn'ila’r-to_'Equation_ 6 would be




obtained but with y as the dependent variable and with a fourth
dimensionless parameter in addition to Qr’ R, and Tr .

Since Equation 6 is nonlinear, it was solved numerically using the
Runge-Kutta technique (Reference 5, page 358). The FORTRAN
computer program used for the sclution is listed in Appendix A.
The program was written so that any type of damping and any type
of inflow could be used by inserting the proper statements in a
function subprogram. The accuracy of the program was verified
for the case of linear damping by comparing the numerical results
with the analytical results presented by Glover (Reference 2}. The
results of the program were also checked to see that the average
pipe flow was equal to the average inflow, that the pipe flow was
symmetrical with respect to zero for Q.. = 0, and that the ultimate
periodic flow was independent of the inifial conditions used for the
solution.

From the numerical computations, the maximum and minimum val-
ues of @' are plotted in Figure 4 for Q. =1 and Q. = 2. In each
case, a range of values for T, and R is covered. The numerical
solution did not converge for R = 0. The limiting curves for the
hypothetical case of R = 0 were obtained analytically from the partic-
ular integral (Q}) of Equation 6 with R = 0. As Glover points out
(Reference 2), the particular integral represents the conditions

after the initial oscillations have died out. It can be verified by
substitution that a particular integral is given by

2
—TE-—-— sin 2mt' +
7 Q,

r-'l

s0 that the maximum and minimum values of Q' are given by

2
- Tl'
Q;nax,min B Qri_ T?- -1

For T, < 1, the minus sign gives Qp,, and the plus sign gives

'min., . For _TI. > 1, the opposite is true.

Referring to Figure 4, it can be seen that as T, approaches zero,
the flow in the pipe approaches a steady state (no oscillation and
Q' = Q. or Q=Qg) regardless of the value of R. A very long pipe
where T, was much greater than T, would be one condition that
would give T,, approaching zero. Another method of obtaining a
‘large Ty would be to have the area (F) of the upstream leg much
larger than the area (A) of the pipe. On the other hand, as Tp




gets larger, the oscillations in the pipe flow become equal in magni-
tude to the inflow oscillations. This condition might correspond to
a very short pipe where T, was much smaller than T.

For R>0 and Q,>0, the pipe flow (Q') is not symmetrical with
respect to Q. even though the flow is periodic. This asymmetry
results from the damping which is proportional to the velocity.
Thus, the discharges near zero receive less damping than the dis-
charges farther from zero. The asymmetry for a typical case is
shown in Figure 5, which also shows schematically the variation
of damping and amplification as the discharge varies. The asym-
metry is also evident from the curves in Figure 4 in that Qpp
tends to deviate more from Qr than Q'maxdoes, i.e.,

IQ‘min_ QT[ > [Q}nax - Q‘E‘i

The evidence of greater damping of higher flows may also be seen
by comparing the curves in Figure 4 for @Qp = 1 with those for
Qr = 2. For Q. = 2 the dimensionless inflows vary from 1 to 3
‘while for =1, the inflows vary from ¢ to 2. Thus, for a given
R, the inflows are greater on the average and are, therefore, more
highly damped for the higher Q.. This shows up in the fact that
tax 15 always less than Q. +1 for R = C.3 if Q. = 2, whilea
value of about R = 0.6 is required for @ to be less than Q. +1

ifQT=1.

f
max

EXPERIMENTAL PROGRAM
Purpose

The purpose of the experimental program was (1) to investigate the
magnitude and type of both discharge surges and head surges which
occur with steady inflow into the laboratory pipeline, (2) to seek an
explanation for the surging, (3) to check the validity of the analyti~
cal work described above, and (4) to seek possible means of surge
reduction.

Description of Test Facility

Pipeline. ~-The general layout of the pipeline system which was
used for these surge studies is shown in Figures 6 and 7. This
pipeline was originally built in the Hydraulics Liaboratory of the
Bureau of Reclamation for studies requested by the Canals
Branch.

The primary features of the pipeline were the pipe checks spaced
along the pipelines. The purpose of the pipe checks was discussed




in the introduction. A study of the hydraulics of the pipe checks
has been previously reported (Reference 6).

The majority of the pipe was 4-inch (10. 2-crn) outside ~diameter
by 3. 9-inch (9. 8-cm) inside-diameter aluminum. In the pipe
checks, the top 180° bend and the downstream leg were made of
3. 75-inch (9. 52-cm) inside-diameter transparent plastic. There
were deposits (apparently aluminum oxide) throughout the alumi-
num pipe. A height of deposit of 1/16 to 1/8 inch {1/6 to 1/3 cm)
and a lateral dimension of 1/4 inch (3/4 cm) were not uncommon.
The spacing between deposits was of the order of 2 to 3 inches

(5 to 10 em).

Downstream of each check stand, the pipeline had, in order,

(1) a 2-inch (5. 1-cm)} diameter vertical pipe to serve as a release
vent for air entrained in the downstream leg of the pipe check, (2)
a piezometer tap at the same elevation as the centerline of the
pipe, (3) a 2. 500-inch (6. 350-cm)} diameter orifice with pressure
taps, and (4) a sliding gate to allow regulation of the amount of
head lost between pipe checks.

Qrifice calibration, -—-A calibration of the first orifice (Q1l) at

the upstream end of the pipe is shown in Figure 8. The discharge
coefficient for this orifice, which was calibrated in place, was
0.667 giving a discharge equation of

Q (cfs) = 0.1834AH (ft). 8

No calibration was done for reverse flow through the orifice. The
calibration (Equation 8) was found to be valid for orifices Q5 and
Q6 also. The discharge coefficient for orifices Q4 and Q7 was

2 percent lower (0. 654} giving a discharge equation of

@ (cfs) = 0.179VAH (it) 9

for these two orifices. The orifices Q2 and Q3 were not cali-
brated and were not used in this study.

The orifices were calibrated for steady flow and then used to
measure unsteady flow. It is felt that the unsteadiness did not
introduce appreciable error because of the relatively slow accel-
eration of the flow (Reference 7} and because the head drop was
sensed with an electronic (variable reluctance) pressure trans-
ducer and recorded on a strip oscillograph. The period of
oscillation was of the order of 17 seconds.




Test Procedure .

‘Surge measurement. ~~The regulating valve downstream of the
head box was set in a fixed position thus establishing a steady
inflow into the pipeline, The inflow rate was measured at the
orifice QL. When the check stands were not flowing full, surges
generally developed in the pipeline. The surging of head and
discharge were recorded by pressure transducers and a multi-
channel oscillograph.

Because of the noise which developed in the electronic measuring
system, a l-second averaging time was usually imposed on the
output of the pressure transducers before this output was recorded.
The noise was probably due to physical vibration of the trans-
ducers, but pressure surges in the tubes leading to the trans-
ducers may have been a contributing factor. The amplitude of

the noise was too great to have been due to turbulent pressure
fluctuations in the pipe. Since the period of the surging was

about 17 seconds, it is felt that the 1-second averaging did not
appreciably affect the results.

