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A Theoretical and Experimental Study of Rejection Surges in 
i Trapezoidal Channels 

I• Thesis dj_rected by Professor Warren De Lapp 

I Theoretical equations and supporting experimental data are pre-

I 
I 

1, 

l 
I I 

\ 

sented for the determination of the size, velocity, and shape of 

surge waves in a trapezoidal channel following complete rejection 

of the flow. Comparisons are made between exact and approximate 

theoretically derived equations and the agreement of these equations 

with experimental data is determined. The approximate form is found 

to be essentially equal to the exact form. ·Generally, agreement 

between theory and experimental data is quite good. The greatest 

deviation between theory and experiment occurred in the determina­

tion of the peak surge height. 

Results of previous experiments on rectangular channels are 

surnmarized and reasons for disagreement among experimenters are 

briefly explored. 

A short digital computer program was developed for the trial 

solution of the governing equations. An explanation of the program, 

the source statement listing, and sample input data and results are 

presented. 

This abstract is 
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NOMENCLATURE 

Units Description 

Ft2 Flow area preceding surge 

Flow area following surge 

Ft 

Ft/sec 

Ft 

Lbs 

Dimensionless 

Dimensionless 

Ft/sec2 

Ft 

Ft 

Ft 

Ft 

Ft 

Lbs/ft2 

Ft3/sec 

Dimensionless 

Ft 

Ft/sec 

Ft/sec 

Ft/sec 

Ft 

Bottom width of channel 

Celerity of wave 

Hydraulic depth preceding surge 

Force, in momentum equation 

Froude Number of flow preceding 
surge 

Froude Number of surge wave 

Acceleration of gravity 

Average surge height 

Distance from the center of 
gravity of the surge area 
to the top surface of the 
surge 

Depth of flow preceding surge 
(also y

1
) 

M9..ximum surge height 

Wave length 

Pressure, in momentum equation 

Discharge 

Channel side slopes 

Channel top width 

Velocity of flow preceding surge 

Velocity of flow following surge 

Surge wave velocity 

Horizontal distance from origin 
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Units 

Ft 

Ft 

Ft 

Lb/ft
3 

Slug/Ft
3 

Description 

Depth of flow preceding surge 
(also H) 

Centroid of flow depth :preceding 
surge, measured from surfa ce 

Centroid of flow depth following 
surge, measured from surface 

Unit weight of water 

Mass density of water 
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CHAPTER I 
HJ°"TRODUCTION 

Water surface waves can be classified in two main categories: 

capillary waves and gravity waves. Capillary waves are formed 

through the effects of surface tension, the relative influence 

of which is expre ssed by the Weber Number . The form of the ca~­

illary wave is dependent upon the depth of the water body in which 

the wave is formed, the wave length, and the wave height. Capil-

I lary waves are generally observed as wind ripples and similar 

! I oscillatory phenomena . 

I 
i I 

l 
In contrast to the capillary wave, the gravity wave, as the l 

1 name implies, is formed under the influence of gravity as expressed 
I 

in the dimensionless ratio of the Froude Number . Gravity waves are 

further classified as oscillatory or translatory. The oscillatory 

wave is created by a periodic disturbance such as the forward and 

backward movement of a bulkhead in a channel or the movement of a 

paddle wheel. The translatory gravity wave is a result of sudden 

permanent displacement of a body of water. A special form of the 

translatory wave is the solitary wave created, for example, by the 

movement of a channel bulkhead to displace a finite volume of fluid. 

The shape of the solitary wave, in contrast to the capillary wave, 

is dependent only on the liquid depth and the wave height. Solitary 

waves include such varied phenomena as tidal waves, seismic waves 

(in. the earth's crust), flood waves, bore waves, and open channel 

surge waves. 

/ 
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Open channel surges, which can be described as moving hydraulic 

jumps, are the subject of this thesis. In general, open channel 

surges may be classified according to the means of formation and 

the direction of propagation. That is, they may be catalogued as 

positive or negative, and upstream or do.mstream (sometimes described 

~s ascending or de scending). A positive surge forms with rejecti on 

' of flow in a channel or upon a sudden release of flow into a channel 

and results in a rising water surface. The negative surge results 

from a rapid release of flow from a channel or a rapid decrease in 

the supply of flow into a channel, characterized by a falling water 
I, 
: surface. Several examples of the formation of the characteristic 

l, 1· surge types are: (1) a positive downstream surge formed by rapid 
! 

j 
I 

opening of a sluice gate at the upstream end of a channel, (2) a 

l 

I, 

I 

negative do.mstream surge formed by rapid closing of a sluice gate 

at the upstream end of a channel, (3) a negative upstream surge 

formed by rapid opening of a sluice gate at the downstream end of 

a channel, and (4) a positive upstream surge formed by rapid closing 

of a sluice gate at the downstream end of a channel . All four types 

exemplify problems encountered in the design of channels leading to 

and from pumping or power plants . This thesis will be restricted 

to discussion of surge type (4). It should be recognized, however, 

that the basic equations are equally applicable to the other three 

types • 

/ 
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Positive upstream surges occur in pumping or power canals follow­

i ng rejection of flow from the pumps or turbines due to power failure 

or changes in load requirements. These surges may result in costly j 
I 

It is neces-;

1 

freeboard requirements to prevent channel bank damage. 

sary, therefore, to obtain accurate information as to the size, 

I ;I shape, and velocity of propagation of the rejection surges. 

: I 

'i 
Often only general approximate equations are provided for the 

I I 1 I determination of the height and velocity of open channel surges. 

! 
I 
' 

In many cases these approximations are adequate; but, often the 
\ 

L ., ::; of design are such t hat more accurate relationships become 

necessary. 

I In this thesis the writer presents, with supporting experimental 

i I I data , appropriate equations for the formation and propagation of 

rejection surges in trapezoidal channels. The trapezoidal shape 

is considered because of its relatively common use in modern irriga­

tion practice. It should be noted, however, that a similar approach 

would be taken for other channel shapes. 1'49.ny theoretical and experi­

mental st udies have been made for rectangular channels. 

