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y1 y2 departure from the running levels  on the down8treasl s ide 
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& amplificsrtion fac tor  I 2-1 
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. PURPOSE 

To determine the causes of the surging i n  the  open-stand-type 
pipe l i n e  i r r igat ion dis tr ibut ion system at Coachella and t o  f ind means 
of preventing the surging o r  of controlling it within acceptable limits. 

CONCDSIONS 

1. The surging is caused by two separate but complementary 
factors.  The first is the introduction in to  the system of self-induced 
and other f lu7  osci l la t ions of small magnitude. The second fac tor  is 
the a b i l i t y  of a syetem such as the one a t  Coachella ( ~ i g u r e  l), ruld 
others l ike  it, t o  amplify smll oscillations Into surges of uaacceptabPe" 
proportions. 

2. The self-induced o r  auto-oscillations ape caused primarily by 
the stowge and subsequent release of air carried in to  the pipe l ines  by 
entxyhment. The system cannot be economically modified t o  eliminate 
t h i s  storage and release of air. 

3. Oscillations other than the self-induced ones m y  be produced 
by a variety of causes including the disturbances which a r i se  when deliv- 
e r i e s  are changed, and even by the action of wid blowing across the open 
stands. Proper operating procedure, such as avoiding rapid changes i n  
delivery rates, can do nnrch to minfmize these flw disturbances. 

4. The a b i l i t y  of the Coachell8 System t o  ~emg,l.iiy a surge is due 
t o  resonance occurring st or near tihe natural frequencies of the water 
c o l m s  i n  the pipe ~eechee. 



pipe reach--consisting of -the downstream section of the preceding pipe 
stand, the upstream section of the subsequent stand and the pipe l ine  
connecting these stands--depends upon tilie length of the pipe and the 
water-surface area in  the downstream section of the preceding pipe stand. 

t 

The surging can be controlled by modifying the l a t e r a l  t o  obtain 
longer natural periods of osci l la t ion i n  each succeeding reach. This can 
be done by increasing the water-surface areas i n  the stands or  by length- 
ening the pipe reaches by omitting stands. However, the cost of progres- 

. 
sively increasing the surface areas in  a long l a t e r a l  is prohibitive, and 
the necessity of serving many individual f a r m  eliminates the alternative 
of lengthening reaches by omitting stands. 

6. The degree of surge anplification i n  8 given reach is influenced 
by the hydraulic f r ic t ion .  If the f r ic t ion  forces are small, the ampli- 
f icat ion w i l l  be large, and conversely, i f  the f r i c t ion  is large, the 
amplification w i l l  be small or  nonexistent. I n  the troublesome laterals 
a t  Coachella the f r i c t ion  could not be increased t o  the point of control- 
l i ng  surging a t  low flows without making it impossible t o  transport high 
flows. 

7. Airtight covers placed on the pipe stands produce goo3 surge 
control. These covers must be f i t t e d  with f l a p  valves t o  relieve pres- 
sures above atmospheric,and v i t h  s. vaauum vent t o  l i m i t  subatmoepheric 
pressures ( ~ i g u r e  25). The effect of a c m r  on a given pipe stand is 
t o  connect the two entering reaches into one longer reach with a longer 
natural osci l la t icg p e r i d  i n  the primary mode. The covers may be applied 
t o  any number of stands i n  succession t o  form a longer reach of closed 
conduit. 

8. The a i r t i g h t  covers provide surge control by: 

a. Modifying the periods of the pipe reaches 
t o  avoid resonance 

b. Reducing the number of successive -aches 
i n  which amplification can occur 

c. The f a c t  tha t  a reach of BL given length 
and resonance period with cwered stands 
w i l l ,  osc i l la te  l e s s  f ree ly  t h n  a reach 
sf the same length and resonance period 
without covers. 

9. A section of l a t e r a l  using covers has a number of natui-al 
periods equal t o  the numbers of pipe reaches i n  that section. Only the k 

primary (longest) period 'is of Uportance since the resonance becomes 
weak a t  the shorter periods. 



the  surging, but the  operational d i f f i c u l t i e s  which they present. prohibit  
using them i n  large numbers. 

11. Vents t o  release a i r  trapped i n  the  pipe l i n e s  below the  stands 
(Figure 12~), siphons through the pipe stand baf f les  ( ~ i g u r e s  13 and 14), 
and cen t ra l ly  located v e r t i c a l  i n l e t  r i s e r  pipes (Figure 16) are each 
capable of reducing the tenfiency f o r  i n i t i a t i n g  osc i l l a t ions  i n  the 

I 
stand, but they a r e  not capable of controll ing surges fed i n to  the  reach. 

12. The hydraulic models and e l e c t r i c  analogies used i n  this 
investigation provided a sa t i s fac tory  means f o r  studying the operation 
of the open-stand-type pipe d i s t r ibu t ion  system. 

RECOMMENDATIONS 

1. Use the  a i r t i g h t  covers f o r  controll ing surges i n  the  open- 
stand-type d i s t r ibu t ion  system. The covers must be f i t t e d  with f l a p  
valves t o  re l ieve pressures above atmospheric,and vacuum vents t o  l i m i t  
s u b a ~ o s p h e r i c  pressures ( ~ i g u r e  25). 

2. Use gates through the  ba f f l e s  f o r  surge control  when it is 
practicable t o  regulate t he  gates so t h a t  .lo w e e r  passes over t he  baffles 
(Figure 10).  

3. I n  future  systems, design the  stands so t h a t  minimum volumes 
of a i r  viU. be entrained. This may be done by l imit ing the  f a l l  from 
the  baf f le  c r e s t . t o  the pool t o  1 foot  o r  l e s s  and by providing 3 o r  
more f e e t  of pool depth over the ou t l e t  pipe. 

4. Investigate analyt ical ly  any future  d i s t r ibu t ion  systems i n  
which surging might occur t o  determine the  optimum placement of the  
a i r t i g h t  covers o r  baf f le  gates. 
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General Features 

The Coachella Valley l i e s  in  southern California and extends 
about 33 miles northwest of the Salton Sea (Figure 1 ) .  The ground 
slopes from a maximum elevation of 524 f ee t  at the north downward t o  
the elevation of the Salton Sea, 240 f ee t  below sea level.  The east  
side of the valley is  somewhat narrower and steeper than the west side 
with ground slopes of 5 t o  20 f e e t  per mile. The climate i s  warm and 
the sun shines pract ical ly the year round producing summer temperatures 
which occasionally exceed 120' F. The temperature seldom f a l l s  below 
freezing, and crops are grown throughout the year. The one natural 
deterrent t o  an abundant agricultural econaxy i s  the lack of suff icient  
rainfall; the average f a l l  i s  about 3 inches per year. 

To supplement the inadequate rainfal l ,  i r r iga t ion  has been 
used, and f o r  a number of years excellent crops have been gram i n  the 
i r r igated portions of the valley. The water xas originally supplied by 
ar tesian wel ls ,  but as more wells were used the water table  declined t o  
the extent that pumping became necessary. With 12,000 acres f ina l ly  
being i rr igated by wells, the water table declined t o  where some of the 
Rumps approached the economical pumping l i m i t .  

The construction of the Coachella branch of the All-American 
Canal has made possible t h e  delivery of large quantit ies cf Colorado 
River water t o  the Coachella Valley. On December 22, 1947, an agreement 
was reached and signed between the Coachella Valley County Water 
Distr ic t ,  Improvement Dis t r ic t  No. 1, and the United States Government, 
wherein the Bureau of Reclamation would construct a dis tr ibut ion system 
of pipe i n  the valley t o  transport the water from the main canal t o  about 
100,000 acres of land. Upon completion of the components, the syatem 
would be turned over t o  the Water Dis t r ic t  on a supplemental repayment 
contract basis. The general plan f o r  the system, with %he quantities of 
flow, the points of delivery, and the number designation of the l a t e ra l s  
i s  shown i n  Figure 1. For construction purposes the dis tr ibut ion 
system was divided into the following unl ts  (~igure 1): 

Unit 1--lateral 97.1, Stations 0+00 t o  3'7'74.85 

Unit 8--1,aterals 99.8 (exclusive. of Lateral 99.8-0.51 
beyond Station 131+00) through 106.9 

Unit 3--Laterals 137.3 through 115.3 

Unit 4 - -~a te ra l s  115.6 through 119.6 



beyond Stat ion 377+85 

Unit 6- - l a t e r a l s  119.64 through 123.4 

Unit 7--Lateral 123.45 

Unit 8 - - ~ a ~ u i n t a  l a t e r a l s  

Unit 9-- la tera ls  88.6, 91.4, 93.0, 94.2, 97.0, 
98.0, 99.4 and Sublateral  99.8-0.51 
beyond Stat ion 1316.00. 

Pr io r  t o  preparing the cost  estimate required f o r  t he  
supplemental repayment contract, s tudies  were made t o  determine whether 
an open-canal system, a low-pressure pipe system, o r  a high-pressure pipe 
system would be most economical, both i n  i n i t i a l  cost  and i n  operation 
and maintenance expense. The studies indicated t h a t  the  low-pressure 
pipe system would be s l i gh t ly  more cost ly  t o  build than the open-canal 
system but would peimit higher delivery gradients with smaller seepage 
and evaporation losscs and hence lower operating costs.  I n  addition, 
t he  pipe system would e n t a i l  l e s s  right-of-way encroachment through cul- 
t iva ted  areas and hence l e s s  right-of-way.expense. Further s tudies  made 
by the  Denver off ice  of the  Bureau and by pr ivate  engineers retained by 
the  Coachella Valley County Water D i s t r i c t  Board indicated t h a t  a low- 
pressure pipe system would be material ly l e s s  exkns ive  t o  construct than 
a high-pressure system. On the  basis  of these findings, the decision was 
made t o  construct the low-pressure pipe d i s t r ibu t ion  syotem. 

The l a t e r a l s  were located along section and mid-section l ines ,  
and quarter-mile sublaterals  were provlded t o  serve the  adjoining lan&s, 
The general c r i t e r i a  required a turnout f o r  a farm delivery t o  each 40 
acres of land; or cne o r  possible two turnouts a t  each quarter-mile of 
l a t e r a l .  To maintain a low in te rna l  head on the concrete pipe l ines,  
open-topped box or  pipe stands were constructed a t  each turnout point 
with the  top of tine stand 2 f e e t  higher than the maximum operating water 
surface. A ba f f l e  o r  pa r t i t i on  i n  the  stand served a s  a check a t  low 
flows t o  provide the head required for the  turnout del iver ies  ( ~ i g u r e  2). 
The portion of the tota l .  flow which exceeded the turnout delivery in a 
given stand passed over t h i s  baff le ,  then f e l l  i n t o  the  downstream half 
of the stand, and entered the outgoing pipe l i n e  t o  flow on t o  the next 
stand. This design divided each l a t e r a l  in to  a se r i e s  of elongated 
U-tubes, with the  upper l eg  formed by the downstream side of one stand 
and the  lower leg formed by the  upstream side of the  subsequent stand, 
A t  low flows water poured over the baf f les  from one U-tube t o  the  next 
U-tube ( ~ i g u r e  3).  Turnouts from the l a t e r a l s  a re  controlled by gate 
valves or by valves of the  disk type b u i l t  in<egrally with a propeller- 
type meter ( ~ i g u r e  4) .  