Conditions investigated. --Data were taken at the various piezom-
eter stations and discharge stations for four hydraulic conditions:

(1) Sliding gates completely open (called "'low head loss'}--
Runs S1-522

(2) Low head loss and an 8~inch-diameter surge tank down-
stream of pipe Check 5--Runs $23-547 and S102-5110

(3) Sliding gates partially closed (called "high head loss")
and same surge tank as Condition No. 2--Runs S48-569
and S83-5101

(4) High head loss and no surge tank -Runs S68A-S92

The surge tank was installed by replacing the 2-inch (5. 1-cm)
air release vent pipe downstream on Check 5 with an 8-inch

(20. 3-cm) pipe as shown in Figure 8. Thus, there was a 2-inch
(5. 1-cm) diameter nipple about 1 inch (2.5 cm) long between the
4~inch (10. 2-cm) pipe and the 8-inch (20. 3-cm) surge tank.

For the high head loss condition, the settings of the slide gates
were adjusted by trial until the plezometric head stood 0. 7 foot
(18 cm) above the invert of the.top of each pipe check for an
opening of 5. 47 inches (13. 9 cm) in the control valve. This
setting gave a discharge of 0.153 cfs (4330 cc/sec).




Head Loss Determination

When the pipe checks did not flow full, the total loss of head between
any two checks was always equal to the difference in elevation
between the top inverts {overflow points} in the checks. Part of this
head loss was due to the decay of turbulence generated as the water
spilled into the downstreain leg of the check.

As mentioned previously in the section of Analytical Studies, the
head loss which is significant as a damping agent in surge analysis
is oniy the loss due to the boundary forces. This loss was deter-
mined in two ways: (1} by measuring the total loss between any two
checks flowing full and (2} by measuring the loss between the pie-
zometer tap downstream of one check and the top invert of the next
check. TFor the first method with the checks flowing full, there was
no head loss due to water spilling into the downstream leg of the
checks. Thus, all of the head loss was due to boundary forces. For
the second method, the piezometer was 90 inches (229 c¢cm) down-
gtream of the pipe check. Thus, the head loss measured by this
method excluded the loss due to water spilling over the pipe check.
For this method, the loss was measured in only the first two pipe
reaches because of the surges which developed in the lower reaches.

The results of the head loss measurements are shown in Figure 10.
In order to fit the data, two straight lines were used on log-log
paper. For the low head loss, the equations used for HL ware
1.5

H =30Q

H, = 45 Q18 for @>0.10 cfs

while for the high head loss, the corresponding equations were

for Q@ «<0.10 cfs

H = 37 Q1'% for Q<0.10 cfs

Hy = 55 Q1% for >0.10 cfs

where HL is in ft and Q is in cfs,.

H; for the higher head loss is 1. 23 times that for the lower head
loss condition. Notice from Figure 10 that the head loss data did
not extend below @ = 0.03 cfs {850 ce/sec) but that Equations 10a
and 1la were taken as applying for Q <0.03 cfs {850 cc/sec). In
this range, HL was probably higher than indicated by the equations.

For high enocugh Reynolds numbers in hydraulically rough pipes,
Hy is propornonal to Q2 . However, since the pipe Reynolds num-
ber used in determining Hy varied ouly from about 10% to 6 x 10%,




it should not be surprising that H; was proportional to @ to a
power less than two.

Experimental Results

Oscillograph recordings. ~-Typical oscillograph recordings for
part of two runs are shown in Figures 11 and 12. From the
recordings, the following observations were made:

(1) For a given measurement station and a given steady inflow
the amplitude of the surges varied in time. The surges some-
times almost died out and then began again. This fact indicated
that the surges were caused by some flow disturbance and not
from the unsteadiness which occurred while the inflow was
being established. A given large or small surge generally
traveled down the pipe and could be detected at successive
measurement stations.

(2) For the lower inflow rates {(approximately 0 to 0.10 cfs
(2,800 cc/sec)), the surges occurred with an essentially con-
stant frequency. The shape of the surges was not truly sinu-
soidal, but generally had a sharper crest and a flatter trough
than a sine wave.

(3) For the higher inflow rates {(about 0,10 cfs (2, 800 cc/sec)
until the pipe checks began to flow full}, the interval of occur-
rence of the surges was irregular and the shape generally did
not even approximate a sine wave. Rather, the negative part
of the surge was always larger in amplitude than the positive
part of the surge.

Summary of results. --For each inflow rate, oscillograph records
of the type discussed above were taken for at least 7 or 8 minutes.
From each of these records, the largest surge was selected and
the maximum and minimum points on the surge were plotted on
summary graphs for a given hydraulic condition and a given
measurement station. These summary graghs are presented in
Figures 13 to 16. Some of the data which indicated an average
digcharge greatly different from the true average discharge

were not included on the summary graphs. From the graphs,

the following observations were made:

(1) The data points do not fall on well~defined curves. The
scatter of the data points no doubt resulted from factors
already mentioned, namely that the amplitude of the surges
varied with time and that about 7 or 8 minutes of record was
taken for each station. Due to the varying amplitude, the
maximum surge which occurred in the period of record was




‘evidently not always the same. Thus, it seems that the
“envelopes sketched on the summary graphs are more signifi-
cant than the scatter of the individual data points. The enve-
lopes represent approximately the extremes of the surges
which occurred during the testing program.

(2) On all of the summary graphs which cover the full range
of inflows, there are two peaks in the surge envelope. The
first peak occurred for the type of surges mentioned in Com-
ment No. 2 in the paragraph on Oscillograph Recordings, and
the second peak occurred for the type of surge mentioned in
Comment No. 3.

(3) The effect of the 23 percent change in the head loss condi-
tion (Equations 10 and 11) can be seen by comparing the graphs
for the same measurement station but with the different loss
condition. For convenience, a comparison is presented in

- Figure 17A. As would be expected, the surges were some-
what smaller for the higher head loss. Also, the surges
stopped altogether at a lower discharge for the high head loss
than for the low head less. This was due to the fact that the
downstream leg of the pipe checks began to flow full at a lower
discharge for the higher HL'

{4} Using Figure 14A, B, and C as an example, it is seen that
the surge tank caused the surge in Reach 5 tc be less than the
incoming surge from Reach 4. However, downstream of
Reach 5, the surge was amplified again. The effect of the
surge tank on reducing the surge at a given point also is shown
in Figure 17B, which compares the discharge surge at Qb6
with and without the surge tank in Reach 5.

Discussion of Results

Cause of surges. --For these experiments which were made for
a steady inflow, the storage and release of entrapped air seems
to have been the source of initiating the surges. Water falling
into the downstream leg of the pipe checks entrained air, and
some of this air was carried into the horizontal pipe where it
collected into large bubbles along the top of the pipe. These
bubbles were released either by traveling downstream and
escaping through the air release vent pipe or by traveling up-
stream and out through the pipe check. The released air was
replaced by water, thus a temporary unsteadiness in the flow
was created and some unbalanced momentum was fed into the
flow. A small oscillation resulted from the unbalanced momen-
tum, and further releases of air then took place in phase with
the oscillations which existed in the pipe.