/ 
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CRI\PTER II 
T"tlEORETICAL CONSIDERATIONS 

The form of a positive upstream rejection surge is dependent 

on the depth and velocity of the initial flow in the channel, the 
· 1 
1

. shape of the channel cross~section, friction, and the velocity dis-

I 

' I 
I 

tribution of the initial flow . For relatively small surge heights, 

where the ratio of the average surge height (h) to the initial flow 

depth (y
1

) is less than approximately 0.28 (determined experimentally 

for rectangular channels ), the rejection surge will be undular in 

form, consisting of a series of oscillation peaks superimposed upon 
h 

the average surge heighto Above they ratio of 0.28, the surge 
\ l 
will be come unstable and will eventually break and assume a form 

I, without oscillation peaks. 

jump. The undular shape is characteristic at Froude Nu.mbers between 

These forms resemble those of the hydraulic 

I 
I 
I 

1 1 

I 
I 

1.0 and approximately 1.7, and the direct shape at Froude Numbers 

above l. 7. 

Derivation of basic equations for average surge height and velocity 

The principles of continuity and momentum form the basis for 

the development of equations for the height and velocity of a surge. 

As mentioned previously, this development will be restricted to a 

positive, ascending (upstream) surge in a t rapezoidal channel, follow­

ing complete or partial rejection of the initial flow. The deriva­

tion, though not unusual or rigorous, is often restricted to 

rec~angular channels . The end result of the writer's derivation 

can also be found in Chow's text [4] ."J:_/ 

I I l/Numbers in brackets refer to references listed at the end of this I thesis. 

I 
I 
I 
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I 
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·· l 
I 
I 
I 
' ! 

A definition sketch of a positive ascending surge is shown 

in Figure 1. The form of the wave is idealized; the oscillation 

peaks are absent and the profile resembles that of a direct wave 

form. 

Through considerations of momentum: 

and by continuity: 

Q =VA -Vw(A -A):::; VA 
1 1 2 1 2 2 

v2 = V1A1-VwA2+VwA1 

A2 

Substituting (2) into (1): 

(1) 

(2) 

A - . A - - 1 r V1Ai-Vw(A2-A1)J A [v V1A1-VwA2+VwA1] 
2Y2- 1Y1 - g w+ A 2 l----A----

2 2 

- - l:( _,_ 2 Al 
A2y2-A1y1 = g V1 ,Vw) A1 (1-A

2
) 

Vw = (3) 

/ 
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i 
I 

Rearranging Equation (2): 

(4) 

Equations (3) and (4) may be solved by trial . 

For easier co,.,rparison with other derivations the equations can 

be converted to those concerned with rectangular channels, in which 

- y 
A = B y, and y = 2 : 

I I 
(5) I 

' I 

i 
'I l 
I 

i 
I 

I 
i 
i l 
I 
l 

I 
' I ' 

; i 
j I 

and 

(6) 

The celerity of the wave, c, is equal to the wave velocity, Vw, 

plus the initial flow velocity, v1 . 

Denoting the surge height, y 2 - y 
1

, by h : 

' ') 2 
g(h~ + 3ylh + 2yl) 

= 
2yl 

(7) 

i which vra.s originally ::presented by Saint-Venant (12]. 
j 
l / 
I 
! ! 

i 

1 1 
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I 

I 

I 
I 

I 
I 
! I 
! I 
I I 

I 

other hydraulicians have derived similar relations using different 

approaches. Keulegan and Patterson [9], in 1940, began their deriva­

tion with Boussinesq's formula (2]: 

where hma.x is the peak height of the oscillations, Figure 2, and x 

is the horizontal distance in the direction of motion. The term 

a2 
h 

:rnax 
2 

represented the curved front of the surge. The oscillation 
dX 

?eak ,Till be discussed in detail later. At the inflection points of 
I 

the oscillations the surge height is equal to the final surge height 

and the partial derivative term vanishes, leaving the equation 

Squaring the parenthetical term results in 

or 

(8) 

(9) 

(10) 

which is essentially identical to Equation (7) above except that 

1 h
2 

9 h
2 

2 - is replaced by lb - . 
Y1 Y1 

Returning now to Equation (3) for trapezoidal channels, the 

wave celerity is expressed by 

7 

C = 
\ 

(11) 



I Favre [5], through continuity and momentum considerations, 
I 
I der ived 

I (lla. ) 

1 I 
j 

i 
where his the distance from t he center of gravity of the surge 

area (,· 
2 

- A
1

) to the top surface of the surge. Favrev s notation 

has been changed to that used in this thesis. This equation is 

I 

identical to Equation (ll). 

by (1) assuming that h = ~, 

Favre developed an approximate form 

(2) putting (A2 - ~) in terms of h, 

: .and (3) multiplying the parenthetical ter.ms and neglecting all 

i 2 
· : h terms. The approximate form of Equation (lla.) is 

!I 
' I ( 

2S Dl) 3 h I 
+ 1 - T °T" ).~ Dl J 

i 
I I in which S is the channel side slope, T the water surface top 

(12) 

I 
I 
I 

width; and D1 the byd.raulic depth. To compare Equation (12) with 
• 

I 
I 

I 
I 
l 
! 
I 

I • 

the others for rectangular channels, set S = O. It is found that 

Equation (12) ·will now be identical to Equation (9) of Keulegan 

and Patterson. Equations (11) and (12) will be compared. to 

determine the error, if any, in using .Favre's approximate rela-

tionship for the surge celerity. 

I Derivation of relationship for maximum height of oscillation peaks 

·1 I , Using the method proposed by Jones [8], a relation for the 
• 1 ·, ! i height of the maximum un.dular peak can be formed. Equations (11) 

i II and (12) express the celerity of a wave of direct form (without 

( oscillation peaks) in a trapezoidal channel. By making a basic 

/ 
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I . i 
I assumption tnat the undular 1,-ra.ve consists of a series of solitary 

, waves superimposed upon a ira.ve of direct form, the celerity of the 

, direct form is equated to that of a solitary 1·ra.ve and a relationship 

found for the peak height. 

The equation for the celerity of a solitary 11ra.ve is c = 
1
~gD, 

, where D is the hydraulic depth. 
A . . 