- * - " -  

The f i r s t  reports of operating d i f f i c u l t i e s  i n  the  d i s t r ibu t ion  
system were made t o  t h i s  o f f ice  on March 22, 1950, by Construction 
Engineer C. S. Hale. It was found tha t  the  longer l a t e r a l s  i n  the f l a t  
val ley f l oo r  could not be operated s a t i s f ac to r i l y  because of severe 
surging which occurred regularly with a period of about 60 seconds. 
 h he term "surging" as hereaf ter  used, means a,,continual and rhythmical 
increase and decrease i n  the  flow past a given point i n  a l a t e r a l . )  
Excessive surging, t h a t  i s  surging great enough t o  cause farm delivery 
d i f f i cu l t i e s ,  occurred a t  low flows in  the long l a t e r a l s  located i n  re la -  
t i v e l y  f l a t  areas where the  baff le  i n  any stand i s  su f f i c i en t ly  high t o  
back water up i n  the  preceding stand and cause the  pipe t o  run f u l l  a t  
the  upper end ( ~ i g u r e  3; B, C, and D ) .  Only minor surging occurred i n  
the f irst  few pipe l i n e  reaches of the l a t e r a l ,  but the surge became PI?,- 
gressively greater  toward the downstream reaches. So long a s  the  surgi.lg 
component of the  average flow was l e s s  than the average flow, water con- 
tinued t o  pass over the  baf f les  and the small change i n  head on the 
turnouts had no appreciable e f fec t  on the turnout del iver ies .  However, 
when the  surging component was equal t o  the  average flow, the  water in 
the pipe came t o  rest f o r  an ins tan t  and the  flow over the  baf f les  i n  
the stands would cease. This resulted i n  a large enough head v a r i a t i o ~ ~  
on downstream turnouts t o  appreciably a f f e c t  the  farm del iver ies .  Whel~ 
the surging component was greater  than the average flow the  water 
reversed i ts  direct ion of t r ave l  during part of the cycle and flowed 
back up the pipe l i ne .  Thus the  water within the  upstream part of the 
stand not only ceased t o  flow over the  baf f le ,  but receded from the 
baffle cres t .  During the  opposite par t  of the cycle the water entered 
the  stands so rapidly t h a t  ir: some cases the  baff les  were inuildated 
before flaw could be established i n  the outgoing pipe l ine .  This pro- 
duced extreme head var ia t ions  on the turnouts, ranging from heads too 
small t o  produce flow t o  heads which produced flows la rger  than those 
f o r  which the  turnouts were designed. The farm i iel iveries then con- 
s i s t ed  of periods of zero flow, followed by large flows which submerged 
the flow meter and i t s  t o t a l i z ing  mechanism, overtopped the  meter otandi, 
and sp i l l ed  from the ditches ( ~ i g u r e  5 ) .  These de l iver ies  w e r e  undesir -  
able, wasteful, and i n  some cases resulted i n  insuf f ic ien t  flows to mee.. 
the  fannersf needs. 

INVESTIGATIONS OF THE SUASGING 

An analyt ical  investigation of the  fac tors  which influence 
surging was begun i n  t h i s  o f f ice  i n  May 1950. Concurrently, f i e l d  t e s t s  
were attempted on various l a t e r a l s  t o  more accura1;ely determine the 
magnitude of the surges i n  the pipe stands, the period of the  surge 
cycles, and the  relat ionships between the  surge cycle i n  oce s t ructure  
and t h a t  i n  adjacent structures.  Considerable d i f f i c u l t y  WELS encountered 



for  wasting flow. As a r e su l t ,  it was seldom possible t o  obtain the 
flow conditions required and the  t e s t s  had t o  be l imi ted  t o  periods 
wken de l i ve r i e s  of approximately the desired quan+,ities were being made. 
An add i t iona l  problem was encountered i n  the distances between the struc- 
t u r e s  which made communication arid accurate timing d i f f i c u l t .  The scope 
of the  ant ic ipated t e s t  program f o r  developing and evaluating surge con- 
t r o l  measures demanded f l e x i b i l i t y  and control  beyond these prototype 
l imi ta t ions .  To obtain t h i s  f l e x i b i l i t y  and control, a model. was b u i l t  

4 

i n  the  Hydraulic ~ a b o r a t o ~  i n  Denver t o  represent a port ion of n typ ica l  
f i e l d  l a t e r a l .  A discussion of t h i s  laboratory equipment and the  ~ e s u L t s  
obtained from it are presented l a t e r  i n  t h i s  report.  Tne f i n a l  evalu- 
a t i ons  of the  control  measures developed. on the model were made i n  the 
f i e l d  on the prototype l a t e r a l s .  

Factors Which Cause Surging 

The surging appears t o  be caused by twc fac tors .  The first is 
the  presence of air-driven auto-osci l la t ions  of small amplitude,and 
o sc i l l a t i ons  from other sources. The second i s  an amplifying tendency 
which bui lds  these small o sc i l l a t i ons  i n to  Eurges of unacceptable s ize .  

The storage and re lease  of entrapped a i r  has been found t o  be 
a source of i n i t i a t i n g  o sc i l l a t i ons  i n  cer ta in  pipe reaches. The mechan- 
i c s  of t h i s  auto-osci l la t ion may be described as  follows: The water 
falling over a baf f le  i n  a pipe stand plunges i n to  a water pool on the  
downstream s ide  of the ba f f l e  and entra ins  a mass of air bubbles. These 
bubbles penetrate the pool to considerable depths and a por t ion of them 
are car r ied  into the pipe with the flawing water. After enter ing the 
pipe they f l o a t  t o  the top and co l l ec t  i n  a long bubble which l i e s  
a s i n s t  the  t op  of the pipe. Since the  pipe has a gradient  i n  the  direc- 
t i o n  of flow and the bubble tends t o  f l o a t ,  them j.s a force  tending to 
111ove the  bubble upstream. As t he  bubble grows i n  vol~une the  buoyancy fi- 
na l ly  overcomes the  drag of the water, and the bubble moves upstreem un- 
til it vents i,nb the pipe stand.  The volume of air released is then re- 
placed by w a t e r  having the velocity of the w a k r  i n  the pipe reach. In tbis 
way an increment of k inet ic  energy is fed i n to  the system t o  i n i t i a t e  a 
succession of water l eve l  and ve loc i ty  changes i n  the reach. These 
changes have an influence on the  behavior of the long bubble and ten? t o  
fir. the  time when the blowback w i l l  occur. Observations indicate t h a t  - the  blowback tends t o  occur i n  t h a t  pa r t  of the cycle which w i l l  permit 
energy t o  be fed in to  the osc i l l a t ion .  The end r e s u l t  i s  that the  
f i l l i n g  and emptying of tine long bubble f a l l s  i n to  s t e p  with the 

w osc i l l a t i ons  and supplies t he  energy necessary t o  m i n t a i n  them. 



The disturbances which arise when delivery changes are made too rapidly 
is an example. Even the force of the  wind blowing pas t  the open pipe 
stands can, i n  same cases, i n i t i a t e  oscil lat ions.  It is probable t ha t  
addi t ional  sources exis t .  

The amplitude of these 0sciUat1OnS o r  surges is ordinarily 
not l a rge  and would be of only minor significance i f  another fac tor  were 
not involved. The trouble experienced i n  the  f i e l d  occurs where a pipe 

% 

l i n e  has been b u i l t  down a sect ion l i ne  f o r  several  miles with a pipe 
stand a t  every quarter of a mile. This equal s p c i n g  of t he  stands and 
gent ly  sloping t e r r a in  provides a succession of pipe reaches whose natu- 
ral periods are nearly the same. Under these conditions a small auto- 
o sc i l l a t i on  originating i n  an upstream reach can be amplified in to  a 
surge of detrimental proportions i n  successive reaches. 

Amplification Factors and Natural Frequencies 

Formulas fo r  the amplification factors  and f o r  the  natural  
frequencies a re  given i n  the  following paragraphs. The symbols used 
are defined i n  the  l i s t  of symbols a t  the  f ron t  of t h i s  report. 

The performance of a system consisting of a s ingle  pipe reach 
connecting two pipe stands ( ~ i g u r e  6) can be described i n  tenas of an 
equation of continuity and an equation of motion. The equation of con- 
t i n u i t y  expresses the requirement t h a t  if water is  fed i n t o  the upstream 
end.of the system, it must e i t h e r  be discharged a t  t he  downstream end or  
stored by a rise of the l eve l s  a t  yl and n2. The equation of motion 
expresses the requirement t h a t  the  acceleration of f l o w  m a t  obey Newton's 
law with respect t o  the accelerat ing head applied between the  upnt ir ream ' 

and downstream ends of the pipe. These two equations a re  

Continuity 

Motion 

Ithe accelerating head is equal t o  the d i f fe ren t ia l  between the prevailing - 
l eve l  and the l eve l  which would e x i s t  if the velocity Vo were present i n  
the pipe. The f r i c t i o n  l o s s  sctually varies  with t h e  square of the 
veloci ty  V but i t s  introduction i n  this form would lead t o  mathemtical w 
d i f f i cu l t i e s .  It w i l l  be desimble,  therefore, t o  use a l i nea r  
approximation t o  represent t he  f r i c t i o n  loss. To obtain t h i s  s e t  



where Vo represents the average velocity over a period of time and 
v represents a departure from the average. !Then if the f r i c t i o n  
loss is 

where M is a constant, the loss  expressed in the new variable is 

Now i f  the r a t io  i s  small compared t o  unity, the tern v2 win be 
vo 

smal l  compared to the  term 2Vov and may be neglected; then 
approximately 

h = do + 2MV0v, where (k ( 1 )  

If h, represents the head l o s s  when V P Vo, t h i s  expression can be 
wri t ten as: 

2ho 11 = h, + -v, where (k ( 1 )  
vo 

With t h i s  approximation the  continuity equation and the equation of 
motion become, respectively, 

and 

By differentiation and substitution 

d2r1 2gho d ~ l  @ 2'9r 2gh0 A- s i n  zt + 3- coe -t (8) ~ + ~ Z T + y p l ' + -  Vo F1L T1 T1 F1 'P11 



permits an etPsnlustion ~f the amplificstion factor t o  be made and 
because it represente the conditions whlch will be lpreeent 3n the 
reach after the stafiing oscillations have &led out. 

In order to  state the particular integral concisely, it i e  
expedient t o  rewri te Equation 8 in the form show below. The c 
quantitiee are conetante which m y  be evaluated by comparison ?f the 
two forms of the equation. 

d2y1 dy1 2 c  2 r  
z + c l K  + c2yl - c q sin I i  + c4q cos -t 3 TI. T 1  (9) 

The particular integral i s  then: 

Where: 

and 

the evsximwn 



continuity condition a s  

from which, by substi tution 

1 2 v  F1 2 7 ~  2 r F1)q v = (ii + K - g)q s i n  -t - ( K ~  q- 2r 
COB -t 

T1 T1 
(15) 

T1 

This may be expressed, for purposes of simplicity, by 

2 T  2 8  v m M1q s i n  t - M2q cos -t 
T1 T1 

Where M1 and are constants t o  be evaluated by comparison, then 
the on factor i s  oC: n !!! o r  

9 

The undamped natural  period of the system can be obtained 
by se t t ing  the  right,-hand member and the  constant cl equal t o  zero 
i n  Equation 9 and solving the  d i f f e ren t i a l  equation which remains. 
This is: 

These changes impose the  conditions t h a t  there be no f r i c t i o n  present 
and t h a t  no unsteady flow enters  the reach. The required solution is: 

L 

Where Bn and ,d a re  constants. If  the  undamped na turs l  period i s  Tn, 
then a complete cycle w i l l  be 'performed i n  the time T, and 



If the imposed period T1 is W e  to arnronch the netural period Tn 
and the friction as expmeeed by the constqt clis allowed to 
approach zero, the K1 and K2 constants will very large and 
as a consequence the amplification fac$r oCwill also become v e q  
large. Since ho is proportional to Vo ,, the constant cl becomes . 
smaller as flows are ~duced, This explains why surges of large 
amplitudes can be built up at low f l m  when the incoming flow has 
a sinusoidal component which ha8 a period close to the natural period 
of %he reach. The significance of a factor greater -ban unity is 
that the amplitude of the sinusoldal component of flow leaying the 
lower end of the reach is greater than the amplitude'of the sinusoidal 
variation entering it. In any case, the period of the forced oecil- 
lation is TI. The amplification factor may be considered as a function 
of the ratio 5 and the ratio F2. The latter ratio expresses the I 

T1 E 
relation between the actual a w i n g  snd the critical damping. The 
significance of the term "critical" damping is that if the friction 
is equal. to or greater than this auhnt the system will not oscillate 
if displaced fram its position of reat snd released. In terns of the 
present notation, the damping is critical if 

If the danping is less than critical, the system will return to its 
position of rest by executing a series of demped oscillations about 
the position of rest. Values of < greater than unity can never be 
obtained if 6 > 1. The relations of the amplification factors 

T 
OC to the period ratio 2 for several values of ,e are s h m  in 
Figure 7. *1 

It may be concluded tbst if a flaw, ~acillating about an 
avemge value with a period TI, is fed into a reach whose natural 
undemped period is near to TI and if the friction is sufficiently 
small, amplification m y  be expected to occur in the sense that the 
amplitude of tbe flow oscillation leaving the lower end of a reach 
will be greater than the amplitude of the oscillation fed into it at 
its upstream end. Amplification factors up to six per reach have been - 
found under field conditions. 