The amplitude of these oscillations or surges ordinarily was not
large and would have been of minor significance if another factor
had not-been involved, The equal spacing of the pipe checks pro-
vided a succession of pipe reaches with nearly identical natural
periods of oscillation. Thus, the small oscillations which origi-
nated in the upstream reach were amplified into sizable surges
as the flow passed through successive pipe reaches. (See dis-
cussion in Reference 2 also.)

It is felt that the two peaks in the surge envelope can be explained
by two different modes of air entrapment and release which were
observed to take place. Refer to Figure 13A for an example of
the surge envelope and so that specific numbers may be used in
the following discussion. For inflows from 0 to about 0. 10 cfs
(2, 800 cc/sec), the entrained air which was carried downstream
by the flow was released through the 2-inch (5. 1-cm} air release
vent and surges resulted as discussed above (see Figure 18).

As the inflow increased above 0. 03 cfs (850 cc/sec), the reduc-
tion in the magnitude of the surges was probably due to the
increased resistance or damping associated with the higher flow
rates. For inflows above 0.10 cfs {2,800 cc/sec), the flow
began to show a significant separation as it passed through the
first 45 degree bend at the ovottom of the pipe check. Some of
the entrained air collected in this separation zone, and when the
volume of air became great enough, the large bubble passed back
up through the downstream leg of the pipe check, (see Figure 19).
In this manner, a larger bubble could colliect and escape through
the check than through the 2-inch vent. Thus, a larger flow dis-
turbance occurred and surging increased again. The surging
ceased for an inflow of about 0.15 cfs (4, 300 cc/sec) because

the pipe checks were essentially flowing full at this discharge.

It has already been observed that the character of the surges

for inflows above 0.10 cfs (2, 800 cc/sec) were different from
those for lower inflows.

Comparison with analytical work. -~From the experimental work,
the surges which occurred in one reach of pipe were taken as the
inflow variations for prediction of the surges in the next pipe
reach. Of course, when a negative flow occurred in one reach,
the inflow to the next reach was zero rather than negative. This
situation was accounted for in the analytical inflow of Equation 2
and Figure 2. As previously mentioned, the shape of the experi-
mental surges was not truly sinusocidal.

It is possible that a negative inflow could occur in a reach if the
surge in that reach became great enough that water flowed back
over the overflow point in the check at the upstream end of the
reach. ‘This possibility was not considered in the analysis.




'In order to predict:the surges in the second reach, values were
needed for.-@Q , @ _, and @, to-characterize the inflow and for
R and T, to tharBcterize the pipe. The values used for Qg,
Qp. and Qy are indicated on the summary graphs of the surges
{Figures 13A, 14A, 14B, 15A, 15B, and 16A). For conditions
where the negative part of the surge was much greater than the
positive part (e. g., inflow of 0.127 cfs (3, 600 cc/sec) on Fig-
ure 13A), Qg was taken as the average of the maximum and
minimum values of the discharge rather than as the actual average
discharge.

The damping coefficient R was calculated according to the
-definition following Equation 6. The analysis assumed that the
damping followed a square law while the head loss actually
varied as some power less than two. This condition was taken
into account.by assuming that the head loss coefficient varied
with discharge. Using Equations 3, 10, and 11 and using Qg

as the basis for calculating B, one may show for the low head
loss condition that

2 0.
B = 30(2gA°)/QY'%0 for Q;<0.10cfs

B = 45(2gA%)/Q-35 for Q> 0.10 cfs

for Qs<0'10 cfs

R = 1. : % for Q >0.10 cfs
and for the high head loss condition that

37(2g82)/Q0-% for Q <0.10 cfs

55(2gA%)/Q0+3% for Q_>0.10 cfs

~and ' _
a Q0- 50
5
1.32 Qr : for QS< 0.10 cfs

0.65
QS

= 1.96 -Qr A for Qs> 0.10 cfs




'In-these equations, Qg must be in cfs. In calculating R, the pipe
area’(A) of 0.0830-ft>7(77.1 cm?) and the total length (L) of '
175. 4 ft (53, 5 m) between pipe checks has been used. The factor

F/A was unity for the pipe reaches without a surge tank. With
an 8-inch (20. 3-cm) diameter surge tank, v F/A was equal to

5 since the area F included both the area of the downstream
leg of pipe check and the surge tank area which was four times
that of the pipe.

When no surge tank was used, T,, was taken as unity since the
frequency of the inflow variationg was about the same as the natural
frequency of the pipe reaches. For predicting surges in a pipe
reach with a surge tank, it was assumed that the period of the in-
flow variations was equal to the natural period of the pipe reaches
upstream which did not have surge tanks (Subscript 1). The nat-
ural period of the reach with the surge tank (Subscript 2) was
assumed to be given by the definition of T, following Equation 8.
Thus

since L, = L, and the area F -includes both the area of the down-~
stream leg of %he pipe check and the area: of the surge tank. For
Ty = 0.45, the predicted surges are not very sensitive to the value
of R as long as R is less than about 0.5, (see Figure 4).

The predicted surges are shown in comparison with the data in
Figures 13A, 138, 14B, 14C, 15B, 15C, 16A, and 16B. Since
the scope of the analytical curves presented in Figure 4 is rather
limited, the predicted surges were obtained by the numerical
solution of the differential equation {Equation 6) for each condition
indicated on the figures. '

As shown on the figures, the predicted surges were in rather good
agreement with the data both with and without the surge tank. The
worst agreement occurred when the inflow rates were below about
0.4 cfs (11,000 cc/sec) with the predicted surges generally being
greater than the observed surges (except for the reaches which
‘included a surge tank}. It has previously been pointad out that
data were not taken to determine the 'head loss for-this low range
of discharges and that the head.loss was probably higher than

that used for the predicted surges, (Equations 10a and 11a). An




increase in the head loss used in the analysis would increase the
damping coefficient {R} and thus reduce the magnitude of the pre-
dicted surges. It has also been pointed out that the surge tank
was not very sensitive to the value of R. Thus, an increase in
HL and R would not significantly affect these latter predictions."
Comparison with unsteady inflow. ~-Data were availahle for the
high head loss condition irom some tests which had peen made
previously with an unsteady inflow where the discharge was
increased in an essentially linear fashion from zero to 0. 133

(4, 330 cc/sec) by a specially designed valve. Figure 20 com-
pares surges measured for various steady inflows with the surges
which took place for the same inflow under unsteady conditions.
The figure shows surge data for gate-opening time of 2, 880 sec.
and 195 sec. Although this is a rather limited comparison, it
appears that for the longer opening time, the surges were approxi-
mately equal in magnitude to those obtained with steady inflows.
Thus, the surges for the longer opening time were apparently’
not influenced hy the unsteadiness of the inflow but rather were
due to the same causes as the surges with steady inflow. On
the other hand, the surges with the shorter opening time were
larger for the unsteady flow. Thus, there was apparently some
additional sarging associated with the unsteady inflow.