D = T' where A is the area and T 

the ·water surface top width of a trapezoidal channel. If c is also 
I 

; I t he celerity of the direct wave, then 

1ygD = C 

i I \ gD 2 
= C 

2 '' D = C (13) 
g 

The he ight of the maximum oscillation peak can be derived from 

Calculations by digital computer 

Equations (4) and either (11) or (12) involve trial solutions 

for the two unknown variables, v2 and y2 • To facilitate rapid solu­

tions of these equations for a large nu...~ber of conditions, a computer 

: I program was developed for use on the Honeywell H-800 computing 

i I facility, Bureau of Reclamation, Denver, Colorado. The program 

is written in the AUTOMATH (FORTRAN IV) programing language. The 

I 
original form of the progra.;n included

1

the solution of Equations 
' j 

; I c11), and (13)0 
I I 
! I 

1 I 
• I 

I I 
l 1 
: I 

1 1 

The program was then revised to substitute 

/ 

(4), 
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Equation (12) for Equation (ll) and the results were compared. 

'' A listing of the program and saraples of the input and output data 

are included in the Appendix. 

! 

'. I Input data consists of the conveyance charu~el geometry, the 
! 

! I initial rate of flow (Q), the rejected rate of flow (QREJ), and the 

i 
size (DELTA) and number (N) of iteration steps used in the solution 

i I of the equations. The channel geometry is described by the initial 

I 

flow depth (Yl), the bottom width (B), and the side slopes (S). 

Output includes the input factors plus the Froude Number of the 

initial flow (For Fo), the ratio of average surge depth to initial 

depth (YAVE), the ratio of peak surge depth to initial depth (YPK), 

the ratio of peak surge depth to average surge depth (RATIO), the 

, wave velocity (VW), the wave celerity (C), the initial flow velocity 
l 

10 

l (vl), and an indicator of the accuracy of the approximate solution (FF) . 

The bisection method is used to derive an approximate solution 

for the average surge depth. When v1 is added to Equations (11) or 

I ( 12 ) they are i den ti cal to Eg_ua ti on ( 4) , since each then re presents 

j the wave velocity. Their difference, represented by the symbol FF 

i. in the program, is zero when the correct value for y is substituted . 
1 I 2 

11 Beginning with an assumed value for y2, outside the expected range of 

the correct solution, successive approximations are made until the 

' I value of FF is within an arbitrarily small range of.values close to 
i \ 
I 
I 
I 
I 
11 
' l 
l 
I 

z.ero. The iteration is halted when the value of FF is smaller than 

the selected value (0.00001 fps in this case) or when the specified 

I 
/ 
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number of iterations has bee;:i performed.. The final value of FF 

is printed as a check. 

: I 

' After the values of the average surge depth (and thus the 

1 wave celerity) have been determined, Equation (13) is used to 
: I 

· deterrr~ne the depth corresponding to the height of the maximum 
i I 

oscillation peak. Tne results are tabulated in Table 1 and are 

presented graphically in Figures 3, 4, and 5. 

Discussion of results of theoretical analysis 

Table l shows that the average surge heights and velocities 

determined from either Equation (11) or Equation (12) are essentially 

identicalo Variation of the average surge height and surge velocity 

! ·with the Froud.e Number of the initial flow is shmm in Figures 3 a.11.d 

4, respectively. 

Computation of the peak surge height showed some variation 

between the two methods of computation. Because the peak height 

is based on the square of the surge celerity, the slight differences 

: in wave velocity noted in Table 1 are compounded. The peak height 
I 

values based on either Equation (ll) or (12) were more than twice 

the average surge height a..""ld were considered unreasonable, accord­

! ing to the eA')?eriences of other investigators. This premise was 

supported by the present tests, as explained later i n this thesis. 

The theoretical relationsh.ips between the average surge height and 

·! the peak surge height corresponding t9 the celerities computed with 

Equation (12) are presented in Figure 5 in dimensionless form, pri­

marily to demonstrate the theoretical variation of the peak height 
1 with the i ~..:.-::-::al depth of flow • 

: I 
I 
I 

/ 
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C'.d.A.?T,~R :i:II 
EZI'ERL':,1:EETAL STTJDIES 

Review of -ryr evious investi gat i ons 

Previous work in developing the theory of open channel waves 

has been reviewed earlier. Er _flerimental work in this field began, 

to the best of the writer 1 s knowled,ge, with that of J. Scott 

Russell [l5] in En3la.."ld in 1844, followed shor tly ther eafter with 

experiments by H. Bazin [3] , Lord Rayleigh [:L3l , G. G. Stokes (16], 

and many other well- known hyclraulicians. Work in this century has 

I -oeen highlighted by that of Henry Favre, whose fa.i11ous paper was pub­

lished in 1935, as cited earlier in this thesis. Other fairly recent 

notable accomplishments were made by G. H. Keulegan and G. W. 

Patterson [9] , A. T. Ippen and D.R.F. Harleman [7] , J. A. Sandover 

and O. C. Zienkiewicz ~4], and B. Gentilini [6]. All of these 

ex-_periments, including those of Fav..ce, were concerned with rectangular 

charL~els . Favre's paper included some theory with reference to 

trapezoidal channels as noted in Chapter II and, very recently, 

C. T'nirriot and S. Bednarczyk [17], mentioned that they had carried 

out a theoretical investigation of trapezoidal flumes but did not 

include the results in their paper. To the w.citer 1 s knowledge, no 

experimental data have been published on waves in trapezoidal 

I I channels to this time (1966) • 
. I 

Disagreements exist among experimental observations on rec-

tangular channels for the limits of stability of the undular form 

i I and for the surge height at which breaking occurs . Keulegan and 

I 
I 
I 

11 
/ 
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I 
i 
I 

I 

jPattersOi.'l record.ed data which indicate a stable form below 

I h O "75 + ' l . b ' 0 275 d . .,_ l jYl = .c: J an U..'1S vao e region e-cween • an approxirna0e y 

1

0.530) and. breaking waves above E = 0.530. Both Gentilini and 
Y1 

,Favre recorded breaking ,-raves aoove _::w.ax = 0.60, where Ilxnax is 
: Y1 
1the heig..~t of the maximum oscillation peak. (Keulegan and 

Patterson's value = 0.530, corresponded to an hm::i..x value 
Y1 

of about O. 58. ) In 1932 Bal0_""neteff [1] observed breaking above 

·1 f\nax = l.O; Ippen and Harle:rr.an agreed. with this finding in 1951~ 
' Yl 

experiments. Very early experiments (1894) by McCoi;,;ran I)..~ _ .,-o-

, ?Osed a limit of 0.78. Keulcgan and Patterson proposed a theoreti-
. I I l cal value of 0.735 but measured a value of o.58J as stated above . 