The laboratory t e s t  set-up was constructed t o  represent a 
typical  section of the open-stand-type d i s t r i b u t i ~ n  Lateral. used a t  
Coachella and at a number of other projects. For convenience t h i s  
set;-up is  referred t o  as  a "modelrr in t h i s  report, although i n  a 
s t r i c t  sense it was not a scale  model of any par t icular  structure. 
It consisted of a water supply system, a head box, three ve r t i ca l  
20-inch-diameter pipe stands, each divided in to  two equal v e r t i c a l  

a sectioos by a baffle,  three 8-inch-diameter by 125-foot-long pipe 
l i nes  connecting the stand in  series,  and an 8-inch l i n e  t o  return 
the water t o  the  main supply channel (F'igure 8). Space l imitat ions 
i n  the laboratory and reasons of convenience i n  operation Eh~d viewing 
required tha t  the model be compact. It was arranged with $he head 
box and the  stands side by s ide and with the p i p  l i nes  extended abaut 
60 f e e t  downstream, then turned 180' and extended back t o  en ter  t he  
subsequent stand. The f i r s t  16 f e e t  of the  i n i t i a l  pipe l i n e  was l a i d  
on a slope of 1 inch i n  16 f e e t  t o  represent a typ ica l  prototype slope. 
The first 6 f e e t  of t h i s  section was made of t ranspwent  p las t ic  t o  
permit observing the flow inside the l ine.  The rest of t h i s  l i n e  and 
the two other l ines  were sloped t o  accomplieh a t o t a l  drop of 3 f e e t  
each. 

Water was supplied t o  the  model by an 8-inch p ~ r t a b l e  pump 
and an 8-inch supply l i n e  which contained a sterndard, calibrated, lab- 
oratory o r i f i ce  ventur imeter  f o r  measuring the Pate of flow. The 
water entered the upstream portion of the head box through an &inch- 
diameter pipe and then passed through a rock baff le ,  which removed the  
major flow turbulences ( ~ i g u r e  9). Immediately downstream f mu this 

~ baff le  a motor-operated, ve r t i ca l ly  reciprocating f l o a t  was provided 
I t o  be used, when desired, t o  produce unifom,tidelike, depth varia- 

tions i n  the head box. The surges o r  osc i l l s t ions  so created are sub- 
sequently called forced osc i l la t ions  and are ~ o t  t o  be confused with 
self-induced o r  auto-oscillations. A f t e r  passing the mck bs f f l e  and 
the f l o a t  mechanism, the  water moved toward the  downstream end of the  
box which was provided with s rectangular baffle 20 inches wide. The 
water passed over t h i s  baf'fle i n  the . sme mnner as over the  baffles 
i n  pipe stands, and entered the  equivalent of the downstream half of 
a stand. ~ r o m  the half-stand the water entered the  pipe l i n e  t o  f l a v  
t o  Stand 1. There it f i l l e d  the  upstream half of the stand, paesed 
over the baff le ,  f i l l e d  the  downstream half of the stand suf f ic ien t ly  
t o  produce flow i n  pipe and then flowed t o  Stend 2. The process 
was repeated through Stands 2 and 3 and then the water wa8 returned 

I - t o  the main supply channel f o r  recirculation. 

The baff les  which divided the  stands i n t o  v e r t i c a l  sections 
6 were made of 1/8-inch sheet s t e e l  and were bolted in to  glace i n  the 

stands. Higher baf'fle elevations were obtained by placing one o r  more 



- - 
~i~ht-inch-diameter-sheet-metal s l i de  gates wgre  placed in-the base of 
the  baf f les  a t  the  elevation of the  ou t l e t  pipe t o  permit studying the 
e f f ec t  of gates f o r  controll ing the  urging ( ~ i g u r e  10, B and c). 
Windows w e r e  provided near the  bottom i n  t he  downstream section of tbe 
stands so that the  water inside the stand and a t  the entrance of the  
ou t l e t  pipe could be observed. 

The amplitude of the  surges i n  the  stands was measured by 
sui tc5le  point gages mounted on portable bases which were placed on the 
top of the stands. To obtain a representative average surge measurement, 
it was necessary t o  take repeated readings a t  the high and low points of 
the individual surges. The amplitude as w e l l  as the  period of successive 
surges varied great ly  and thus a l l  resul ts ,  unless otherwise qualified, 
are given a s  average figures.  

Laboratory Tests 

Stra ight  Baffles 

I n  t he  i n i t i a l  t e s t s  the tops of the s t r a igh t  baf f les  were 
a rb i t r a s i l y  placed a t  about 41  inches above the f loors  of t h e i r  respec- 
t i ve  stands and the s l ide  gates were closed ( ~ i g u r e  1 U ) .  Surging 
similar t o  t h a t  encountered i n  the f i e l d  was noted i n  the model a s  soon 
a s  water was passed through it. This surge occurred even though the  
w'ater was entering the head box a t  a constant r a t e  and no osc i l l a t ions  
were being forced in to  the system by the reciprocating f loa t .  Thus, the 
surging was en t i r e ly  self-induced i n  the same manner as the shrges i n  the 
f ie ld .  The surging was greates t  at a flow of 0.37 cfs  and diminished 
when the  r a t e  of flow was e i the r  increased o r  decreased. Large quanti- 
t i e s  of a i r  were carried in to  the pool i n  the  downstream section of the 
stands by the f a l l i n g  nappes and much of t h i s  a i r  was carr ied in to  the 
pipe l i n e  with a swirling motion ( ~ i g u r e  12). The a i r  bubbles rose t o  
the top of the pipe where they joined i n  a large bubble which period- 
i c a l l y  a t ta ined suf f ic ien t  buoyancy t o  move upstream i n  the sloping pipe 
t o  the  pipe stand. There it vented itself t o  a point where i ts  buoy- 
ancy was grea t ly  decreased, whereupon it was carr ied downstream. The 
continual replenishment of the a i r  supply, i n  the form of the  small 
bubbles, again increased the s i ze  and buoyancy of the  bubble t o  the  
point where it tigain moved upstream and vented i t s e l f .  This cycle was 
continually repeated, and it was i n  phase r i t h  the  surging, a s  explained 
i n  the  Auto-oscillation section of t h i s  report. 

The depth of the water pool i n  the  downstream section of each 
stand was controlled by the hydraulic losses  througb the  pipe l i ne  lead- 
ing t o  the next stand, the  velocity i n  the pipe l ine ,  the  height of the 
baf f le  i n  the  successive stand, and the difference i n  elevation between 



thus the  pools created by t he  41-inch-high ba f f l e s  were f a i r l y  sh;rllar. 
These pool depths were increased by adding extensions t o  the baf f les ,  
and these depths were found t o  have a pronounced e f f e c t  upon the  surging. 
The maximum surge occurred when the  ba f f l e s  were a t  e levat ions  13 f e e t  
4-3/4 inches, 10 f e e t  9-1/2 inches, and 8 f e e t  7 inches, i n  Stands 1, 2, 
and 3, respect ively  (Figure 11~).  l lev at ions are! measured from a refer-  
ence point  on the  laboratory f loor . )  The amplitude, o r  d i f ference i n  
e levat ion between the  high and the  low points  of the  surges i n  Stand 3, 
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was as great  a s  1.40 f e e t  and averaged 0.84 foot. The flow over t he  
b a f f l e  was in termit tent .  The average time i n t e rva l  between t h e  high 
point  of one surge and the  high point  of the  next surge was 28 seconds. 

When the  baf f l es  i n  Stands 1 and 2 w e r e  ra ised t o  e levat ions  
14 f e e t  11-1/4 inches and 11 f e e t  3-1/2 inches, respect ively  (Figure 1 1 ~ ) ~  
t h e  self-induced surging became too small t o  measure. The ba f f l e  i n  
Stand 1, when a t  elevation 14 f e e t  11-1/4 inches, was only  6-1/2 inches 
lower than the  f ixed head box ba f f l e  at  e levat ion 15 f e e t  5-3/b inches. 
The head required t o  cause flow through the  l i n e  and over t he  b a f f l e  i n  
Stand 1 exis ted  a s  water depth i n  the  half-stand and thus  the water sur- 
face  i n  t he  half-stand was at about t he  same e levat ion as t h e  head 'box 
baf f l e .  Water flowed over tkis ba f f l e  and entered t he  pool qu i e t l y  
without ent ra ining appreciable quan t i t i e s  of a i r .  Without a supply of 
a i r  being ca r r i ed  i n to  the  o u t l e t  pipe, t h e  air bub'ole i n  t he  pipe could 
not  ex i s t ,  and without the  periodic venting oT t h i s  bubble there  was no 
fo rce  creat ing osc i l l a t ions .  This suggested a solut ion t o  the  surge 
problem, pa r t i cu l a r l y  i n  f u tu r e  designs, wherein deep-water pools might 
be provided with a m i n i m  fa l l  from the  b a f f l e  c r e s t s  t o  t h e  pool sur-  
f aces  t o  prevent air being ca r r i ed  i n t o  t h e  pipe l i ne .  This p o s s i b i l i t y  
was invest igated i n  a l a rge r  t e s t  apparatus, and it i s  discussed i n  a 
subsequent sect ion of t h i s  report .  

Amplification tendencies were s t i l l  present  i n  the  system with 
t he  high baff les ,  because severe surging occurred i n  Stand 3 when t h e  
motor-driven f l o a t  was operated. 

Pipe Line Vents 

The periodic build-up of the long a i r  bubble within the  o u t l e t  
pipe and i t s  venting i n to  the  stand suggested t h a t  if t he  pipe l i n e  were 
vented by other  means the  a i r  would lose  i t s  ef fect iveness  i n  creat ing 
the  surge. A 1-inch-diameter v e r t i c a l  pipe was placed i n  t he  p l a s t i c  
por t ion of t he  first pipe l i n e  and a ball of modeling c l ay  was used t o  - close  it of f  when it was not being used ( ~ i g u r e  1 2 ~ ) .  The vent could be 
opened by simply removing the  b a l l  of clay. When the  vent  was'opened, 
a i r  escaped fo rce fu l ly  and s lugs  of water were  thrown several f e e t  i n t o  
the  a i r .  I n  the  laboratory it became necessary t o  confine the escaping 
water and t o  d i r e c t  it in to  a waste pipe. The surge i n t o  Stand 1 and 



thereby indicating that the vent seduced the surge formation i n  the 
reach. There was, however, amplification of the small surge pwsent  i n  
Stand 1 which resulted i n  an average surge aunpl.ltude of about 0.09 foot 
i n  Stand 3. 

The p r t i a l  success of the vent . in  the p l a s t i c  pipe indicated 
t h a t  additional vents i n  the pipe l i nes  between Stands 1 and 2 and 
between Stands 2 and 3 would stop most of the residual  surging. Vents - 
were put in to  these out le t  pipes by inserting, through the  stand, 
trL-tr shaped tubes made of two sections of 1-inch pipe and a 90' e l l  
f i t t i n g .  The horizontal section of the vent pipe extended downstream 
lplong the top of the  pipe in to  the a i r  bubble. The f a c t  that these vents 
o p r a t e d  was establiahed by the continual discharge of a i r  and the occa- 
s ional  violent expulsion of water from them. These vents had only a 
s l i g h t  e f fec t  upon the surging, however, arid reduced the  average ampli- 
tude i n  Stand 3 f r o m  0.09 with one vent i n  the p las t ic  pipe section t o  
0.08 foot. When the  vent i n  the p las t ic  pipe l i n e  was closed but the 
other two vents were l e f t  open, the average surge i n  Stand 3 was about 
the same as without vents, o r  0;80 foot. The e f f ec t  of the  vents was, 
therefore, t o  reduce the  part the a i r  plays i n  creating the surges, but 
the a i r  vents had no effect  i n  suppressing the amplification of the  
residual  surge i n  the system. If a. surge is  present due t o  any cause, 
the pipe l i n e  vents w i l l  not prevent the amplification of t h i s  surge 
down through the  system. It was concluded that the  d i f f i cu i ty  of effec- 
tively placing these vents i n  the prototype system, the impracticability 
of p ~ & r ( r ( & a n s  for collecting agd diglwslne of the water ejected by the 
vents, the cost, a d  the f a c t  that the vents are ineffective i n  suppress- 
ing surges make the pipe l i n e  vents impractical f o r  prototype surge 
control. 