-Methods of surge control. ~-When all reaches of pipe between
successive pipe checks are identical, the various reaches have
the same natural period of oscillation, and T, is egual to unity
from one reach to the next. A pipe system of this type is essen-
tially a surge amplifier and has nothing in it to cause surge
reduction except frictional resistance. However, for economic
reasons, a pipe is usually designed to keep friction at a minimum
so that there is little damping to control the surge magnitude.

Almost any change to make a pipe reach have a natural frequency
different from the preceding reach will cause T4 to be different
from urity and thus help reduce the surges relative to what they
would be for identical reaches. However, the most benefit can
be obtained by making T, less than unity rather than greater
than unity (see Figure 4}, As T, increases, the best condition
that can be obtained (for low values of R) is to have the surges
in a reach of pipe equal to, but never less than, the inflow
surges. On the other hand, as T., decreases from unity, the
magnitude of the surges may be made arbitrarily small by let-
ting T, become arbitrarily small. In particular, if T, is less
than 0. 707, the surges are always less than the inflow surges
regardless of the value of R. If it is assumed that the surges
in each pipe reach occur at the natural frequency of the reach,
then T,. can be kept small in at least two different ways: (1) by




‘making the pipe reaches successively longer or (2) by using
surge tanks that are successively larger if the reaches are all
.the same’lengths. This assumes that the flow in each reach
oscillates at the natural frequency of that reach. This is not
necessarily the situation though. If the oscillations are gener-
ated at the natural frequency of one reach, the flow will have
to pass through several reaches before the {requency of surging
changes. Thus, the length of the pipe or the size of the surge
tank would probably not have to be changed in zach pipe reach.
(Recall that T.. was defined as the ratio of the inflow pericd to
the natural period of the pipe reach and not as the ratio of two
natural frequencies of two successive pipe reaches.)

A possible area for further study might be the investigation of
the conditions under which the period of oscillation will change
when the natural period of the pipe reaches is different from the
period of the inflow.

In a previous report (Reference 2) of work done by the Bureau

of Reclamation, another method was presented and analyzed for
controlling surge magnitude. This method was essentially a
means of causing two or more pipe reaches to act as a unit by
covering the pipe checks between the reaches. At the same time,
relief valves were used to limit the magnitude of both positive
and negative pressures which could develop under the covers.

The system studied prevmusly did not have air vents downstream
of the pipe checks,

If enough head is available so that the damping coefficient R can
be made greater than 0.6 (Figure 4), then surges will not be
amplified regardless of the vr'11e of T,.. For discharges less than
the design value, some of the available head is dissipated by water
falling into the downstream legs of the pipe checks. This head
loss is not effective in damping the surges. If part of this head
could be dissipated through the action of a boundary force such

as partially closed gates, then the damping would be increased.
The amount of opening of the gates would have to be increased as
the inflow increased in order to pass the higher flows without
overflowing the check structures. Such a system of variable
gates could undoubtedly reduce surging, but the cost of installation
and operation of the gates would probably be prohibitive.

The discussion above has concerned possible means of preventing

the magnitude of surging from becoming too large. Another approaci::
to surge control might be to eliminate the disturbances which initi-
ate the surges. -As discussed earlier, it is felt that the surges in

the present study were initiated by release of entrapped air, It




mlgh i be: posmbte'to fmd means of releasmg the air: so that no _j'
surging:would: be: initiated-dueito this:cause, ‘However, there
arefmany:sother possible: disturbances:that ‘can: start-surges.:
twould: probably never:be: pos sible:to eliminate them:all,
especially-since:changes:in. dehvery rates can cause surging.
. Thus;fit'seems more practical to focus attention on:means of
‘controélling surge.magnitude. rather: than trymg to ellmmate

e all the: poss1b1e causes of. surgmg
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| 'APPENDI‘X__ |

' COMPUTER PR_OGRA-M

'The followmg computer program was wrltten to solve a nonlinear
-equation of the:type:

z .
afQ . aQl 42 42 T2
e 4n R Tl Q| G- ~4n° T, Q' +4n® T, Qy, Al

A Runge-Kutta technique as presented by J. B. Scarborough on
page 358 of "Numerical Mathematical Analysis,' 5th Edition, is
used for the solution. :

Program variables are defined in the program which follows the
flow chart.




READ ,
CONSTANTS - AND
-1 INTTIAL VALUES

k'

WRITE
HFADING
DFORMATION
No. 2




" CALI, HXEDE2,
SUBROUTINE TO
'| SOLVE FOR VALUES




sunnwm H.XHDEE

 ARGUMENTS QO, DRTO, 70, DT, unm,
mmx, 4R, 'R, TR, NFN

¥

REAIJ,K]., 'Ke, -1{3’ Kh’

.CATJ, EXHRIT,
SUBROUTINE ‘TO

| WRITE oUT
INITIAL

| DaT, T, QR, R,

1
i
|
l
1
t
|
1
1

1
I




T ARGUMENTS AL, B2, | | .

ICl; QR, R, TR, NFNJ x
A3 = @ + DT + (DQT) + DT (%)
. B3 = DAT + K3
“ I
#
C3=T+DF {  pem—m—————— -
F——=-————- : ARGUMENTS A3, B3, |
ch: QR, R, TR, NFN_E
Kt = DT - (DOHFN) |  “-——-————=——-
1
DELTQ = DT - (DQT + (KL + K2
+ K3)/6
v
DEITQ = (K1 + 2 - K2
+2K3 + Ki)/6
Ql =.Q + DELTQ
DQTL = DQT + DELTDG
T. =T + DT .
M=20 .
N=20
DQT > O IES Me=1
26




v

CALL HXHRIT
T, @, DAT, @R

CALL H{HRIT
T, @, DQT, QR

CALL HXIRIT
Tl, Q]-.’I DQT:L, QR




¢

CALL IXHRIT
Tl, Q.l; mTlJ QR

YES

CALI, HXHRIT
T1, QL, DQT1, QR

J’ |




SUBRJUTINE HXHRIT
ARGUMENTS T, Q, DQT, QR

T, Q,-QGR,
DaT




ARGUMENTS Q, DQT, T, QR, R, TR, NFN

HYXHFN = = bx R (TR) - (DQT)
-P2.(Q) +P2 - (SIN(2xT)+QR)




PAGE NO. 1

PROGRAM HXHSRG-
NUMERICAL ‘INTEGRATION OF NON=LINEAR MOMENTYUM EQUATION {EQ 69 HYDEBUI

FORTRAN

‘READ CONSTANTS AND INITIAL YALUES IN STATEMENT 5,

SEE -DEFINITIONS IN STATEMENT 20.