The apparent discrepancies among experimental data are due 

to : (1) variation in the velocity distribution of the initial 

flow, (2) errors inherent in the methods of measuring the wave 

heights, and (3) the distance from the origin of the surge to the 

1 measuring section . Keulegan and Patterson h8.ve discussed the effect 

1 of nonuniform velocity distribution on wave propagation. They 

. found this effect to be important only in cases where the initial . 

I' 

' ' ; 

' i 
I 

I 

flow before initiation of the surge was near or above super-

critical velocity. The effect becomes less important as the 

velocity decreases in the subcritical range . Favre also discussed 

this point. 

/ 
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Errors in the various methods of measm·ing wave he ights include 

parallax in photo3raphy and other optical ~Bthods and meniscus 

effects and electrical instability in electronic instrumentation . 

The location of the measuring section is important because of the 

, tendency for a surge wave to "build" toward a maximum height for 

sowz tirr~ after initiation . 

· I . 

1 

Description of the experimenta l apparatus 

The l a" Jratory model used in these studies consisted of a 
11 
I straight trapezoidal section with a length of 48-1/2 feet, a bottom 

wfdth of 1 foot, a depth of 1 foot and 1-1/2:l side slopes, Figure 6. 

The channel floor was level and the floor and sides had an enamel 

:paint finish . Water was supplied to the model through a recirculat­

ing system by a centrifugal pump. Discharges were measured with 

a portable orifice meter with interchangeable orifices, each of 

which was calibrated volumetrically. The control at the downstream 

end of the model consisted of a rectangular sluice gate which was 

I 
. used to control the de-nth of flow for each test discharP.:e . ! I ~- ~ 

The 

i I 

I 

' 

gate could be closed very rapidly by hand for almost instantaneous 

complete rejection of the inflow. 

T'ne model instrumentation included six capacitance type wave 

probes with sensors consisting of plasticized- enamel-coated wire. 

· i F.ach wire was about 6-1/4 inches long, mounted in a U-shaped frame 
' 

made from 1/4-inch diameter stainless steel rod. The wires were 

! I I held in the rrarnes by small plastic insulators. The lower end of 

14 



the wire was carefully sealed in the insulator to prevent electrical 

shortir:g ... oy the ,;.rater. Each frame was attached to a modified point gage 

staff in a rack and pinion device with a vernier read.ing to 0.001 
: i 

\ I foot. .E:3.ch probe was cor..r;.ected to one channel of a six-channel 
l' 
'l direct-1-rriting oscillograph (a Sa.nboi~n recorder in this case). The 

locations of the probes are shown on Fig,;. .... :e 6. Figure 7 is a photo-

: ' I! graph of the test channel and a set of probes. 
I' 

! I 
! I 

The wave height is indicated by the change in capacitance as 

· I the im..'nersior, of the sensor wire is changed. The plasticized 

i 
11 

i I 
\ ! 

ena.rrel coating acts as the dielectric of the capacitor whose legs 

consist of the wire and the watero The unsealed end of the sensor 

wire is connected to one leg of a resistance-capacitance bridge, 

Figure 8. As the water level varies on the sensor, the capacitance 

across the fixed capacitor C also varies, resulting in imbalance 
2 

of the bridge and an accompanying signal to the recorder. 

Some difficulty was encow."1.tered during calibration of the 

I' 

1 1 ·,mve probes . 

calibration for each test ru.."'1, except in one or two cases when two 

Accurate data were assured by making a separate 

' ! 
I I 

11 

runs at the same depth were macle in q_uick succession. Calibration 

was accomplished by raising and. lowering the probes kno,,m distances 

in a stable pool of water forned by ponding the model channel. 

Wetting and drying of the coating on the wire caused non-linearity 

and a careful calibration routine was necessary. After establish­

ment of the zero datum, each wire was lowered a knmm distance in 

15 



11 

I I 
I I 

• I . 
1 

the pool. By lowering the probe beyond the required range, waiting 

for several seconds, then raising the probe to the correct position, 

the slow wetting process u·a.s accele::::-ated and a stable condition was 

reacned in 15 to 30 minutes. '31e probe was then raised in incre-

ments to the zero position to check the linearity . 

It was necessary to carefully insulate the bridge circuit to 

eliJ:r~nQte zero datw~ drift caused by variation in room temperature. 

Also, some instability ·was caused by fine particles in the recir­

culated water which were deposited on the wire sensors . 

Other experimenters [1{J, by comparing wave probe records 

with photographic records, have estimated that meniscus (surface 

tension) effects can result in an error of approximately plus or 

minus 0.015 inch (or about 0.001 foot), with the largest errors 

')CCurring at wave troughs (-0.01 to +0.02 inch). No attempt was 

.. .) evaluate the surface tension effect in the present studies; 
i 
i however, the cited reference indicates that errors due to this 
! 
'1 effect are not appreciable. 
l I 

l I 
• I 

I 
I, 
I I 

! I 
l I 
. ! 
'I 
~ ! 
. I 

. I 

Test program and limitations 

Test runs were planned so that a range of Froude Numbers 

v, 
(Fo = 

1 
-

1
) between approximately 0.05 and 0.30 (corresponding 

to.the theoretical computations) could be investigated for three 

average flow depths in the canal: 4 inches, 6 inches, and 8 inches. 

I 
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I 

I 
.\ 

I The :nodel outlet flume was found to have insufficient capacity for 

I a Frou.de !lumber of O. 298 at an initial depth of 6 inches, and for 

I Froude :i\:urr.bers of 0.245 and 0.306 at an initial depth of 8 inches . 