Gates Through the Baffles 

It is well  known that the rate of discharge over a weir varies 
great,, with a relat ively small change i n  head. I n  the pipe stands small 
head variations such as those imposed by the storage and release of a i r  
i n  the upstream stands w i l l  cause large flaw fluctuations over the baff les  
and hence in to  the downstream stands. The r a t e  of flow through an ori- 
f ive ,  however, is re la t ive ly  unaffected by the same change i n  head, 
provided the  o r i f i ce  is  operating under an appreciable head. An attempt 
was made t o  s top the surging by u t i l i z ing  the more s table  flow of or i f ices .  
This was done by placing orifices,  i n  the form of s l ide  gates, through 
the baff les  ( ~ i g u r e  10). I n  the model 8-inch-diameter holes were cut at 
the elevation of the ou t l e t  pipes and sheet-metal gates were placed on 
the upstream baf f le  faces so  that the or i f ices  (gates) could be opened 
o r  closed. When the gates were opened so Wt a l l  the water f la red  
through them and none overtopped the baffles,  no surging o c c u m d  i n  the b 

system. However, i f  part of the  water overtopped the baffles,  surging 



maintain the water l eve l  i n  the  upstream half  of the stend a t  or  near 
the baf f le  c res t  t o  obtain the head required t o  make farm delivefies.  
This close control  i s  d i f f i c u l t  t o  obtain when many gates are  used 
because a change in  opening of any one gate g rea t ly  influences the water 
surfuces both up and downstream from that gate. Thus, t o  s a t i s f ac to r i l y  
operate a prato$ype l a t e r a l ,  a trained crew would be required t o  move 
repeatedly up and down the l a t e r a l  and adjust  the  gates t o  es tab l i sh  the 
r i gh t  conditions. Any operating change ( f o r  instance an addi t ional  farm 
delivery) would require a new and painstaking readjustment of a l l  gates 
i n  the  l a t e r a l .  This type of operation seemed impractical and the gates 
zhcrefore should not be used extensively f o r  surge control. However, 
they might be used in  l imited numbers t o  gain p a r t i a l  control. 

Model t e s t s  were a l so  made with the  baf f les  removed from the  
stands and with s l i de  gates ins ta l led  at  the  entrances t o  the  ou t l e t  
pipes. These gates were adjusted so that the  water backed up high 
enough i n t o  the  pipe stands t o  produce the  required head f o r  turnout 
del iver ies .  I n  the  model the  gates were extremely sensi t ive  t o  adjust-  
ment and great care had t o  be taken t o  avoid the  one extreme of too l i t t l e  
or no head, and the  other extreme of overtopping the stands. I n  the pro- 
totype structure,  when similar or  even greater  d i f f i c u l t y  might be 
experienced with the gate adjustments, it would be necessary t o  i n s t a l l  
overflow pipes from the top of the stands t o  the  pipe l i n e s  downstream. 
This would again permit the  entrainment of a i r  and surging would occur 
much the  same as  with the  stttndard baffled stands. 

Siphons i n  the Baffle 

A method of insuring farm de l iver ies  by maintaining the water 
1 surface nigh i n  the  stands and s t i l l  not overtopping the  ba f f l e s  was t o  

use siphons through the baf f les  with the  i n l e t s  near the  baf f le  tops. 
I Two of the 6-inch baf f le  extensions were modified by cu t t ing  two 2-1/2- 

inch-high by 4-inch-wide holes i n  each and attaching hoods on the  ~ u~s t r eam faces and siphon downlegs on the downstream faces  ( ~ i g u r e  1 3 ~ ) .  
The e x i t  openings of the  siphon downlegs were placed a t  d i f fe ren t  eleva- 
t ions  t o  create  opposing swirls i n  the downstream section of the  stands 
and thereby permit the e s c a s  of entrained air  (Figure 1 3 ~ ) .  These 
siphon baffles were ins ta l led  i n  Stands 1 and 2 and a flow of 0.37 c f s  
was passed through the siphons i n  Stand 1 without d i f f i c u l t y  (Figure 14~). 
Considerable air was drawn i n t o  the siphon thnjugh qrortices which formed 
in  the  water a t  t h e  siphon entrances. This s . ir  was carr ied through the  
siphons and created turbulence i n  the  downsd;ream part of the  stand with 
%he r e su l t  t h a t  much of the a i r  entered the  ou t l e t  pipe. Sl ight  surge 
occurred i n  Stand 2 and air  was again drawn through the  siphons with the 
water and in to  the  ou t l e t  pipe. Some of t h i s  a i r  vented. back v ia  the . 8-inch pipe in to  the  stand while the  remainder w a s  carr5ed on t o  Stand 3.  



Surge occurred i n  t h i s  unmodified stand with an average amplitude of 
about 0.14 foot  with continuous fl'ow over the baff le .  When osc i l l a t ions  
were forced in to  t he  system amplification occurred i n  each reach. 

'Phe negative pressures in the  siphon, i n  addit ion t o  aiding the 
f o m t i o n .  of vortices,  created a p r o m w e d  drm~r-down in the  w a h r  
face a t  tba siphon M e t .  This draw-dm was so great  that ,  even d.th 
the water near the baffle top, air was dram i n t o  the siphon. To re l ieve  
W s  draw-down and hence reduce the admission of a*, the hoods were re- 
moved f yclm. the upstream f ace of the befles  (~ i - s  1 3 B  and * The 
revised siphons were then capable of jus t  passing 0.37 c f s  when the  
water surface was l eve l  with the  baf f le  cres t .  U r g e  quant i t ies  of air 
s t i l l  entered the  siphons through vor t ices  and were carr ied in to  the 
downstream section of the  staarls The surge i n  Stand 3 increased from 
0.14 t o  0.22 foot.  The b a f f ? ~  ;{ Stand 2 w i t h  the  siphons and the  ba f f l e  
i n  Stand 3 without the  si:,.honr. weL1e periodically overtopped by surges. 
It was concluded t h a t  the  siphons were not capable of controll ing f i e l d  
surging, and the  model tests on them were terminated. 

Reduced Fluw Area i n  the  Upstream Side of the  Stand 

It has been' shown that the  f r i c t i o n  which opposes the flow 
exer ts  a damping force upon the  surging. To obtain a moderate increase 
i n  f r i c t i o n  i n  the  model, i n  a way sui table  f o r  possible f i e l d  use, the 

I Plow areas on the upstream side of t h e s t a n d s  were decreased t o  the area 
of the  i n l e t  pipe by i n s t a l l i ng  par t i t ions  normal t o  the  baff les  and 
extending them t o  the  stand walls (Figure 15). The overflow width of 
the ba f f l e  was  reduced t o  about one-third the  former width. A t  a flow 
of 0.37 c f s  and with the  ba f f l e s  at the heights t o  produce the  maximum 
surging, the  surge amplitude i n  Stand 3 averaged 0.43 foot ,  o r  about 
half the  surge with the or ig ina l  upstream stand flow area and baff le  
width. This decrease i n  surge amplitude, while appreciable, was not 
enough t o  give acceptable flow i n  the long f i e l d  l a t e r a l s .  It was 
impossible t o  fu r ther  increase t he  f r i c t i o n  without incurring marked 

I reductions i n  the capacity of the  system. 

Stands with a Central I n l e t  Riser Pipe 

The Concrete Conduit Cogany, which has been manufacturing and 
se l l i ng  i r r i ga t i on  system components f o r  many years, became interes ted 
i n  the  Coachella surge problem and offered t o  modify, a t  no cost t o  the 
Govement,  a part of one of the  troublesome l a t e r a l s  t o  the  design which 
they believed would s top the surging. The modifications t o  each stand 
consisted of removing the  s t r a igh t  baf f le  and extending the  i n l e t  pipe 
i n to  t he  stand, turning it ve r t i ca l l y  upward i n  the  stand center, and 
terminating it at  the  or ig ina l  ba f f l e  elevation ( ~ i g u r e  16). The flow 
sp i l l ed  over the  plpe end and f e l l  in to  a pool which occupied nearly the  
f u l l  cross-sectional area of t he  pipe stand. The of fe r  was accepted by 



l a t e r a l .  During the time in te rva l  required f o r  the f i e l d  changes the 
laboratory model was modified t o  the same design. me baf f les  were 
remoyed from the three pipe stands and the  8-inch i n l e t  pipes were 
extended in to  the stands and then turned upward by a go0 elbow so thal, 
they rose ve r t i ca l l y  i n  the center of the stand. The height of these 
r i s e r  pipes was  made the same as the or ig ina l  baf f les  and fu r the r  hei3h:ht; 
increases were made by adding pipe extensions. The water entered the 
stands through these r i s e r  pipes and sp i l l ed  from t h e i r  t ops ' i n to  the 
bottom of the stand from which it entered the ou t le t  pipes ( ~ i g u r e  1' A). 
The water cushion, o r  pool, i n  the stand occupied a l l  the cross-sect-onal 
area of the  stand except t h a t  par t  taken up by the i n l e t  r i s e r  pipe mnd 
elbow instead of only the downstream half of the  stand, as  was the  c%se 
with the s t r a igh t  baffle. The larger  pool, together with the  thinner  
and longer nappe fram the r i s e r  pipe, rescl ted i n  much l e s s  a i r  e n t ~ a i n -  
ment i n  the  pool and a much be t t e r  chance f o r  the a i r  t o  separate f ~ o m  
the water. It w a s  not feas ib le  -to modify the  half-stand a t  the  heai box, 
and therefore the f i r s t  pipe reach operated throughout these t e s t s  8.6 

though it had a pipe stand with a s t r a igh t  baf f le  at i t s  upper end. 

The model was first  operated with the  top edge of the  r i s e r  
pipes s e t  at the  elevations which had produced the maximum surging lrhen 
the  s t ra igh t  baf f les  were used ( ~ i g u r e  UB). Observation through the  
windows near the  bottom of the  stands showed the  r i s e r  pipe arrangelent 
t o  be effect ive  as a means of reducing a i r  entminment ( ~ i g u - e  1 8 ~ )  

I The water discharged from the  periphery of the  r i s e r  pipe and as tht. 
water f e l l ,  the  nappe became both thinner and more evenly distribute-d 

I than with the s t ra igh t  baf f les .  The a i r  was not carr ied deeply intc the  
pa01 of .water and thus was able  t o  escape t o  the  surface before t h e  

I water entered the ou t l e t  pipe. The fiow concentrations produced where 
the  entering pipe deflected the f a l l i n g  water resulted i n  the deepest 
a i r  penetration i n  the  pool. Surging occurred i n  the  system with an  
average amplitude a t  Stand 3 of 0.24 foot.  This was l e s s  than the  v-~lue 

1 of 0.84 with t he  s t ra igh t  baff les ,  but more than the bes t  value of 0 08 
foot  with a i r  vents i n  the pipe downstream of each stacd. ~ 

Extensions were added t o  the riser pipes t o  r a i s e  them t o  tne 
elevations which produced no measurable surge when the s t r a igh t  b a f f l t s  
were used. No measurable surge was observed a t  a l l  flows with the  r i : :er  
extensions. When the plunger motor was operated t o  force surges i n t o  
the  system, amplification was observed. 

The ou t l e t  ends of the  riser p i p s  were returned t o  the 
elevations which produced the  maximum surging and were provided with a 
90' vee-notch on the  s ide  opposite the  discharge pipe ( ~ i g u r e  1 7 ~ ) .  Th? 
notch was deep enoxgh t o  make the two upper corners occur a t  t he  opposi.,e 
ends of a diameter. Surging occurred with t h i s  arrangement with the  
same amplitude as with the l e v e l  r i s e r  pipe ends. A i r  entrainment -as 



concentration caused by the notch. T h i s  conceneration of water carr ied 
some of the a i r  deep in to  the  pool ( ~ i g u r e  1 8 ~ ) .  When the  notchep pipes 
were raise$ t o  t h e  maximum elevations no meusurable surge occurred. 
Surge amplification occurred when the  plunger was used t o  force  
osci l la t ions .  