TOs Q0 DQTO = INITIAL VALUES OF Te Qe DQT. WHERE DQT = DQ/DT

NFN=1 GIVES LINEAR DAMPINGs NFN=2 GIVES SQUARE=LAW DAMPINGs NFN=3
GIVES DAMPEING AND INFLOw AS SPECIFIED IN FyNCTION

SUBPRUGRAM HXHFN FOLLOWING STATEMENT 30,

IF NFN = 3» 2 CARDS MUST BE READ IN STATEMENT 15 OF MAIN PROGRAM,
THE IMFORMATION ON THESE CARDS WILL BE LISTED AS PART OF THE QUIPUT
AND MAY B8E USED TO DESCRIBE THE DAMPING AND INFLOW USED IN THE
FUNCTION SUBPRUGRAM HXHFN FOLLOWING STATEMENT 390,

INTEGRATION STOPS WHEN PERIODIC FLOW IS OBATINED IN PIPE OR WHEN

T = DTHHMAXy, WHICHEVER COMES FIRST.

(NMAX = NBEG)#DT = MAX, NO. OF PERIODS OVER WHICH INTEGRATION wILL BE
DONEs NORMALLYs NBEG = 1.

OO OOGOOOOOOO0M

JIMENSION SPEC(2D)
5 READ (2+10) QR Re TRy DTy NBEGs NMAXs TOs QOs DQTQO« NFN
10 FORMAT (4F9.54 2169 3F9.64 13)
IF (EQF+2) 99994101
101 CONTINUE
GO TO (1l413415) NFN
11 ARITE {3:12)
12 FORMAT (1Hl,y aXs 72H LINEAR DAMPING wITH FORCING FUNCTION PROFORT!
1ONAL TQ SIN{2.%PI&T) + QR }
GO TO 18
13 WRITE {(3+14)
14 FORMAT {(lHls 4Xs T76H SQUARE=LAW DAMPING WITH FORCING FUNCTION PROP
‘1O0RTIONAL TOD SIN(Z2.%PI%T} + QR )
GO 10 18
READ (2116} {SPEC(]Ya I=1420)
FORMAT (10A8 / 10A8)
WRITE (3+17) (SPECITI)y I=4+20)
FORMAT (1lHle 4Xs 10A8 7 BX4 10A48)
CONTINUE
WRITE (3+20) QRs Ry TRy DTy, TOs QO0s DAQTOD
FORMAT | / '
1 5Xe &iH QR
2T = 4 F9u5
J 5% 22H R

AVGs INFLOW/AMPLITUDE OF OSCILLATING INFLOW CTUMPONEN

S

DAMPINY FACTOR = 4 F9,5 //
4 5%¢ 43H TR INFLOW PERIOD/NATURAL PERIOD OF THE PJPE = 4 F9.5//
5 5X, 47TH DT TIME INCREMENT IN NUMERICAL INTEGRATION = 4y F9.5//
& 5%y 28H T TIME/ZINFLOW PERIOD. ¢/
T 9%s 6lH Q DISCHARGEZAMPLITUDE OF OSCILLATING INFLOW COMPONE
SNT « / 7

9 55X+ 57TH DQ/DT = NONDIMENSIONAL ACCELERATION IN TERMS OF Q@ AND T.
A s/ 5Xe 22H INITIAL VALUES = T = , F9,59 6Hy Q = y F9¢5,
B “1O0Hy DQ/DT = o F9.5 7/}

IF (QR +EQe¢ 0.0) GO TO 40

WRITE {34+30)

HHH~N

31




R pAGE.Nugi
ll‘;\,nf'zqn'._ v Th 6H UQIDTI“«'_,

nu/nr AN

HMAx. Ry Ry TR- NFNY




ETHY

850
875

900 - _ ‘
‘CALL ‘HXHRIT{ Tls» Ql, DQT1l, QR}

'PAGE NO.

1

SUBRGUTINE HXHDE2 (G0, DQTO, TO» DT, NBEGs NMAXy QRs Rs TRy NFN)

REAL Kls K29 K3y Kb

"CALL HXHRIT (T0s Q0. DQTOs GR}
aMAxl = 0.0

T=7T0

QA = QO

pat = DQT0
Do 1000 J = NBEG'NMAXsl0Q
90¢ 1 = 1410

DYoHXHFN(Qs DQTs Ty QRs Re TRs NFN!
Q + DT#DQAY/2. + DTHKL1s8,.

OQAT + K1/2.

T+ DT/2,

DFoHXHFMN {(Als Blse Cly QRe Re TRe NFN}
DRAT + K272,

DYuHXHFN(Rly B2 Cly GRe Ra TRy NFN)
Q@ + DTDQY + OTeK3/2,

DQT + K3

T « DT
= DYaHXHFN{A3s B3s C3y QRs Ra TRs NFN)
DELTR = DT#(DQT + ‘K]l + X2 + K3)/6.)
DELTDA = (K1l + 2.2K2 + 2,%K3 + K4)/6,
Ql = @ + DELTG

paT1 = pat + PELTOQ

TL =T+ DY

IF {J +EQel) GO TO 875

M=s0

N = 0

IF (DQAT «G6Te 0y) M =
IF (DAY +LTs 0s) ™M =
IF (DQT] «GTe O} N = +*1
IF ‘DQTI -LT. Oat} N =]
17 (M «EQs N} o0 TO 875

IF (M «LYe 0) GO TO 800

IF (EQT «GE. ABS(EQT1)Y GO TO 750
QMAX2 = Q@

CALL HXHRIT( T4 Qs DAT. AR}

RE AR R R ER

+1
=]
*

60 T0 760

QMAX2 = .Q1
CALL HXHRIT( Tls Qls DQTl. QR)

‘CONTINVUE

IF (ABI(QMAX2 = QMAX]1) +LT, 0,00005) GO TO 1100
QMAX1l 3 QMAX2

50 -T0.875

‘IF (ABS(DQT) .GE. DATLY 6O TO 850

CALL HXHRIT( T+ Qs DQTs QR}

60 TO 8475

CALL HXHRIT( Tls Qlsy DQTle QR)
Q = Q1

DaT-= 0Qtil

T =Tl ‘

CONTINUE

.33




‘PAGE NO. 2

'-"1000 CDNTINUE S
" “301°FORMAT (1Xs -3(4Xy ?6 )
"1100 - CONTINUE
‘RETURN
'.;END




© SUBROUTINE HXHRIT! Ty Qy 'DATy QR)
IF (R +EQs 0401 GO TO 100
Q@R -3 Q-= QR |

50

WRITE (34500 Ts QeQQR» part
FORMAT (1%s &(4XsFB8.3))