I
' 

T'nere:fore, those three run.s were excluded. Average surge height, 
i 
I , rr.axim.um peak height, wave velocity, wave length, and the general 

characteristic shape of the ,-:rave profile were determined for each 

test. It was attempted to limit the studies to the stable range 

so that no -breaking of the stU·ge front would occur . T.ne experi­

~ental data are shovm in Table 2 . 

Discussion of experimental results 

The recorded surge wave was of the undular form, consisting 

! I oi' the initial wave followed by a series of secondary bsci11ations . 

I 
I In this study, the leading peak was usually the largest of the 
r 

1 series, with reference to the initial flow depth before surge 

: I 

" 'I ! I 
! 
i 
i 
! .. 

I 

: I 
i 
! 

11 
I 

: I 
I 

I 

propagation . Figures 9 and 10 show a typical ·wave form . 

The average surge height varied with the Froude Number of 

the initial flow as shmm in Figures 11, 12, and 13 . The theo-

retical curves of Figure 3 are included for comparison . 

Figure 11 compares the experimental data with theory for an 

initial flow depth of 4 inches (0.333 foot) . It should be men-

;tioned at this point that the slope of the water surface w·as 

assurred to be negligible with the same ' depth occurring at all 

three probe sections. Figure 11 indicates fairly close agreement 

I 
/ 

I 

I 
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I between 

· closely 
l 

cr_;::::rirr.:::nt and. theory. Dato. 

group,_ · :cept at a F:c·oude 

a:p:prcciable s 

of s·c.:.· .,_;::; was explained c. 

in rectanz~ charu1els for value 

seems reaso~ ~ t hat the trapez~ 

all t~., )robes are q_ui te 

:oer of O. 2c.• ·../hich shows 

:;,robaoly d.l .0 i nstc:.bili ty 

.er that inst~~ility was noted 
h 
y 

1 
above ab,: 0.28. It 

· sha:,e coul: -~use instability 

i at a lower y 
1 

value, approxi:wately O. 20 L1 this case. 

The experimental data for an initial flow depth o:' 6 inches 

I (0.500 foot), Figure 12, sho~s that the experimental data begin 
I I to ~e:~ate from theory at a Froude Number of about 0.10. The 

I devial;ion increases as the Froude Number increases. Similar results 

I were obta ined for an initial flow depth of 8 inches (0.667 foot), 

, Figure 13. A possible erplanation for the increasing deviation 

I is that as the surge height increases the form gradually changes 

'! trom undular to direct. This preoise is supported py the apparent 

instability of the surge front noted in Figure ll. 

Figure 14 attempts to co~pare the experimental results for 
' 

1 
j the relationships arnong Froude Number, average surge height, and 

height of the first oscillation peak. The widely scattered data 

; !do not provide o. meo.ninifuJ. illustration. Also, the experimental 
I I 

. I peak he i ghts are considerably lower than the theoretical heishts 

listed in Table 1. Data for Probe 3 were given special attention 

' because it -was felt that the surge had probably attained a rela-
1 I 

ltively stable form upon reaching that section. Tnese data also 
I 

. l 

/ 
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I 19 
I 
! ....... ..., --, ' t t' .,_. · :;:aiJ..eQ 1:0 inciicate any well defined relationship be ween -ne ral,io 
I :r.!...:.13.X 
! of-.-- anc. the Froude Nu..>:1be.r. It was decided to abandon the 
1 .'.l 
/ 
j ~ +.J... _-:"\y1·0.J.. 

C... VI.., ~--• .... l., to find. a relations:i".i:;:i between dimensionless ratios and 
I 

i 
1 to ::;i:rroly ·.,lot h versus h. ':mis -plot, Figure 15, indicates 
I - ~ Y!laX -

j tha-'c the heig...'lt of the first oscillation :peak is essentially a 
I ; 

constant multiple of the average surge height and is invariant 
I 
I with respect to the initial flow depth or Froude Number. Again 
i 
' ' +'ne r',.,+a are i VJ. i.l..c..i.,v scattered, but an upper liIT~t of hmax = l.253h is 

The relationship at Probe 3 is fairly well defined ! . . + , indicaveQ. 

1) 
ash = 1.13h. max A few points lie below the theoretical 

I lower limit, hmax = h, corresponding to a. surge of direct form, 

I thus indicating that the first peak is not always the raaximum 
'I I and can be s~.aller than the average surge height. 

' j 

Figure 16 shows the experimental relationship between the 

1 

Froude Number of the initial flow and the wave Froude Number. 

I The theoretical curves of Figure 8 are included for comparison. 

I Figure 16 shows that the ex-2erimental ,rave velocities are, in 

general, somewhat greater than those predicted by EQuation (11) 

or (12). Also, the variation of wave velocity with the initial 
' I 

l I flow depth is not well defined and the data are somewhat scattered . 

' ' / I 'l'he scatter is very likely due to errors in determining, from the 

oscillograph records, the time of passage of the surge between measuring 

stationso The arrival of the surge at a measuring station was 

indicated by the initial upward de~lection of the oscillograph 

1' 



· l 

l 
! trace. , I For sor:12 of the srr.all surges, the stylus movement was 

' 
I gradual and dete r~ _ .. . -.c:.tio::i of the initial deflection was very difficult. 

Figu.r-e 17 illu~trates the vari~tion of the distance between the 

first two oscillation :p2: aks., L, with the wave velocity . Data for 

only t:he ce '.'.'lte rline prob0s were plotted ar.d no attempt was made to 

develop dimensionless ratios 01~ make co:rrparisons with theory. To 

the 1-1rite1~ 1 s knowledge, the use of such i;1formation is limited. Cme 

i recent applic~tion was the de termination of required delay of response 

i n float operated automatic pum:p controls. The pumps were required. 

to start or stop in response to slow variations in the intake canal 

water surface in order to maintain a constant water surface eleva-

tion. 'I'he velocity and wave length of the rejection surges were 

required so that the remaining operating pu...'Ylps would not switch off 

and on during passage of the surge. Figure 17 shows that the 

1 length of the first wave increases as the surae moves upstream • • ! ....... 