I n  general, the i n l e t  r i s e r  pipes, both l eve l  and with the  
V-notch, a re  e f fec t ive  i n  reducing a i r  entrainment. This is due t o  the  
la rger  water cushion area and t o  the  thinner,  more equaLly d i s t r i bu t ed  
nappe entering the  cushion. The improved performance obtained with t h i s  
design appears t o  be due t o  the elimination of the  air-driven auto- 
osc i l l a t ions  of the  flow. Hmver ,  the f a c t  t h a t  surge s t i l l  occurred 
and t h a t  there  was  amplification of surges which en te r  the system under 
favcrable cond i t ims -  made the  in l e t  r i s e r  pipes unsuitable f o r  surge 
control. 

The act ion of the prototype system, a s  modified by the  Concrete 
Conduit Company, i s  described i n  the  following ex t rac t  taken from the 
f i e l d  report dated October 31, 1951, from C. S. Hale t o  the Chief 
Designing Engineer, Denver, Colorado: 

"In i n i t i a l l y  t e s t i ng  the stands about 1.3 c f s  was 
turned i n t o  t he  l a t e r a l  and the ga tes  upstream of the over- 
flow stands adjusted u n t i l  very l i t t l e  o r  no surge could be 
detected a t  the  control  s t ruc ture  at  Stat ion 105+78 which 
meant t h a t  the  incoming side of the overflow stand a t  
Sta t ion 115)+03 was f ree  of surge. With t h i s  flow th5 stands 
operated sa t i s fac tor i ly ;  i.e., there  was very l i t t l e  surge 
t o  be detected a t  Stat ion 15&97, t h e  f irst  stand down- 
stream of t he  three overflow stands, but t h i s  condition a l s o  
existed when these three stands were operating a s  pipe 
stands. However, when the  flow was increased t o  3 c.f.s., 
surge w a s  detected which was magnified progressively by 
the 3 stands. 

"About 8.1 c.f .s. was then placed i n  the l a t e r a l .  
After adjustments of the w t e s  upstream of the overflow 
s t ruc tures  s o  t h a t  no detectable surge e x i ~ t e d  a t  S ta t ion  
1054-78 t he  following readings on the  surge at  the i n l e t  
side of the  overflow s t ructure  were measured: 

Sta t ion Surge - Period 

1~94.03 1/21' - 1-1/4" 25 Sec. 
135-53 1 1 1  - 2" 20 Sec. 

.1 

145a47 2' - 2' 1 Min. 3 Sec. 



a t  regular intervals. The variation in surge was not regular 
with a complete cycle of surges taking about 11 minutes and 
35 seconds. There was a lso  some variation i n  the period a t  
a l l  these structures. The baf f le  i n  the control structure 
immediately downstream a t  Station 15&97 also submerged peri-  
odically. Whether the l a t t e r  submergence backed up the 
l a t e r a l  t o  Station 145+47 or  whether the surge a t  145+47 was 
repeated a t  Station 158t.97 w a s  not possible to  def in i te ly  
determine. However, the surge a t  Station 1581-97 could not 
be controlled by operating the gate which would a t  l e a s t  
indicate that the surge was developing progressively down- 
stream a s  was also indicated by the surge readings on the 
f i r s t  two overflow stands. 

"From the observations, it was apparent that  surging 
developed in  the overflow stands although possibly a t  a 
lower r a t e  than i n  pipe stands." 

Effect of Pool Depth and Height of F a l l  on A i r  Entrainment 

The surge reduction obtained when the r i s e r  pipes were used 
and when the s traight  baffles were raised was largely a t t r ibuted  t o  
the reduced quantit ies of a i r  which entered the stand ou t l e t  p i p s .  
When the baf f le  crests  were raised the depths of the w a t e r  cushions 
were increased, thereby permitting most of the a i r  entrained by the 
nappes t o  escape t o  the pool surface instead of being carried into 
the out le t  pipe. This suggested tha t  by providing adequate ~ 7 0 1  depths 
in  the f i e l d  structures, the primary force creating the surges--that i s ,  
the storage and release of a i r  i n  the pipe line--could be reduced or  
eliminated. To investigate t h i s  a t e s t  section of near prototype dimen- 
sions was constructed i n  the &-foot-wide glass-walled laboratory t e s t  
flume ( ~ i g u r e  19). Flows from I t o  9 cfs  were used and the depth of 
the pool downstream from the baf f le  was cont'mlled by a s l ide  gate st 
the end of the 16-inch-diameter out le t  pipe. In  a l l  t e s t s  the height 
of the baf f le  crest  was maintained a t  8.25 fee t  from the flume f loor  
(elevation 8.25). The rate  of flow, the elevation of the  water upstream 
from the baf f le  (headwater), the baff le  c res t  elevation, and the effec- 
t ive  elevation of the pool within the stand ( t a i l  water) were recorded 
on a placard which appears in  the photographs showing the f l a w  ( ~ i g u r e s  
20 and 21). A grid with 0.5-foot intervals  and with appropriate m b e r s  
a t  each foot  mark was placed over the glass wall of the stand. The 
effective elevation of the t a i l  water was taken as the elevation of the 
water column surface i n  the manometer tube connected t o  piezometer 2, 
Figure 19. The vis ible  tail-water surface is higher than the effective 
elevation due t o  t h e  air entrained i n  the water and the consequently . reduced aensity . 



a i r  carr ied in to  the  pool and only small amounts were entrained by 
1 cfs  whereas large amounts were entrained by 6 and 9 cfs  ( ~ i g u r e  20, 
A and B). The distance the water fe l l  from the baf f le  c r e s t  t o  the  
pool surface a l so  affected the r a t e  of a i r  entrainment with almost no 
a i r  being carr ied into the pool a t  a f a l l  of 0.15 foot, whereas much 
air was entrained a t  f a l l s  of 3 and 5 f e e t  ( ~ i g u r e  21, A and B). The 
depth t o  which the  a i r  was carried depended mainly upon the dowmrd 
veloci ty  of the stream transporting the a i r .  This depth was found t o  
be surprisingly great  with a f a l l  of only 1.25 f e e t  a t  n discharge of 
1 cfs  being suf f ic ien t  t o  carry a i r  downward through more than 5 f e e t  
of water t o  the  ou t le t  pipe. 

A visua l  examination of the  flow i n  the stand showed t h a t  the  
water passing over the baf f le  c r e s t  a t  flows of 2 c f s  o r  more had su f f i -  
cient hor izontal  veloci ty  t o  cross t o  the  downstream w a l l  where it was 
turned t o  flow ve r t i ca l ly  downward through t h ~  pool i n  an unbroken, 
high-velocity stream. This type of flow was idea l  f o r  transporting the  
entrained air, and as a resu l t  the air was carr ied deep in to  the pool. 
I f  a p rac t i ca l  method could be found t o  d i r e c t  t h i s  stream so  the a i r  
could separate from the water, or i f  the stream could be broken up so  
the a i r  was not carried deeply into  the pool, the amount of a i r  which 
entered the ou t l e t  pipe would be materially reduced. Tests were made 
i n  which the effect of various deflectors,  gratings, and combinations 
of deflectors and gratings were investigated ( ~ i g u r e  22), but none of 
the designs was successful i n  eppreciably reducing the volumes of a i r  
carried in to  the wel l  and the ou t l e t  pipe ( ~ i g u r e  23, A, B, C, and D).  
It was therefore concluded tha t  within prac t ica l  design limits, where 
there were f a l l s  of more than 1.25 f e e t  from the baf f le  t o  the  pool, 
the ex is t ing  stands cannot be modified t o  prevent air  being carr ied 
into the ou t l e t  pipes. I n  future designs wherever f a l l s  of l e s s  than 
1 foot can be maintained i n  conjunction with pool depths of several  
feet  o r  more, there should be no a i r  entrainment problems. 

Head Loss Prom the Pipe Stand t o  the Pipe Line 

Piezometers were installed a t  several  places i n  t he  16-inch- 
diameter ou t l e t  pipe t o  determine t h e  head lo s s  from the stand t o  the 
pipe l i n e  ( ~ i g u r e  19). Tests were made f o r  the condition where no 
baffles were used i n  the stand and f o r  the condition with a ski-jump 
def lector  on the downstream well w a l l  above the ou t l e t  pipe (Figure 225). 
The piezometer readings taken i n  these t e s t s  a re  tabulated i n  Figures 
2 4 ~  and B, respectively. The head loss,  i n  f ee t  of water, between the  
pool and a point 19.5 diameters downstream i n  the 16-inch-diameter 
out le t  pipe was about; 1.5 t u e s  the pipe l i n e  veloci ty  head ( ~ i g u r e  2 4 ~ ) .  
No difference was noted i n  the loss  f o r  t h e  conditions with o r  without 
a baff le  and the loss was independent of the  deptn of the water pool. 



When an a i r t i g h t  cover (Figure 25~) was placed over Stand 1, 
the surging i n  t he  system quickly decreased t o  a m~ch  smaller amplitude. i 

Airt ight  Covers 

This indication of posit ive control  immediately led t o  

mergence of the  pipe, air would no longer pass through 
the stand. Further decreases i n  the negative Pressure 

pressure required f o r  g o d  control  was small, however, 
- 

vent pipe. 

surging. 
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the p rac t i cab i l i t y  of the  covers f o r  f i e l d  use. A periodic posi t ive  
pressure, tending, t o  l i f t  the  cover from the  stand, occurred whenever 
flow was  s t a r t ed  through the system o r  when a cover was first placed on 
a stand. A f l a p  valve was ins ta l led  on the  cover t o  vent the posi t ive  
pressures, and t o  s ea l  and hold any subatmospheric pressures which 
occurred i n  *he stand. The effectiveness of the cover was not changed 
by t h i s  valve. 

The hydraulic grade l i n e  of the  prototype l a t e r a l  requires that 
the water-surface elevations i n  the  stands be nearly a s  high a s  the  baf f le  
c r e s t s  t o  insure adequate discharges i n  t h e  farm del iver ies .  The sub- 
atmospheric pressure which develops  inside^ the covered stands reduces 
the head and therefore the magnitude of t h i s  pressure had t o  be held 
within def in i te  limits t o  avoid an objectionable reduction i n  head on 
the turnout. A re l ie f  vent consist ing of a 1/2-inch-diameter pipe was 
extended from the  atmosphere through the  cover and i n t o  the  water on the 
uytream s ide  of the baff le  (Figure 25~). The depth t o  which the  pipe 
WAS submerged i n  the water was varied so t h a t  various negative pressures 
would be required t o  draw the water ou t  of the  tube and thus admit a i r  
t o  re l ieve any tendency f o r  t h e  subatmospheric pressure t o  increase. A s  
the negative pressure returned t o  the  point where it eaualled the sub- 

pipe t o  p a r t i a l l y  f i l l .  The amount of iubatxnospheric pressure i n  the  
stand had a d i r e c t  e f fec t  upon the surging, with too l i t t l e  negative 
pressure being unable t o  adequately suppress the surges. The negative 

oratory the  -cover was egfective with 0.30-foot si~bmergence of the  r e l i e f  1 

With Stand 1 covered the average surge i n  Stand 3 was reduced 
from the o r ig ina l  value of 0.84 t o  0.06 foot .  When covers were used on 
both Stands 1 and 2 the  surge was reduced t o  0.01 foot.  Forced osc i l -  
l a t ions  vere imposed on the system by the  mechanical surge apparatus 
with an amplitude of the  head box of 0.04 foot  and a period of 26 
seconds. With no covers on the  stands the  surge i n  Stand 3 was 1.83 
feet. With Stand 1 covered the  surge was reduced t o  0.17 foot  while 
with Stands 1 and 2 covered the  surge was 0.6 foot. It was apparent 
t h a t  the  covers reduced both the  propagation and the amplification of 



 stand^ i n  one of the  prototype l a t e r a l s .  I n  th;? t e s t s  they 
were found t o  reduce the  surging only s l igh t ly .  This was due t o  leaking 
sea l s  between the  covers and stands, When a i r t i g h t  sea l s  were obtained 
by allowing the heavy concrete covers, with the help of t he  sun's heat ,  
t o  press in to  an asphalt ic cement on the r i m s  of the  stands,  the  covers 
were effect ive .  More covers were found necessary f o r  adequate surge 
control  in  the f i e l d  than had been anticipated by the  laboratory t e s t s .  
This does not involve undue expense, however, because the  cos t  of build- 
ing and i n s t a l l i ng  the covers i s  small and the  stands were t o  be 
eventually covered t o  prevent, the  entry  of foreign objects in to  the 
system. 