60 T0O 300

100 -
200
300

NRITE (3+200) T+ Qe -DQT
FORMAT (1Xs 3(4X.F38.3))
CONTINUE

RETURN

END

PAGE NO». 1




PAGE NOo 1

FUNCTION HxHFN(Qv UQTs T1 QR; LLE TRs NFN)
FPlo® 34141593 SN _
- Pz‘- 4-»P10PIuTRoTR
‘G0 TO. (104204300 NFN : '
.10 WXHFN:-=- il 9P [AROTRHDQY -= PZ“Q * - FZ“tSINIZ.*PlﬁT)‘#-QRI
e ‘G0 'T0 100 ‘ : o
- .20 ‘HXHFN = -4y # Pl w'R w TR # ABS(Q) 4 DaTv
' “QIN ‘= ISIN{2.9PI¢T) + QR .
IF (QIN-eLTe 0400 QIN 70,0
HXHFN 'S HXHFN « P2®Q + PZﬂQIN
GO TO 100
.30 CONTINUE
C 'FOR NFN:= 3, ANY[DEFINITION aF HXHFN MAY BE PLACED HERE.
100 ‘CONTINUE ' '
. "RETURN
'END -




.INPUT: DATA

C TEEFOIIOWHQGCARDSARETYPIGALDIHEDATATOBEREADDTSDATEMEND
c 50FTHEM&D\TPRNRAM

1.0 0.0568 1.0  0.0L 1 2001 0.0 0.0 0.0
0.TT o.,12_88 -1.0 0.01 1 0.0 0.0

0.0




_ TYPICAL OUTPUT

SQUARE-LAW DAMPING WITH FORCING FUNCTION PROPORTIONAL TO SIN(2.*PIXT) + QR |

(R = AVG. TNFLOW/AMPLITWE OF OSCILIATING TNFLOW COMPONENT = 2.00000
‘R = DAMPING FACTOR = .20000
TR = INFLOW PERI@/NATURAL PERICD OF THE PIFE = 1.10060
DT = TIME INCREMENT IN NUMERICAYL INTEGRATION = .01000

T = PIME/INFIOW PERIOD.
Q = DISCHARCE/AMPLITUDE OF OSCILIATING INFLOW COMPONENT.
DQ/DT = NONDIMENSIONAL ACCELERATION IN TERMS OF Q AND T.

INTTIAL VALUES « T = 0. » Q=0. s+ DQ/DP = O.

by qQ Q-OR DQ/DT

0. o. ~2.000 o.
-1-500 9.865
~0.225 13.943
+400 3 489 1.439 1.841
.. 1.518 0.128
. -500 l-ll-lO -3-%3
0.938 -6.110
C0.234 ~T. 740
=0.353 =7.667
-1.216 ~5.097
-loll"?o -0.138
—l-ll-68 0.5"[’6
-1'059 iy T'I‘l'?g
-0.108 = 1o.ha1
0.519 7294
1.282 1.962
L3201 - 0025
1.245 -2.466
0'851} "505“’8
=0.570 - =T74333
--102014- —LI--850
"'l-h'l"o -Ooms
«l.436 0.662
“1.025  7.392
-0.091 - 10.250




T
2.300
2.l+w
2,440
2.500
2,600
2.700
2,800
2900
2,990
3.000
3.100
3200
34500
3.400
34500
3.600
'3.700
3.800
34900
34990
4,000
4100
4,200
4,300
4 oo
L o

2.817
5.272
34310

3235 .

2,826
2.17h
1.428
0.796
0.562
0.565
0.97T
1.911
2.817

34271

3300
34234
2.826
2.174
1.428
0.T96
0.562
0.565
0.9TT
1.911
2.818
34271
30309

Q=GR

0.817
l.272
1.310
0.826
0.17h
-0.572
"1020‘1+
-l ol|'38
=1.435
~1.02%
'00@9
0.817
1.271
1.309
1.23%
0.526
0.17h4
"0.572
-1.201-!-
"l.h‘ﬁ

-1,435

‘10023
"‘0.&9
'0-818
1.271
1.309

39

- DQ/pT

Te15k
1.932
0.022
"'20,”"-7
=5+319
=7.276
=T.309
-4.830
0.009
0.675
T«391
10.237
7.1""3
1.928
0.020
~2.446
=5.317
~Te2Th
-7.308
"'}'I--BEB
0.010
0.676
T+391
10.236
T.142
1.928
0.020
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‘FIGURE 2.
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PIPE LINE SURGES

‘PERIODIC INFLOW USED IN
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FIGURE 5
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.Damping Amplification
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Figure 6
Report Hyd-580

Pipe Line Surges

EXPERIMENTAL PIPE SYSTEM

Photo PX-D-60622
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Fipure 9
Report Hyd-580

Pipe Linc Surges

SURGE TANK
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Figure 18
Report Hyd-580

Air entrainment at downstrear leg of pipe check.
Photo PX-D-60624

Release of air at 2-inch-diameter vent,
Photo PX-D-60625

Pipe Line Surges
AIR ENTRAINMENT AND RELEASE
FOR INFLOW OF 0.03 CFS
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Figure 19
Report Hyd-580

A, Air trappea in separation zone of elbow
Photo PX-D-50626,

B. Air bubble rising against flow in 0
downstream leg of pipe check :
Photo PX-D-60627.

Pipe Line Surpes
AIR ENTRAPMENT AND RELEASE

FOR INFLOW OF 0. 13 CFS
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Burosy of Reclamation

i

CONVERSION  FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT

.Tha follewing <onversion factors adopted by the Buresu of Reclamation #re those ublished by the Americen Scolety for
Testing and fAaterials (ASTM Metrie Practice Guide, January 1964) except that edditional factors (*) commenly used In
the Buresuaave been added, ' Further discusslon of definitions of quantities end units is given on pages 10-11 of the
ASTM Metiriz Practice Gulde, .

% - .
The metrls units and conversion factors adopted by the ASTM are based on the "Internationsl System of Units" {designated
S for Systome International d'Unites), fixed by the International Commitiee for Walghts and Measuras; this system 1s
also Jmown as the Glorgl or MKSA (metar-kdlogram (mess)-second-ampere) system. This system has been adopted by the
International Orgenization for Standardization in MO Recommendation R-31.

Tha metric technleal unit of force 1s tha Klogram-fores; this s the force which, when applied to & bedy having a
mass of 1 kg, glves It an acceleration of 9. BUBB5 m/sec/sec, the stapdard acceleration of free fall toward the earth’s
center for sen level at 45 deg latltude. The metric undt of force in SI units is the newton (N7, which is defined as
that force whdeh, when applled to a body having a mass of 1 kg, gives 1t an scceleration of 1 m/sec/sec. These units
must be distingquished from the {inconstant) local welght of B body having B mass of 1 kq; that 1, the welght of B

. body 1s thet force with which a body is attracied to the earth and 1s equal tc the mass of a body muttiplied by the
acceleretion due Lomgravity. However, because it 1s general tFra.x:ti\':e to use "pound" rather than the technieally
correct term " ~force," the term "ldlogram" (or derlved mass unit) has been used in this quide instead of "idlegram-
icorce"ﬂiar_l1L ?xp;eifdmg the conversion factors for forces, The newton unit of foree will find increesing use, and is
esgen| n B ts.