The change in wave length from Probe 3 to Probe 5 is relatively 

small., which indicates that the surge is approaching a stable form. 

Although a pi~ototype surge would be attenuated by friction, 

the :relatively short test channel did not allow evaluation of this 

effect . Also, Fig1.1re 17 indicates that the surge had probably 

not quite reached a stable form in the available distance. In 

·i :t;act, inspection of Table 2 shows that the maximu.11 peak increased, 
I 

l 
in many cases, between the first two probe sections, then de creased 

to the third section . This deterioration is more likely caused 

by instability rather than frictiono 

Ji 

,· 

20 



. 
I 
I [- -. 

u • ,::._. . SG.::1.<lovc:::r a;:-_d O. C. Z:'...enkiewi cz }:-J contend that friction 

I has little attenuating effect on the initial peak, but affects the 
I 

i 

i 
1, 

• t 

: i 
! I 
! 
l 

I' 

! 

' I 
J. 

I I 
I 

trou.~h hei.:;.>i-::.s s.nd wave l engt:~:::. 'E1.ey present equations which 

descr:'...be the profile of the undular surge and the attenuation of 

the oscillation peaks. Following co:-:ip:;_ete dissi::;x:i.tior. of the 

oscillation :p2a};:s, the stG.ble ,-rave is d&"':l:9ed as descri::ied. by 

Kculee;an [10] . 

2l 



CHAPI'ER IV 
CONCLUSIONS AND RECOMMENDATIONS 

Use of either Equation (ll), Equation (lla.), or Equation (12) 

with Equation (4) will give a satisfactory prediction for the averaee 

surge height for complete rejection of flow. Equation (12) is 

simplest in form and is recommended for use in hand calculations. 

The error in using Equation (13) for determination of the maxi­

mum oscillation peak increases as the average surge height increases. 

The tests indicated that the maximum peak height is approximately 

,1.2 times the average surge height, as compared to the theoretical 

ratio of 2.1 to 2.7. The experimental data were generally inde­

pendent of the initial flow depth, contrary to the indications of 

theory. 

The experimental wave velocities showed good agreement with 

those predicted by theory; however, the variation with initial 

depth was not well defined. The experimental variation of the 

length of the first wave with wave velocity was determined. No 

theoretical predictions were made for comparison. 

It is recommended that: [1] Equations (4) and (12) should 

be used to determine average ~urge height; [2] the relationship 

hmax = 1.2h should be used to determine the maximwn oscillation 

;eak height; [3] Equation (12) may be used to determine the wave 

velocity with the knowledge that the experimental data deviated 

/ 

/ 
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slightly from theory; and [4] Figure 2l may be used to estimate 

the length of the first wave for a given wave velocity by apply­

ing the appropriate model scales based on the Froude law. 

If accuracy limits greater than those presented in this 

study are required, there may be justification for a model study 

of the particular prototype configuration being investigated. 

/ 
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Tabl e l 

COMPUTER DERIVED THEORETICAL PARAMETERS 
Eq_uation {11) E9.;uation (12} 

Fo Vw : YAVE YPK Vw YAVE YPK 
: 

0.057 2.79 0.043 0.098 2.78 0.043 0.093 
: 

: 0.115 2.73 0.088 0. 201 2.73 0.088 0.195 

0.172 2.68 0.132 0. 310 2.68 0.133 0.303 

0.230 2.64 0.178 o.429 2.63 0.179 o.419 

0.288 2.59 . 0.224 0.557 2.58 0.225 0.543 

0.060 3.29 0.042 0,101 3.29 0.042 0.096 

0.119 3.23 0.085 0.205 3.22 0.085 0.199 

: 0.179 3.16 0.128 0.318 3.15 0.128 0.309 

0.239 3,lO o.i72 o.439 3.09 O,l73 0,427 

0.298 3.05 0.216 0.567 3.03 0.217 0.551 

: 
: 0.061 3.71 0.041 0.102 3.70 0.041 0.097 

0.122 3.63 0.083 : 0.207 3.62 0.083 0.201 

0.183 3.56 0.125 : 0.320 3.54 0.125 0.311 

0.245 3.49 0.168 o.442 3.47 0.168 o.428 

0.306 3.42 0.211 0.571 3.39 0.212 0.553 

Y1 is in feet. 
Vw is in feet per second. 
Fo, YAVE, and YPK are dimensionless. 

/ 
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- ------ Table_ 

1~~J> ~IU:·Ei:TAL DATA 
Prob·:! l P:-ob'= ~ P:-cbc ; 

Y1_ ?o · Vw YAV~ YPK L --YA- \-,~-.,-- Y:?K L YAV~ YPK _____ L_ 
-------------------- ---------------------

0 . 500 

o . 6G7 

0 . 333· 

0 . 500 

o.667 

0 . 05'( 
0 . 115 
0 . 172 
0 . 230 
0 . 288 

0 . 060 
o.n s· 
o.1r9 
0 . 2~9 

0 . 061 
0 ,122 
0 . 183 

0 . 05'( 
0 .115 
0 . 172 
0 .230 
0 . 299 

o.o6o 
O. ll9 
o. :::_79 
0 .239 

o . o61 
0 . 12:::_ 

o.10~ 

2 .78 
2 .84 
'.2 .68 
2. 73 
2 . 59 

J I ·::, 
..) • '"TL.. 

3 . i+l 
3.26 
3 . 20 

~ -9~ 
3 .6a 
3. 5 '( 

2 . 7G 
2 . c)!i-

2 .6J 
2 . 73 

3 . !1 1 
') r:,(" 
..) • - '-

3 . 20 

3.94 
) • '-!'.) 