The i n i t i a l  design of the  r e l i e f  vent pipe presented an 
operational  d i f f i c u l t y  i n  t ha t  when a very l a rge  surge occurred, due f o r  
instance t o  the too rapid closure of a turnout, t he .ba f f l e  would be 
inundated and the  stand f i l l e d  nearly t o  the bottom of the  cover, After  
the surge subsided tine water was held up under  the cover by the  negative 
pressure. The r e l i e f  vent pipe was deeply submerged and hence was unable 
t o  supply air t o  l e t  the  water drop t o  a normal l eve l .  The r e su l t  was 
t ha t  the  e f fec t ive  head i n  the stand was reduced t o  the  point  t h a t  turn- 
out de l iver ies  were d r a s t i c a l l y  reduced. To overcome t h i s  d i f f i c u l t y  an 
external  r e l i e f  vent pipe s i tuated on top  of t he  l i d  was suggested by 
the f i e l d  personnel ( ~ i g u r e  25~). This design consisted of a shor t  pipe 
sect ion divided i n to  two comprtments, one above the  other,  with the  
upper compartment being a n  emergency reservoir  and the lower compartment 
being a i r t i g h t  and pa r t l y  f i l l e d  with l iqu id .  A small pipe, open t o  t he  
atmosphere, passes through the upper compartment and i n to  t he  l i qu id  i n  
the lower compartment. A second small pipe extends from above the  l i qu id  
level downward through the stand cover. The operation of t h i s  r e l i e f  
vent pipe design i s  bas ica l ly  similar t o  the  i n i t i a l  design i n  t h a t  when 
the desired maximum subatmospheric is  reached i n  the  stand, a i r  flows 
through the first pipe, bubbles out  in to  the l i qu id  pool, and then flows 
in to  the  s t a d  through the second pipe. The magnitude of t he  negative 
pressure required t o  draw a i r  i s  controlled by the  depth of submergence 
of the  f i rs t  pipe i n  the  f lu id .  With the  r e l i e f  vent pipe operating 
with i t s  own f l u i d  (probably l i g h t  o i l  t o  minimize evaporation) the 
water depth within the stands cannot influence the  subatmospheric pres- 
sure regulation. A model was constructed of t h i s  r e l i e f  vent design 
using only the bottom compartment, and it was found t o  operate 
s a t i s f a c t o r i l y  i n  a l l  respects. 

A n a l - ~ i c a l  I n v e s t i ~ a t l o n  of the Stand Covers 

The model and the prototype s tudies  demonstrated t h a t  the  
e i r t i g h t  covers were e f fec t ive  i n  control l ing the surging, but did no t  
revealed the reasons f o r  t h i s  effectiveness.  Studies were made t o  obtain 
t h i s  knowledge so t h a t  it could be applied i n  the design of fu ture  
s t ructures .  



The instal la t ion of an a i r t i g h t  c w e r  on a stand a l t e r s  the 
dynannic c b r a c t g r i s t i c s  of the two adjacent pipe reaches because the 
air volume trapped under the cover is  subject t o  pressure changes which 
modify the action of both reaches ( ~ i g u m  26). It was desired t o  inves- 
t iga te  the chsracter is t ics  of such a system t o  determine what its pos- 
s i b i l i t i e s  f o r  surge suppression are and how t o  use them t o  advantage. 
Because of the cmplexity of this analysis, f r ic t lon  w i l l  be neglected 
i n  the in teres t  of simplification. The definition of the symbo1s.i~ 
given in  the l i s t  of symbols at  the f ront  of this report. 

The isothermal relat ion fo r  the a i r  under the cover is: 

f o r  small changes. 

If these changes i n  S are small ccmpared t o  So, then it will be 
approximately t rue  that: 

If the small variations of l eve l  n2 and n3 are neglected, the 
continuity equations are : 

The dynsmic equations are: 

=1 dV1 =OF2 
r i K - y l - ~  y2. 



a 2 ~ 2 ~ 2 s o  

[% - g(S0 + F2H0 
Ka s i n  at e0 +-  

~ ~ ( a ~  - ~a~ + A$) 4 (28) 

kq cos a t  
y2 = 

g(so + F ~ H ~ ~  (a4 - m2 + A$) 
(31) 

A scrut iny of these equations w i l l  show that the response of' 
the system a lso  occurs at the imposed period To a s  i n  the  case without 
an a i r t i g h t  cover. There are now two resonance frequencies, huwever, 
whereas there  was only one before. Theae frequencies occur a t  values 
of "8" which are roots of the  equation. 

2 a4 - Ba + A2 K = 0. (33) 

Actually, there  a r e  four roots of t h i s  equation; but  they 
lead only t o  two frequencies. Thus, the  system consist ing of two pipe 
reaches with the intkrmediate pipe stand covered has two nstural  fre- 
quencies and w i l l  resonate with impressed frequencies which care near 
t o  e i t h e r  of these natural  mode frequencies, The use of covers on 
a l te rna te  pipe stands of a l a t e r a l  will change the dynamic properties 
of t i e  l a t e r a l ,  but may not be effect ive i n  the  suppression of surging. 
In  the  one case t r i e d  i n  %he f i e ld ,  'ch~re were four  pipe reaches and 
two covered stands arranged t o  form two systems of the  type invest i -  
gated. It was found possible t o  pro]?agate surges through these reaches. 



even though the  air-driven auto-oscillation-may be present and f a l l  
i n t o  s t ep  with one of the na tura l  frequencies of the f i r s t  system so 
t h a t  the phenomenon of amplification can be observed i n  the  second and 
subsequent systems. This is due t o  the  f a c t  t h a t  there  will be only 
half as many amplifications as would be t h e  case i f  no covers were 
used. Covered stand systems may a l so  be helpful  i f  s k i l l f u l l y  used 
f o r  the  puryose of a l t e r i ng  the  frequencies of ce r ta in  par t s  of a 
l a t e r a l  whose individual reaches would have nearly the  same frequencies 
and correspondingly high amplification fac tors  i f  no covers were used. 
This w i l l  not provide a complete solution since t he  surge w i l l  be prop- 
agated through the  covired stand system i n  some amount so t h a t  ampli- 
f i c a t i on  i n  succeeding reaches would be possible. There should be a 
def in i te  gain, however, because the  number of amplifications has been 
reduced by one and t i e  amplification f a c t o r  f'or t he  covered stand 
system would be l e s s  than f o r  the  individual reaches due t o  i t s  being 
o u t  of synchronism with the imposed frequency. 

A system with three  pipe reaches with t he  two intermediate 
pipe stands covered would provide a system with three  corresponding 
na tura l  mode frequencies. Bowever, the  primary period f o r  the  two-cover 
sysLem should be longer than the  primary period f o r  the  one-cover systen! 
which i s  longer than the s ingle  mode period of an individual reach, pro- 
viding that the reaches were such as  t o  have approximately the same 
natural  frequency before any covers we-re applied. To i l l u s t r a t e  how 
these  . re la t ions  might be used, consider a system having six pipe reaches. 
With a ce r ta in  par t  flow, an amplification fac tor  of four i n  each r e a ~ h  
would be qui te  possible. With such a fac tor  the build-up of a surge 
or iginat ing i n  an air-driven auto-osci l la t ion i n  the first reach would 
be 45 = 1024, and serious trouble would probably be present. With three 
a l te rna te  stands covered t o  form three one-cover systems, the  amplifica- 
t i o n  fac tor  might s t i l l  be four, but  now the over-all  amplification 
might be about b2 = 16. If the  covers a r e  applied t o  provide a lateral 
design with an individual reach feeding i n t o  a system of two reaches 
with t he  intermediate stand covered, which i n  turn feeds i n to  a system 
of three  reaches with the  two intermediate stands covered, a surge 
originating anywhere on t h i s  system would not be amplified much because 
the pos s ib i l i t i e s  of resonance have been la rge ly  destroyed. This i s  i n  
eccard with f i e l d  experience; i.e., t h a t  b e t t e r  operating conditions are 
obtained as more covers a r e  applied. 

E lec t r ic  Analog Studies 

- It is  desirable,  i n  the  i n t e r e s t s  of economy and good engineering 
practirce, t o  avoid the indiscriminate use of the  covers. I f  addi t ional  
da ta  on the  behavior of t rans ien t  flow i n  pipe Pines with covered pipe . stands were available,  a more e f fec t ive  and economical i n s t a l l a t i on  could 



generally be made. It i s  a lso possible tha t  the reasons f o r  minor 
d i f f i cu l t i e s  experienced with covers could be found i f  t he  t ransient  
condltions I n  such systems were be t te r  understood. 

It was estimated that about 3 months' time f o r  two men would 
be requircd t o  obtain the desired additional information by d i rec t  
analyticalmeans. This amount of time and e f fo r t  seemed excessive and 
the possibi l i ty  of using an electronic analog device t o  f a c i l i t a t e  the 
work was therefore considered. It appeared that such a device could be 
constructed and operated t o  provide the required information i n  much 
less  t ime. 

High-frequency analog. A hydraulic eystem with three pipe 
reaches and two covered pipe stands is shown i n  Figctre 27A. The &ml- 
ogous e l ec t r i ca l  c i r cu i t  is shown i n  Figure 27B. The symbols used on 
these figures and elsewhere are  defined at  the front  of t h i s  report. 

The following equations are written f o r  a hydraulic system 
with three pipe reaches and two covered pipe stands and f o r  the analogous 
e l ec t r i ca l  c i rcui t .  

The continuity equations f o r  the hydraulic s y s t e m  a m  

The dynamic equations f o r  the three pipe reaches are 



I. + i s i n  bn - c l ~ - I l m O  m1 

The e lec t r i ca l  dynamic equations are  

Before the analog could be s e t  up, it was necessary t o  write 
a s e t  of correlation equations and t o  convert the hydraulic equations 
to  e l ec t r i ca l  equations by substituting the correlation equations in to  
them. The capacities and inductances required i n  the e l ec t r i ca l  c i r c u i t  
were found by t h i s  process. 

The correlation equations adopted were as follows: 



Transf o m  the  equation: 

2 T  Q, + q, s i n  -t - d ~ l  
To F1 dt - Q 1  = 0 

By subs t i tu t ion  from the  cor re la t ion  equations: 

6 1,000 I. + 1,000 io s i n  tlD) (1.04)n - F1 dE1 - 1,000 Il = 0 
To (1.04) (10) 6dn 

~ or,  after reduction: 

A comparison of t he  transformed equation wi th  the  f i r s t  of 
Equations ( 3 6 )  will show t h a t  the  value of' C1 must be 

The second of the  hydraulic equations 

Becomes 

And a comparison wi th  the  second of Equations (36) shows Ut.  



from Equations (35), 

This becomes, on subst i tu t ion from the  correla t ion e,quations, 

=1 1,000 dI1 - - E 1 + E 2 =  0 
'1g (1.04)(10)~dn 

A comparison of t h i s  equation with the  corresponding e l e c t r i c a l  
equation, which i s  the f i r s t  of the  three  Equations (37),  shows t ha t  the 
inductance required i s  

The only d i f f i c u l t y  encountered i n  t h i s  process i s  t h a t  the  
H2F2 H2F2 H3F3 H F quant i t ies  - and 1 + - and a l so  - and 1 + 3 carnot be dif fer-  

S2 s2 S3 53 
entiated.  It i s  therefore necessary t o  use an average value f o r  both 

*2F2 - HiF2 
s2  

and 1 + - and likewise 9 and 1 + H3F3 -. 
S2 S3 53 

The quant i t ies  used i n  the analog are: 

A P 3.1416 f t 2  ( f o r  a 2-foot-diameter pipe) 

c1 = 8.23&1(10)-' farads  

C2 = C3 = CI; = (2.7460) (10) -9 farads 

F1 = F2 - F3 8.5675 f t 2  ( f o r  a 5-foot-diameter pipe stand) 



J1 = J2 = J3 m J 4  n 0.0125 Henrys 

The resistance of these co i l s  is  about 3.5 ohms. 