Table T
QUANTITES AND UNITS QOF SPACE
Multiply By Tc obtain
LENGTH
ML L s e e e - . 2.4 (exactly). . . . ... Micron
Inches o« v « » ¢« @ & @ « v » 25.4(&:&.31.1&). e e e e e Millimeters
Ve e e e e e e e . 2.54 (exmetly}®. . . . . .. Centimeters
Feet. ... ...... . 30,48 (exmotly) . . . . . . . Centlmeters
e e e e e e e e 0, 3048 (exactly)*. . . . . . Meters
e e e e e e e e 0. 0003048 {exzctly}* . . . . Kllometers
Yards . .« 4 e v e ow s 0.9144 (exaetly) . . . . . . Meters
Miles (statute). . . . . . . . 1,600,344 (exactly)* . . . . . . Meters
............ 1. 609344 (exactly) . . . . . Kilometers
AREA
Square inches . . . . . . . . 6.4518 (exectlyr . . . . . . Square centimeters
Squarefeet . . . . . . - . 920,03% . . .. . - ... Squere centimeters
f e e e e e e e 0.002803 . . . . . . .« . . Square meters
Squere yards . . . . . PR 0.B36127 . . . . - « . . . Square meters
ACTES + & 4 4 e v e e s . 0.40469% , . . . . .. . Hectares
P s e e e e D B . Square meters
e e e e e e .. 0.0040488* . , . . . - . . Square kilometers
Squaremiles . ., . . . s . . 2.5680808, . . . .. .. - . Square klometers
VOLUME
Cublecinches . . . . . . .. 16.8871 . . . .+ . . . . . Cubic centimeters
Cubjefeet. . . . . . - P 0.0285188, . . . . .. .. Cuble meters
Cudeyards. . . . . . . . - ¢ 784556 . . . . . . . . . Cuble meters
CAPACITY
Fluid cunces (U, 8.} . . . . 205737 . ¢« v v ¢« v 0 - e Cublc centimeaters
28.5728 . . . + + . - » . . Millliters
Liquid pluts (U.8.) . . . . 0473179 . & o o ¢ o 0 o Cublc declmeters
0.4781686. . . . . . . . . Liters
Quarts {U,5.). . . . . . 048.858* , . . ., . . . . . . Cubic centlmeters
0.948381>. . . ., . . . . . Liters
Gallons {U.8, % . ... - « & 3,786.48* . .. .. . « + + « Cublc centimeters
e e s "3.78543. . . . .. + + » « Cuble dectmeters
...... . 3.76533. . . . . . s » . . Liters
e e e e . 0.00378643*%. . . . . . - . Cuble meters
CGallons (LKD) . . ... - . 4,54800 7, . . . . < . . . Cuble declmaters
L e e e e e 4,54606 . . . ... . . . . Liters
Cublcfeet . . . . . PR 28,3180 . . . ... ... . ILiters
Cublc e e e e e e s Te4.65* ., . . . . . . . . . Liters
Acre-feet, . . . . . . .. B < T . Cuble meters

........ 11,2830500% . . . ... ... .. Liters




65158 040 :
T IsewWpuse 19d swedbend - - - ¢ - AN

........... o ToE S
Jmewr sdynbg eIy C v o ottt R L B ¢ * paed arEnbs Jod SUDITED
Imem algnbs Jed eduwrery ¢ v Tt f T T T P 100} eTenbs <od SEWE L
JpPm oo Jed sapmae Tt Tt «LPIEGE Tt 1007 ajquo Jdad saLmarfl
1xam zad syeysm@rE eembg-tyg v v ot ottt gpploos "t w0y 2ad 9T TBMATI-WUG

hga Ecm h& ﬂﬁﬂgl.—. ------ + e T .vm-_.. .OH ------------- Wﬂaﬁﬂu
-1007} J0o7 axenbs aed suamn]
IemyTTa dsjoaend *t t Tt + oypAgD0 C ottt e LRSS 1 ] BIOA
w{abusyy) sasxbap M_Ewm IoSMIETEAD * ¢ttt vt Appmxagrg ottt a{ofBys) S68103D J[EYRRTYE.T
-pup3as dad saajem brimbg ot ot 7 TS »£08280 '0 » " '(£119998[A) Puodas Jed 12y aswmbg

Zajem aarwnbs xad pRODSE weibap + - e R N A ek ;uamouw.;u
: 1001 aJmmbs Jad spucves-panod

fep 1ad Imawm argrhs Jad edayrl * ot v ot ot ot ot ottt W9'%E T T Tt ama.mnmmrd Awp
1ad jo0f erEnbs Tad 199F 25qnD

USRI EL . -1 AT
BLINI ONY BAILIINYNG H2HLIO
I 2iq8l

(ATIqQE-ELL BaJU [ = 23]
- ¢ {eoumamaad) swdad
* ot (UoTesTHEUET)

udnd.._uu..a..p_ Na .E\ﬂ.nﬂ_o

Tt r (Anmsngn yedayy) T/l
A T > g Bap q/tg

oheplb/p @ e v m v . 98T ‘F * {fyporedso yesy '2) J Bep ai/mG

nemmmmapbag ¢ttt T {pomeates.
Temdenn ‘M) M/l U g Bag

ww.ﬂUﬂ&H kﬂ.\ﬂdu .UUﬁ. ---------- .wa -n- & a4 & & & & = & r »r @

- oyBap pllo/sumaRY ¢ttt ot o S © e+ -+ pacumonpuos
. TEELIE) ' D) m op 23 TLNIE
obuummsﬁxaiuux .......... 0895 T IR R R § =t fy -]

ﬂ w ..—._._.\.ﬂuu UVH ........... ovmﬂ L I L P

o Bop ma/sRANIN -ttt v - o Tailr -t fapanoenpuos e

: ) I bop g4 IU/ Uy M
HAASNV AL LvaH

R T TR e et 00595 o8 SPaTEaS 0T

SNy CC t ot ottt L0682 00ttt vttt Lo Inay Tad ™

sy ¢ B T IR IR TBHDAT 08

. Hanod
N W.W._.._._Dh .......... Qﬂmmmwnn ™ T s & 5w 5 e U %&b%
urgdb sod oA * v v v v (AnTea) g2 SeLr e e s vt cpomed 1sd Mg
. ﬂﬁ._.._.:uh ----------- S-nmo.ﬂ ....
sojomo wuiboTyy * v 7ttt #292°0° Tt (1) SIMN TEWAAG YN
»AOUENE ONY Xu0M
= AW

990 oL

seaiq - . . L . 90T ¥ GBre 3
cusyen v vttt +2955 T
swrgibOqIR * 't " ' ' " " +EBOEGED
+d 00T
FRT AR T T T T T 000 T aynar 1ed [ ) BT
puoes Jed sdajpl v vt v " ° e s CRLLED ottt ayurm zad 1337 3jqno
piooss dad F1MEm 9Dy ¢t 4ttt C  JLTFEE0 0 F T4 frea
~puooas) puoaet Jed 182) DIAND
MOTL
Illlilﬂﬂ|s§|.ﬂ|mqmmwd' ---------- Dmvcﬂ -D .......... N%ﬂﬂ@l—m
+NOLLVEETIIIY -