J . )7 

C' . 042 
0 . 072 
0 .132 
0 .180 
0 . 2:)f 

O. Oju 
(J . osc 
0 . 121, 
o .15C 

O. O::l9 
0 . 075 
0.117 

o.oy: 
0 .072 
0 . :.38 
0 . 162 
0 .20:+ 

0 . 040 
G. OcO 
0 . 1~2. 
V. l,\d 

O. Jh:5 
O.<I(6 
0 .'120 

O. Ojl 
c .072 
0 .1!+1 
O. l cl3 
0 . 2~[ 

0 .031: 
O.Oc4 
0 . 128 
0 .16G 

I) . G.3~ 
0 . 079 
0 . 121 

o.o~~ 
O. OT!. 
0 . 1.:, ) 
0 . 192 
0 . 222 

o.o\c 
0 . 001, 
0 . 1:;: 

: '0 . 160 

0 . 01~5 
0 .079 
O. Lt;· 

11.l 
10 . 0 
::_0 . 7 
2.: 

:i_'? . u 
11 . '.,' 
F . G 
1.::. . ,:..· 

15 . , 
J2 . u 
12 . 9 

e .5 
9 . -
; .5 
5.2 

l ' . (J 

11 . '.) 
1~ .o 
") 
...L..!..... . L 

0 .036 
o.o:c 
0 . 13:::: 
(; . 1'77 
0 . 192 

0 . O'+G 
O. G32 
0 . 132 
0 . 152 

G.03:; 
0 . 070 
G.120 

O. C3'..: 
c . 021, 
O. l ;tL 
0 .17:.. 
O. ::_95 

C . O<-'.:' 
O. OcO 
0 . :::..2.: 
c .152 

0 . 037 
o.oGt 
,J . __ _,,_ .. . 

G.0:9 
0 .081 
O. lh7 
o .:~9c 
c, . 198 

C, . 046 
0 .096 
C. 1)2 
G. :l.72 

0 .0~7 
o. (Jt,} 

c .: ~:; 

1.1 . ~ ·r ;-

0 . C~itJ 
c . 17Jr 
0 . 21~ 

~ .. o-6 

c. r;-.::: 

(··· = 
• . v . v-r-.,,, 

"-' · - -~ 

J..6 . 7 
1 1~ . 2. 
l J .L 
1::, . r~ 

~ . b 

20 . 5 
21.2 

;5 .u 
25 .6 

: 1G . 7 
: 1::-C 

13 . ·+ 
- ~ ,,. 
..!. ..::. • ~.) 

5.2 

2~ .s· 
20 . 5 
l,.. . . 
·-.,; . ..., 
2G . t 

25 · ·-
-,,, . -

C.042 
Q_Otl 
O. l~E 
o .16~ 
0 . 16c. 

o.o.,o 
0 . 076 
O. ll6 
0. 1;,.L 

(j . Ji+2 

0 . 073 
O. lOC: 

C. 045 
0 .084 
0 .132 
O. ltc 

O. J~S 
0 .096 
V . .!.)';.! 

;:; . 17l.;. 
8 . 2-77 

\.I . C46 
O. OS,CJ 
o.:jO 
0 . 160 

0 . 01r) 
0 .0cc 
C.1-:,~ 

o.cLc 
0 . 105 
0 . 165 
0 .:92 

C, ( ~ -. 

l6 . 7 
17 .0 
17 . 5 
15 .0 
13 .0 

2:) .o 
20 . 5 
22 . t 
J 9 . 2 

:,l . 5 
29 . :; 
3·~ . 9 

16 .7 
1s . 5 
11:; . l 
1 :: . 7 

2 •1. C 
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FIGURE 7 

PHOTOGRAPH OF TEST CHANNEL AND WAVE PROBES 
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FIGURE 9 

PHOTOGRAPH OF TYPICAL REJECTION SURGE WAVE 
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I 

' . 
DELTA 

FF 

. .,.. 
i l .L 

11 J 
I I 

'' . i N 

I ' . 
i I PEAK 

1 I Q.REJ 
, I 

1 I RATIO 

SURGE 

YAVE 

YPK 

Y2MIN 

Y2MA.X 

1 I 
• I YBA.Rl 
i 

1 
YBAR2 

I 

I 
, I 

! I 
i. 

! I 

DEFINITION OF TERMS-X- USED IN COr.1PUTER PROGRC\.M 

Units 

Ft 

Ft/sec 

None 

None 

None 

Ft 

3 
Ft /sec 

Dimensionless 

Ft 

Dimensionless 

Dimensionless 

Ft 

Ft 

Ft 

Ft 

Description 

Size of iteration steps 

Indicator of accuracy of 
approximate solution 

Loop counter 

Loop counter 

Number of iterations 

Maximum surge height (hmax) 

Rejected discharge 

hmax/h 

Average surge height '11.) 

h/y 
1 

hmax/y 
1 

Minimum value of y
2 

Yaximum value of y
2 

I 
·x-Terms which are identical to those defined in the main body of the 
text are not repeated. 

l 
I 

'I i 
'I I , i / 

I' 
: I I 

l 

I 



. ,. 

0001 
0002 
0003 
0004 

0005 

0006 
0001 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0011 
0020 
0021 
n022 
0023 
0024 
002, 
0026 
0021 
0030 

0031 
0032 
0033 
0034 
0035 
0036 
0037 
0040 
0041 

0042 
0043 
0044 
0045 

0046 
0047 
oo,o 
0051 
0052 
0053 
0054 
0055 _ 

• • • AUTOIIATH 1100 SOURCE PR06RAN LISTING• • • 03/09/66 

EFN .)091 

C HEIGHT OF REJECTION SUll6E IN A TRAPEZOIDAL CHANNEL 
11 FORMAT (6F8.0el4) 
13 FORMAT C lXe6Fl0.3, 
14 FORMAT 11H0,30M INITIAL IIOTTOM 51DEI 
l~OFORMAT (60H OEPTH WIDTH SLOPES Q QREJ 