This analog w i l l  work a t  around 10,000 cycles per  second and 
w i l l  be referred t o  hereaf ter  a s  t he  high-frequency analog. The natural 
periods obtained with t h i s  system are shown i n  the  following table: 

Table 1 

NAWRAL PERIODS OF THE PROTOTYPE HYDRAULIC 
FROM OPERA!ITON OF THE HIGH-FREQUENCY ANALOG 

Open Cove red Prototype period 
stands stands seconds 

It will be noted t h a t  there  is  more than one natural  period 
f o r  each system except the  first. There s h w l d  be a number of periods 
equal t o  the number of pipe reaches i n  the  systen?. However, only three  
periods where resonance occurs could be found f o r  the system with fou r  
pipe reaches and three covered s-ds. 

Low-frequency analog. Another analog system was designed t o  
work a t  about 50 cycles per secgnd and was cal led the lmr-frequency 
analog. This analog had the  advantage t h a t  the  frequencies were law 
enough t o  $elmit the sequence of s t a r t i n g  osc i l l a t ion  t o  be recorded on 
an oscillograph. The Equations (34), (35), (36) ,  and (37) ku descfibed 
previousLy were used with the  correla t ion equation8 





NATURAL PERIODS OF THE HYDRAULIC SYSTE51 OBTXNED 
FROM TRE OBSERVATIONS OF TABLE! 2 

open Covered Natural &riods 
stands stands seconds 

1 0 
1 

66 
1 102 

1 2 128 34 21  
25 

1 3 158 44 25 

I n  t he  l a s t  case, where there  was one open stand and three 
covered stands, there should be four  frequencies, but, as before, only 
three were found.. 

are : 
The periods computed d i r e c t l y  from Equations (34) and (35) 

Table 4 

COMPUTED PERIODS 

Open Covered Computed periods 
stands stands seconds 

1 o 66.4 
1 1 90.1". 26.6 
1 2 1 0 7 . ~ '  36.0 22.4 
1 3 Not computed 

Relation of Resonance t o  the Imposed Oscillation Periods 

The re la t ion  of resonance f o r  various pipe l i n e  systems t o  
the imposed osc i l la t ion  periods, obtained by feeding the  output of the 
low-frequency analog in to  an oscillograph recorder and then plot t ing 
these records i n  graphical form, i s  shown on Figure 28. A diagram on 
each of the four graphs shows the syetem represented, The t o t a l  flow 
i n  the hydraulic system is  assumed t o  be made up of an average flow 
upon which an osc i l la tc ry  component is superip,;posed. Only the  osci l -  
l a tory  component is represented on the plots. The input cmmneut,  qo, 
is shown on the bottom plot  of each group of plots, while t he  subsequent 
components, ql ,  q2, etc., are shorn above i n  ascending order. The 
p r i o d s  a re  shown f o r  a prototype s t ructure  with 5-foot-diemeter pipe 
stands C O M ~ C W ~  with 1,320 f e e t  of 2-foot-diameter pipe. Since the 
scale on a l l  the  q records is  the  s m e  (within about 4 percent) the 



the q records. For example, on the system with no coverb, the ampli- 
f icat ion factor  a t  a period of 74 seconds i s  about 4 ( ~ i g u r e  2 8 ~ ) .  

It has been rioted tha t  there i s  some variation i n  t h e  observed 
periods i n  different runs with the low-frequency analog. This is  
believed due t o  the use of iron-cored coi l s  and the discrepancies are l o t  
regarded as being serious for tbese tes ts .  

The Action Within the Pipe System When Flow i s  Started 

Tests were made on the low-frequency analog to  determine the 
action within the pipe system when flow was f i r s t  started i n  the l ine.  
I n  t h i s  case, both the average flow and the osci l la tory component were 
studied. The resul ts  of the analog runs were recorded on an oscillograph 
i n  which the paper s p e d  was increased t o  the point where the s ta r t ing  
oscillations and the phase relations could be distingtiished. Sample 
records are  shown i n  Figures 29 through 35 f o r  the case with the osci l -  
la t ing  components of flow, and i n  Figure 36 f o r  the case with the li'verage 
flow. ' I n  a l l  cases the middle t race represents the flow passing over the 
baffle of the open stand a t  the upstream end of the  system (qo and Q,). 
The t races above represent flows i n  the successive pipe reaches of the 
system; ql,  q2, etc. ,  and Q1,  Q2, etc .  The trace y a t  the  bottom of 1 the records represents the departure from the noxma running leve l  i n  
the open pipe stand a t  the upstream end of the system. The next t races  
above represent the departure from normal leve l  i n  the downstream halves 
of the subsequent covered p i p  stands, yl, y2, e tc .  

In  the original records 1 inch of amplitude represents 1 cubic 
foot per second on'the f1.m (q)  traces,  and 1 foot  of height on the 
elevation departure (y) traces. This un i t  distance is  shown i n  proper 
scale on the smaller-sized reproductions i n  Figures 29 through 36. The 
records cover the cases of 0, 1, 2, and 3 stands covered. An important 
fact  shown by Figures 29 through 35 is  tha t  when the imposed period i s  
longer than the fundamental (gravest mode) period of the system the f l ~ w  
pattern i n  a l l  the pipe reaches i n  the system are  alike. This means 
that the system, under such conditions, behayes a s  though the covered 
stands were removed and the pipes were connected together. The gravest 
mode period, TI, for  such a system can therefore be estimated from the 

The term "system" is here used t o  describe a group of the pipe 
reaches and pipe stands which behave dynamically as a unit .  Such a 
"system" can comprise a single pipe reacn connecting the pipe stand 



half of the  pig stand at the-upstream end-of the  first reach, the  
upstream half of the  stand a t  the dl~wnstrem end of the last reach, 
and t h e  covered pipe stands between. Note t h a t  B vsystem" created by 
the application of covers has a l l  of t he . i n t e r io r  stands covered. - 

The e f f e c t  i n  the pipe system of suddenly increasing a 
nonoscillating type of flow ( the  average flow) is  ohown i n  Figure 36. 
The e f f e c t  is  t h a t  surges are immediately i n i t i a t e d  i n  the  reaches down- 
stream, but t h a t  these  surges quickly d ie  out. This demonstrates that 
it is necessary t o  have a driving force present a t  a l l  t h e s  i n  order 
t o  have continuous surging similar t o  t h a t  at Coachella and i n  the  lab- 
oratory model. This small driving force is  believe t o  a r i s e  i n  the 
process of entrapment and subsequent re lease  of air i n  the  pipe l i ne s .  

Verification of the  Analytical and Elec t r ic  Analog Results by Hydraulic 
Model Tests 

It was desi rable  t o  have evidence i n  the  form of 
r e su l t s  t o  substant ia te  the accuracy and dependability of - 
analyt ical  and analog resu l t s .  To obtain t h i s  evidence "it was convenien 
to  constmct, an analog t o  represent the  hydraulic zsiiel and t o  run a 
se r ies  of analog tests. Concurrently, the na tura l  periads of the 
hydraulic system were computed and hydraulic tests were made. The r e s u l t s  
of the  studies a r e  shown i n  Figure '36 f o r  the  conditians of Stands 1 and 
2 covered, Stand 1 covered, and no stands covered. 

The computations of t he  natural  periods of o sc i l l a t i on  of t he  
Coachella model were made i n  the  following manner. For a system of two 
consecutive covered pipe stands following an open pipe stand connected 
by two reaches of pipe, the continuity equations are: 

d ~ l  AIVl + F1 - - 2 W t  
d t  Q, - q s i n  - P 0 T 

d ~ 2  
AIVl - A2V2 - F2 dt = 0 

and 

A2V2 - .4I3V3 - dy3 F 3 K 5 0  

The dynamic equationc 3 am 

Y 2  L1 dvl - - -  
g d t  Y l + ~ Y 2 . 0  

36 



and 

Considering these a s  six equations i n  six unknowns, V1, V2, 

3 
d V3,  yl, y2, and y , y2 m y  be aolved by using - m D as an operator. 
a-t; By evaluating s i x t h  order determinants, we have 

Elo6 + a2D4 + & 3 ~ 2  + g3K4] - 
- _  l r K l D 5 i g  ( ~ 2 - m )  D ~ + & ?  4 %I5 

"' I LlFl K3 - (K2 - -1 + 
LlFi 

-- 

IT 
'1 3 po + q s i n  

4 1  s 2  

where 

K1 = F1F2F3L112L3 

and 

A1A2A3 1 1 =2 1 H3 
K4 = K1 

~ ~ $ 1 ~  5 (5 + (5 + 5) 



- ---- --- 
are  of interest. A s  a t r i a l  solution of the above different i r r l  equation, 
l e t  

y1 " Z cos a, t 

where 

The d i f f e r en t i a l  equation then becomes 

Z, which i s  the  amplitude of vibration, becomes indef ini te ly  large 
yielding the points of resonance whenever i t s  coeff ic ient  becomes zero 
provided the right-hand member of the equation does not silnrltsneouely 
vanish; consequently of i n t e r e s t  a re  the values of "a1' which s a t i s f y  

From Equation (3 i n  
equation f o r  one covered stand 
reach of pipe, t h a t  is  

r 

a pr&ious discussion we have a comparable 
following an open stand connected by one 



. fo r  an open pipe stand. 

Using the following constants f o r  the hydraulic model of the 
laboratory, 

pipe diameter = 8 inches 

stand diameter = 20 inches 

Fl = F2 = F3 - 1.0908 ft2 

L1 = = L3 = 125 f t  

f t g P 32.2 - 
sec 2 

H l  = Q - H3 = 27 ft 

Sl - -7.85 f t 3  (tail water 3 f t  below top of 'baiile,  
l i d  2.10 f t  above top of b d f l e )  

S2 - 7.24 ft3 (tail water 3 it below top of baffle, 
l i d  1.82 f t  above t;op of baffle) 

S3 - 4.54 f t  ( t a i l  water 3.5 f t  below top of baff'le, 
l i d  0.33 f t  above top of baffle) 

We f ind from Equation (40) and the relat ion T u 2'iT that for the 
condition with Stands 1 and 2 covered a 

T n 5.2 sec, T E 9.0 sac, T - 36.5 sec 

Slplllarly, fm. Equation (41) and T x g, f o r  the condition of Sfand 1 
covered 

T = 7.3 see, T = 30.1 sec 

2 r  And from Equation (42) and T E ., f o r  the condition of no sfa.nds 
covered a 

T n 21.9 sec 



as ohort v e r t i c a l  l ines .  

Tn the  hydraulic t e s t s  water was  upp plied t o  the  model at  the  
constant r a t e  of 0.25 cfs. The s t ra igh t  baf f les  were used i n  the  stands 
and the  ba f f l e s  were s e t  a t  the  maximum elevations ( ~ i g u r e  UC) t o  
suppress any tendency f o r  inducing surging at  periods other than t h a t  
imposed by the  mechanical surge mechanism i n  the head box. The covers 
contained f l a p  valves but no relief-vent pipes. 