PUODTS o0 BLE1a0 -
anay 1ad saajamond ¢
pucaas Jad sampuiua)y °
puodes Jod E1818W
puoday Jad FisREUE) ¢

* anoy tad sef
*toak ..w.m EHEF

. ud.on X £7/9608 "0
* #(ADaaNd) BFOE 0 v .
« r o Q—.h_.du.ﬁﬂb QW -Oﬂ L I O goa.w Hﬂm tea g

ALIDOIIA

gAejguipdeo=weIpy ~ * 7 7 7 ¢ Y *gcn ”m.___

ST e e R

Jajempuaa Jod sweabof-Jelemppaay ¢ 1 ot 0ttt e e 9 youg aad Spunod-1e0.0
: SOUAP-ApmMAUAD 1,01 X 2BE9E T e
gurRIBo Iy ~I1210]] HETeggmgprn t ot r e spunod-1004
Py gl et e s 0T ¥ 9RAEET . e e e e
PUWIBI-INA ¢ ¢ttt S ezata 0 L LR B + smmod-gou}
ANDHOL d0 LNEIOH HNIINIE
13}]] 400 66D ° T BLL 8B T "1} GOTIED 194 epanod
apiff Jed gurgap v vt vttt vt + * gEF AT (70 ustreb Jed epuned
Jopl aed smwan ¢ o ot o T 20829 ("X n) vorreb 1ad satmQ
aen rad sumgagy v oot 0 Tt R8P L . { '8 " uorred asd asmmd
EIDVAVO/ BBV : . : Lo
WJBJOCITIUAS DN £ ﬂh.mku ....... i e FGYZE’T ey ey Eﬂ FIELE] h& -mg m ﬂﬂo.m-
Tay5uryion oiqna tad FuTELD 1ttt eatt0T "0 [N A o 4
apiemn o7qno ted Fmerboryy v ot v v T T @roer Tttt 100f 2iqn2 ded spunodg
Iajampusd Jjqno Jad ewmery * C C C 7 DR |: ;11 R § soeor e v youg ojgnd 1ad g6y

BTSN WUVIOA/BRYIR

161901 @agnDs Jod sUopeaN - - - N A
Igyeru orerhs aed swesbory ¢ ¢ Lt
P R SR 1.1 B

18jamTjuan alenbs Jad EuUoeEN

-+ + qo0f e1enbs Jad Epmog

Jejourjued arEnbe asd smesbery v v v T T T Tt I0BOLO'0 ' t.t.t ' " * ysuj o4unbs Jod Spmad
VARV 20800 } .
HrE 1 mD.mHG..n L QT OFG '2) B0 BUGTT °
TR Lttt rGRUIORTD .ttt TToRE S .u
gmgaboliy " v vttt ST ottt ' {qr 80. } 5u07 4doug
sebalty  C (Anowte} LEBAQESETD - C T T DT T S+ Sidpam epunod
qOEIn * ot ottt or e ragpggg - ot T ottt S EU._- s
D v e e a s e e W ZERT L oureab opd muEEhESEb.
swrsaBig "t * M) TEEELRE 0 7 T T T T {BIDGY'L/T) SUMD
Grmse oL L] . AR

SOMNVHO AN S0 SLINN UNT SALILINVID
II &{qe.L




ABSTRACT

Surges of head and dilscharge were studied experimentally in a laboratory
plpe system having check structures spaced equally slong the pipe.
Surges developed vhen the downstream porticn of the check structures did
not flow full. The surges were initiated by the release of alr en-
trained in the downstream leg of the check structures, and the surges
were amplified as the flow passed through the successlve pipe reaches.
The experiments were made for varlous inflows steady at the upstream end
of the system. Flots of surge magnitude vs., inflow rate showed two
peaks. One peak apparently resulted from surges inltiated by air re-
lease through the vent downstream of the check structures; the other
peak originated from surges initiated by alr relesse through the down-
stream leg of the check structure. The nonlinear momentum equation was
integrated numerically to predict the growth of the discharge surge from
one pipe reach to the next. The results were in good agreement with the
experiments for different hesd loss conditions and for pipe reaches with
and without surge tanks.

ABSTRACT

Surges of head and discharge were studled experimentally in a laboratory
pipe system having check structures spaced equally aleng the pipe.
Surges developed when the dowhstream portion of the check structures did
not flow full. The surges were initiated by the release of air en-
trained in the downstream ieg of the check structures, and the surges
were amplified as the flow passed through the suceessive pipe reaches.
The experiments were made for various inflows steady at the upstream end
of the system., Plots of surge magnitude va, inflow rate showed two
peaks. One peak apparently resulted from surges Initlated by elr re-
lease through the vent downstream of the check structures; the other
pesk originated from surges initiated by alr release through the down-
stream leg of the check structure. The nonlinear momepntum equation was
integrated numerically to predict the growth of the discharge surge from
one pipe reach to the next. The results were in good agreement with the
experiments for different head loss corditions and for pipe reaches with
and without surge tanks.

ABSTRACT

Surges of head and discharge were studied experimentally in a laboratory
pipe system havii'g check structures spaced equally along the pipe. .
Surges developed when the downstream portion of the check structures did .
not flow full. The surges were initiated by the release of air en-
treined in the deownstream leg of the check ciructures, and the surges
were amplified as the flow passed through the successive pipe reaches.
The experiments were made for variocus inflows atesdy st ihe upstream end
of the system. Flots of surge magnitude vs. inflow rate showed two
peaks. One peak apparently resulted from surges initiated by air re-
leasze through the vent downstream of the check structures; the other
peak originated from surges initiated by air release through the down-
stream leg of the check structure. The nonlinear momentum equation was
integrated numerically to predlet the growth of the discharge surge from
one pipe reach to the next. The results were in good agreement with the
experiments for different head loss conditions end for pipe reaches with
and without surge tanks.

ABSTRACT

Surges of head and <discharge vere studied experimentally 1n a laboratory
pipe system having check structures spaced equally along the pipe.
Surges developed when the downstream portion of the check structures did
not flow full. The surges were initiated by the releasz of air en-
tralned in the downstream leg of the check structures, and the surges
wvere amplified as the flow passed through the successive pipe reaches.
The experiments were made for various inflows steady at the upstream end
of the system. Piots of surge magnitude vs. inflow rate showed two
peaks. One pesk apparently resulted from surges initiated by air re-
lease through the vent downstream of the check structures; the other
peak originated frem surges initlated by eir relemse through the down-
stream leg of the check structure. The nonlinear momentum equation was
integrated numerically to predict the growth of the discharge surge from
one pipe reach to the next. The results were in good agreement with the
experiments for different head loss conditions and for plpe reaches with
and without surge tanks.
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