1 Fl 
l60FORNAT 11H0,69H YA•E YP!c. RATIO VW C 

1 VI FFI 
ZJ FORMAT ClXe6Fl0.J•Fl0e61 
20 READ 15•111 y,B,5,0,QREJ,DELTA,N 

R!!J•QREJ 
WRITE 16, !41 
WRITE 16,151 
00 600 J•l,4 
Yl•Y 
Y2111N•YI 
Y211Alt•Yl•DELTA 
00 100 1•1'N 
YZ• CY2MIN•Y2NAJl) /ZeO 
YIIARl•Yl-Yl• C Je0•8•4eO•S•Yl) / I leO• ( z.o•ll•Z•O•S•Yl) J 
Y8AR2•YZ•Y2• cJ.Oetl•4.0•5•Y2) I (J.O• cz.o•e.2.0ttS•Y2) > 
Al•Yl•Cll•S*Yl) 
Dl•Al/ Cl•Z•O*!l*Yl J 
A2•Y2• C8•S•Y21 
YhOlAI 
V2• CQ-QIIEJI/AZ 

OFF•SQRTC CA2•YBAR2•Al•YBARll t 1Al•ll,O•Al/A211 J•0,176aVl•O, ! n• IQREJ 
l/lA2•AIII 

IF CFF ,LT, 0,01 Y2NIN•Y2 
IF CFF eGT' OeO> Y2MAX•YZ 
IF IFF ,EQ, O,OIGO TO 600 
IF IABSCFFI ,LE, 0,000011 60 TO 600 

I 00 CONTINUE 
600 SUR6hY2•YI 

F•YIISQRT C3Z, 174eDIJ 
YW•REJ/1 A2•Al I 
C•YW•Vl 

C CALCULATION OF OSCILLATION PEAKS 
DPEAKoC•C/32, I 74 
IF CS ,EQ, 0,01 PEAK•OPfAK 
IF IS , ·EO, 0,01 GO TO 100 

~:!~~~;!~:E!~~;~;DPEm 112,o•s> 1 •SORT 1ABS1 ,a-2.o•s•DPEAK> 112.o•s>, 

100 YAVE•IY2•YIJ/Yl 
YPKa IPEAK•Yl I/YI 
RATIO•YPK/YAVE 
WRITE 16,131 Y,B,5,0,QREJ,F 
WRITE 16,161 
WAITE 16,231 YAVE,YPIC,RATIO,VW.C,V!,FF 
60 TO 20 
END 

,u-te ror· 111 0030; 

o FFzSORT ( 32. l 74ilOt > * < 1. 0 . < 1 .0-2. O•_c;,3.0•01 / C B+2 .o•s•vl, > •o. 75• I v2 -v 
lll/Oll·Vl- <CR EJ/IA2-A l l l o 

- ---- -·- ----- - -- ---· -----

LISTING OF PROGRAM SOURCE STATEMENTS 

4 
5 
1 

• IA 
9 

9A 
10 
11 

IIA 
12 
13 
16 

· II 
19 
20 
21 
22 
u 
24 
25 
50 
26 
27 

27A 
21 
29 
30 
31 
32 

32A 
33 
41 
51 
54 
55 
59 
59 

590 
5988 
59CC 
59DD 

59A 
60 
61 
64 

14A 
67 
72 

28 
29 
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IUftEAU OF ftECLAIIATION Cl LABORATORY PUNCH CARD DATA 
PROBLEM Sample I nput Data Sheet JOB NO. , 

USE - - - - -
DETAIL for Theoretical Computation :If Sample .............. . - -- -- -

COLORED FEATURE of Reje~tion Sur~ Heights RETURN TO 
CARDS -- ----- --

PROJECT ROOM BLDG. PHONE 

.i , 1, 1, 1, 1, 1,1 . , hol111 12 I" 1 .. 1.,1 .. " 1 .. 1 .. 120121 1 .. 1,,1,. " l,.l21 lze l29 llol" I" ,, 1,.1 .. 1 .. 1,, 1 .. 1 »140 " 1 .. 1 .. 1 .. 1 .. 1 .. 1.,1, • .. 1501,, 1 .. 1 .. 1 .. 1 .. 1 .. ,,1 .. 1 .. 1601,, 1 .. 1 .. 1 •• .. 1 •• 1671 .. 1 .. 110111112 "" " l11ln l11lnleo 

IY IB -'---'--- J~ _ Q Q.RE.l_ ~ ' IlEl,T,A l'l l _L__l_! _ _LJ.__ L--'-- 1---'-- I I 

ri 13 H / 1, D IL_£_ .0. 1DB/. O, oBi / 1 0 Sl\l I I I 

o. 1333 Ii, 0 / 1, s:- CL1 lt 3 f) , , I /(; 3 / 1, 0 S:a I i I I 

0. 13 3 3 I i, D /1, $° o .1Z 44:- o. 12.4.4. /1 0 .Sa I _,___i I 

0, 1333 II, Q /1 ,<(° Q, 15Z.C, o.. 13U, /1, 6. s/)1 I I I 

0, 133 3 /1, ,0, /1 ,c; 0, 1408 0 itJ. 013 / 1 0 c;{'j I I I 

I I I I I I I I I 1 · 

I I I I I I I I I I 

I I I I I I I I I . I 

I I I I I I I I I I 

I I I I I I I I I I 

I I • I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

I I I I I I I I I I 

REMARKS 
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.... 

INITIAL BOTTOM SIDE 
DEPTH WIDT H SLO PE S Q ORE J F 

- ~333 1.000 1.500 .os1 .oa1 .057 

YAVE YPK RATIO vw C Vl FF 
.043 .098 2.269 2.785 2.947 .162 .000003 

INITIAL BOTTOM SIDE 
DEPTH WIDTH SLOPES Q QREJ F 
.333 - 1.000 1.500 .163 el63 .115 

YAVE YPK RATIO · vw C Vl FF 
.oee .201 2.291 2.133 3e059 e326 .000006 

INITIAL BOTTOM StDE 
DEPTH WIDTH SLOPES a OREJ F 
e333 1.000 1.500 .244 .244 el72 

-.- ~ 

"AVE YPK RATIO vw C Vl FF 
el32 .310 2.347 2.683 3.172 .489 -.oooooe 

INITIAL BOTTOM SIDE 
DEPTH WIDTH SLOPES 0 QREJ F 
.333 1.000 1.soo .326 .326 .230 

YAVE YPK RATIO vw C Vl FF 
_! !,7 8 .429 2.412 2e635 3.288 .653 .000002 

SAMPLE OUTPUT LISTING 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60