I n  both the hydraulic model and analog tests, o sc i l l s t i ons  of 
known amplitude and period were imposed on an open pipe stand which i n  
turn fed in to  the  par t icu la r  stand arrangement being tes ted.  The data 
were plot.ted as the  imposed period versus the osc i l l a to ry  component of 
flow. I n  the  hydraulic t e s t s  the  flow r a t e  is  measured i n  cubic f e e t  
per second while i n  the analog t e s t s  it i s  measured i n  m i l l i a m p e r e s .  
The resonant periods found i n  the hydraulic t e s t s  (40.0 and 9.5 seconds 
f o r  Stands 1 and 2 covered, 34.0 and 7.2 seconds f o r  Stand 1 coYered, 
and 21.9 seconds f o r  no stands covered) were i n  close agreement with the  
analytic& values. The analog resonant periods (40.4 and 10.2 seconds, 
21.9 and 7.5 seconds, and 22 seconds) were a l so  i n  close agreement. The 
t h i rd  resonant period f o r  the  condition of Stands 1 and 2 covered was 
not found i n  e i t h e r  the  hydraulic o r  analog studies. The maximum reso- 
nance occured at  the longest periods and the  f a l l i n g  off of resonance a t  
the shor ter  periods (where there  was more than one period) was c l ea r ly  
demonstrated, Final ly  the t e s t s  showed t h a t  f o r  a given imposed osc i l -  
l a t i on  on the open pipe stand which f eedsa the  systems the  surge which 
entered the f i r s t  stand of a covered system was of smaller amplitude 
than t h a t  which entered the first stand of an open system. On the  
bas i s  of the  agreement between the analyt ical ,  e l e c t r i c  analog, and 
hydraulic t e s t s ,  it is believed that the analyses and analog devices 
described herein  accurately ?ortray t he  performance of the  f i e l d  
s t ructures .  

Changing the  Period of a Pipe Reach Without Using Covers 

Since the  resonance period of a given open pipe reach depends 
upon the  length of the pipe l i n e  and the  areas of the  water surfaces i n  
the  connected stands, the  period can be changed by changing e i t h e r  or  bcth 
of these variables.  The most e f fec t ive  direct ion f o r  a period change i s  
t o  increase it i n  a downstream direction.  It is read i ly  seen that the 
cos t  of progressively increasing the  surface areas i n  the  stands by any 
appreciable amount would be prohibit ive i n  a long l a t e r a l .  The length of 
the  pipe l i n e  cannot be economically increased because it i s  necessary t o  
serve many individual farms and each farm delivery requires a stand turn- 
out. It i s  therefore impractical t o  obtain surge control  based upon 
taking the system out of resonance by using progressively l a rge r  stands 
o r  longer pipe l i n e s  o r  a combination of the  two. 











(A) Pipe Stand. 

(B) Meter Stand. 

s uRemc - COAC MELLA IRRIGATION DISTRIBUTION SYST .:M 

Pipe and Meter Stands Flooding Over The to Surging in the System 
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PlPE STAND BAFFLES, BAFFLE EXTENSIONS, AND BAFFLE GATES 

LABORATORY MOOEL 
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SUR81NB - COACHELLA IRRIGATION DISTRIBUTION SYSTEM 

BAFFLE ELEVATIONS FOR THE INIT~AL TESTS AND FOR MAXIMUM nno MINIMUM sunelne 
LABORATORY MODEL 



(B) Entrained air bubbles entering the outlet pipe 
where they r i se  to join together as a b g t ?  
bubble. Q = 0 . 3 7  cfs. The pipe line vent 
is shown closed with modeling clay. 

SURGING - COACHELLA WFUGATION DPSTRIBTJTION SYSTEM 

Air Entrained in the Downstream Section of the Stand and Carried 
Xnto the Outlet Pipe of the 

Laboratory M d e l  

(A) Large quantities of air entrained by the water 
falling over the baffle. Q = 0.37 cfs. 



Figrim 1 
Report I 

(A) Upstream view of siphons with hoods. 

(B) Upstream and downstream views of siphons with hoods 
removed. Outlets are at different elevations to create 
opposing swirls. 

SURGING - COACHELLA LRRIGATION CISTRmUTION SYST3X 

SQ&ons Through the Baffles 
L P B O r o t q  Model 



(B) Siphons with h o d s  on  upstream face removed. 

SURGING - COACHZLLA IRRIGATION DISTRIBUTION SYSTEM 

Baffle Siphons Installed in tile Pipe Stands 
(Stand 2 is in the center  with Stand 3 at the le f t )  

Laboratory Model 

Figure 14 
Report Hyd. 

(A) Siphons with hoods. 



Stand 2 

SURGING - COACHELLA IRRIGATION DISTRIBUTION SYSTEM 

Partitions in Upstream Side of the Stand to Reduce 
the Flow Area and Increase  Frict ion 

Laboratory Model 





Report Hyd. 324. 

( A )  Level inlet r i s e r  pipe. Q = 0 . 3 7  cfs. 

(B) Notched inlet r i s e r  pipe. Q = 0.37 cfs. 

SURGING - COACHELLA IRRIGATION DISTRIBUTION SYSTEM 

Operation of Pipe Stands with M e t  Riser  Pipes  
Laboratory Model 



Figure 18 
Report Hyd. 

(A) Level inlet riser pipe.  Q = 0.37 cfs. 

(B) Notcbsd inlet riser pipe. Q = 0.37 cia. 

SUWOWG - COACHELLA lRRPGATION DISTRIBUTION SYSTEM 

Reduced Air Entrainment in Pipe Stand Pool with Inlet Riser Pipe 
Laboratory Y-1 





(A) Flm = 1 cis. (B) Flow = 6 c?s. 

SURGING - COACHELLA IRRIGATION DISTRIBUTION SYSTEM $" 
Increase in Air Enfrrainment with Increased Flow 

Laboratory Model 



( A )  Height of fall, 0 .  15 feet. Q = 4 . 0  c f s .  (B) Height of f a l l ,  3 .  25 f e e t .  Q 4 . 0  v f s .  5 -c 

2 :  
SlIHGING - COACHELLA LKHIGA'I'ION DIS'I'HIBUTIOX SYS'I'EM 

1nc:rense in Air Entrainment with Increasc  ir i  Height of Wntcr F a l l .  
Laboratory M o d e l  





(A) 45O Deflector (B) Grating # 

(C)  Deflector urd extended oki-ju~ap (Dl Bloshatal daector 

StlRGING - COACHELLA IRRIGATION D-UTRON SYSTEM 



A PIEZOMETRIC PRESSURES WITHOUT DEFLECTORS 

x . . 
a PIEZOMETRIC PRESSURES WITH SKI-JUMP DISGHARGE - c fs  

DEFLEGTOB ON THE DOWNSTREAM WALL 
I R 

C. HEAD LOSS FROM THE POOL TO A W l N T  l9 5 

DIAMETERS DOWNSTREAM IPS THE PIPE LINE ( PIEZ. 10) 

SURGING - COACHELLA IRRlGATlOH D I S T R I B U T I O N  SYSTEM 

PIEZOMETRIC PRESSURES IN THE PIPE LINE AND HEAD LOSS FROM THE DOWNSTREAM POOL TO T H E  PIPE 

LABORATORY AIR ENTRAINMENT TESTS 







REPORT HYD.324 

A. H Y D R A U L I C  SYSTEM O F  THREE PIPE REACHES WITHTWO 
ADJACENT STANDS COVERED 

B. ANALOG C I R C U I T  F O R  THREE PIPE R E A C H E S  WITH TWO 
ADJACE,NT STANDS COVERED 

SURGING- CQACHELLA IRRlGAPl O N  DISTRIBUTION SYSTEM 
COMPARISON BETWEEN H Y D R A U L I C  SYSTEM AND ELECTRIC 

ANALOG C IRCUIT  



IMPOSED PERIOD -SECONDS 

A .  NO STANDS COVERED 

IMPOSCO PER100 - SECONOS 

C. TWO STANDS COVERED 

IUPOSEO PERIOD - SECONG 

8. ONE STAND COVERED 

D. THREE STANDS COVERED 

Note:-%, q,,---repreront Ih orallotory compocwntr ddischorge which, when ruprrimgorwJonthe me08 flow, Oa. produce the instantauarr tot01 flow, 0. 

SURGING - COACHELLA I R R I G A T I O N  D I S T R I B U T I O N  SYSTEM 
RELATION OF RESO)IANC& FOR VARIOUS PIPE LINE SYSTEMS TO THE IMPOSED OSCILLATION PERIOD 

DATA FROM ELECTRIC ANALOG REPRESENTING PROTOrTBE SYSTEMS 





FIOURE 50 

A .  PERIOD - 2 2 . 2  SECONDS 8. PERIOD- 26.6 SECONDS 

C. PERIOD -66.4 SECONDS 0 .  PERIOD- 111.0 SECONDS 

SURGING - COACHELLA IRRIGATION DlSTRleUTlON SYSTEM 

T H E  ACTION WITHIN THE PIPE SYSTEM WHEN OSCILLATING 

FLOW WbS STARTED 

STAND 1 COVERED 



FIGURE 
ntroav W V D  

A .  PERIOD- 16.5 SECONDS 0 .  PERIOD- 22 .2  SECONDS 

C. PERIOD- 26.6 SECONDS D. PERIOD- 21.7 SECONDS 

SURGING - COACHELLA IRRIGATION DISTRIBUTION S Y S T E M  

T H E  ACTION WITHIN THE P I P E  SYSTEM WHEN OSCILLATING 

FLOW WAS STARTED 



FIOURE 32 
1 1 1 0 1 1  * l o  I , .  

A .  P E R I O D -  36.9 SECONDS 6 .  PERIOD-  66.4 SECONDS 

C. P E R I O D -  111.0 SECONDS D. PERIOD-  1 4 4 . 0  SECONDS 

SURGING - COACHELLA IRRIGATION DISTRIBUTION SYSTEM 

THE ACTION W I T H I N  T H E  P I P E  S Y S T E M  W H E N  O S C I L L A T I N G  

F L O W  WAS S T A R T E D  

STANDS I  AND 2 COVEREO 



FIGURE 33 
* 6 e L e l  M . 0  I). 

1 

A P E R I O D -  18.5 SECONDS 0 P E R I O D -  2 2  9 SECONDS I 

C  P E R I O D -  2 4 . 6  SECONDS 0 .  PERIOD - 2 7 . 7  S E C O N D S  

SURGING - COACHELLA IRRIGATION DISTRIBUTION S Y S T E M  

T H E  A C T I O N  W I T H I N  T H E  P I P E  S Y S T E M  W H E N  O S C I L L A T I N G  

FLOW WAS S T A R T E D  

STAHOS I .  2 .  AN0 3 COVERED 
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I A PERIOD-  111.0 SECONDS 8 P E R I O D -  144.0 SECONDS 

C PERIOD-  3 3 2 . 0  SECONDS 

SURGING - COACHELLA IRR IGAYION DISTRIBUTION SYSTEM 

T H E  ACTION W I T H I N  T H E  PIPE S Y S T E M  WHEN OSCILLhTiNG 

FLOW WAS S T A R T E D  

STANDS 1 .  2 .  bND 3 COVERED 



A .  NO STb\NDS COVERED 

C.  STANDS 1 AND 2 COVERED 

SURGINO - COACHELLA I R  

THE ACTION WITHIN 

FLOW WAS 

9. STAND I COVERED 

D. STANDS I, Z. AND 3 $OVERED 

lRleATlON OlSTRleUTlOW SYSTEM 

THE PIPE SYSTEM WHEW THE 

SUDOEWLY INGREASED 



IMPOSED PERIOD - SECONDS 

A. NO STANDS COVERED ' to.000 WOO $0- 4.000 8 . W  1.000 tlW 

IMPOSED ANALOG FREOUENCY - CYCLES PER SECOHD 

D. NO STANDS COVERED 

- - 

IMPOSED PERIOD - SECONDS 

8. STAND I COVERED 

I M P O S E 0  PERIOO - SECONDS 

C. STANDS I 8 2 COVERED 

HYDRAULIC MODEL STUDIES 

': t 
0 

In 0 
W 
P 
W P 

I 

4 1 .- 
0 

EOUIVALEMT PERIOO - SECONDS 

mpco wpoo 6.000 npoo rpoo 1.000 1100 
IMPOSED ANALOG FREQUENCY - CYCLES PER SECOND 

E. STAND I COVERED 

ECUIVALENT PERIOD - SECONDS 

.qwc m.000 .no0 4 . m  .POD' *Po0 1600 
IMPOSE0 ANALOG FREQUENCY - CYCLES PER SECOND 

F. STANDS 1 8 2 COVERED 

ELECTRIC ANALOG STUDIES 

SURGING - COACHELLA IRRlGATlON DISTRIBUTION SYSTEM 
RELATION OF RESONANCE TO lMP0SEO PERIOD 

+I4 AS DETERMINED BY ANALYTICAL, ELECTRIC ANALOG, AND HY DRAULIC MODEL TESTS 


