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Tx~a nslator' s PrefAce 

J/ 

Prevention of scnur and energy dissipation are two of 

the most important problems confronting the engineers engaged in 

hydraulic research at the Bureau of Reclamation. Schoklltsch's 

monograph is probably the most coz~plete written to d~e from an 

engineering st~indpoint on these suY~Jects. 

This transl,~tion is neither complete nor final but 

practically all of the ideas and data presented by Schoklitsch 

can be obtained from it in its present form. All equations, graphs, 

and tables h~ve been converted ~o English units wherever feasible. 

All photographs have been omitted and all references to them de- 

leted. The grouping of several figures on one page for reasons of 

economy has introduced a certain amount of cord'usion in locating 

individual figures. For this reason a table of figures has been 

added to the translation- The numbers of the figures are identical 

with those in the German text. 
The translator is indebted to Professor Samuel Shullts 

of the Colorado School of Mines for his generous loan of his per- 

sonal copy of Schoklitsch's book and to D. P. Barnes, Associate 

~ngineer, U. S. Bureau of Reclamation, for hi~ frequent advice on 

the translation. 

Edward F. ~ilsey. 

D~ver ~ 

~ay 15, 1937. 
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C. PREVEMTI~ OF SCOUR AND EN~P~y DISSIPATION 

Water released at dams or outlet works arrives at the fc~t 

of the struct~re with such a high kinetic energy that without particular 

precaution, deep meouring at the foundation is to be feared, which may 

endanger the safety of the entire structure. In order to forestall such 

dangers, this ~:inetic energy is transformed, as much as possible, into 

heat energy ~hich is not readily reconvertlb!e into mechanical energy. 

From the standpoint of the hydraulic engineer this destructive energy 

of motion is rendered harmless and is also dissipated at the same time. 

The auxiliary structure which produces this transformation of energy 

is called, in short, an energy destroyer, or energy dissipator. 

In order to describe the action of energy dissipators it is 

proper to divide them into two groups, according to the arrangement 

to be used for the prevention of ,~cour when; first, the flow through 

the structure carries silt; and second, when it is more or less silt- 

free. However, it is not I~ssible to draw a sharp line between these 

two groups, because severa2 devices are just as effective for clear 
as for silt-laden water. 

i. ENERGY DISSIPATION 

At first, energy dissipation was achieved by allowing the 

free impact of water against oertain parts of the structure which 

produced the largest possible difference in velocity between adjacent 

stream lines and thus a large fluid friction, and in addition to this, 

it sprayed part of the water into the air. Parts of the structure 

suffered an intense shock from the impingin~ water, and the spray, 

frozen in the winter, created difficulties and impaired the effect- 
Iveness of the device. 

.At ~r~esent, ene=~gy dissipation is effected w~thout this 

free impact by designing t~e dissipator So that efficient rollers are 

produce~ as extensively as possible, in which, as a result of the 

high fluid friction, the kinetic energy is converted into heat pith- 

out ~hock to the structure. A splashing at the water surf~.ce ~s not 

completely eliminated but this doe~ not create e~ly great difficulty. 
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Rollers occurring in connection with these energy dis- 

s~p~.tors are classified according to their position relative to the 

me!z: stre~Am (figure 55) thus: they are cal].ed surface rollers if they 

l~e above the Jet; ground rollers, if they lie between the Jet and the 

river bed; and side rollers, if they form at the sides of the Jet. 

To propogate rollers, the jet is deflected upward in the 

energy disslpator:and, at best, away frI~m all solid walls. Devices 

such as baffle piers need ,,or penetrate into the Jet itself; they 

should only be used to produce rollers and to give ther.~ an efficient 

form. Er~rgy dlssiA ation occurs only in these ~,arts of the roller 

where there ~re large differences of velocity between adjacent stream 

lines. L. Prandtl I has shown that if a difference in velocity occurs 

between two layers of water flowing past one another, the boundary 

surface does not remain smooth but first assumes a wave form, then 

curls back on itself a~d fin~lly disa~.pears coml:,!~.tely in vortices 

(see figure 56). Between the indLvi:]ua~ vort~ces, all of ~h~ch hove 

the same direction of rotation .~imil~r to those formed betv~een two 

moving plates, large differences in velocity occur and these produce 

considerable fluid friction whLch transforms the k~-netlc energy into 

heat. Rather than so simple a vortex, probably a large number of 

vortices of a higher order are formeS, a.~c~'ouch their existence has 

• J" c . net yet been fully established by experlment~ 

Ener&-/ dissipation by surface rollers has alrea,ly been 

studiec by numerous investigators. Theodor Rehbock 2 was probably 

the first to demonstr~te the high degree o: energy di~siTation oc- 

curring in rollers, and he sug&este:1 th.~t the larger the surf<~ce 

roller covering a hydraulic jump the ~reater the ener~ dlssipa- 

tion; at the same time, however, he ~ointed out that two rollers 

of the s~me size may have different eff!ciencies. Later K. Saf- 

franez 3, as a result of measurements on fourteen differe:~t hySraulic 

Jumps, found that besides the size o[ the surface roller, ~he so- 

ca~le~ 4imensio~less number, A, is ~lso a f~ctor.. 
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(Q) Surfoce ,roller 

" , ~  Ground roller 

(b) ~'i >'~? :::~'/"!': ;4 ,,. -:~>-':'~'L '~: .~;." :'>.' ~'!'! 

Side roller or 
refurn edcly 

FIGURE 55 - CLASSIFICATION OF ROLLERS: 
(0) VERTICAL SECTION. 

(b) HORIZONTAL SECTION. 

(o) 

(b) -,- 

FIGURE 5 6 -  EVOLUTION OF VORTICES AT A BOUNDARY 
SURFACE (ACCORDING TO L. PRANTL). 

FIGURE 57-CIRCULAR SURFACE ROLLER. 

1 

FIGURESB(b)-CURLING OF THE BOUNDARY SURFACE OF A 
WEIR NAPPE AND THE DEVELOPMENT OF VORTICES. 

• V 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FIGURE 59-THEsuRFAcESTRUCTURE OF AN ~ X  _? 
ROLLER. 

i 
ELONGATED 

J-'),,,,-,-1/~,:/~,: : ~ , ~ .  , , . . ,  ' , " / " : ' Z . ' . ' - "  . . . . .  } . . . . . . . . . . .  FIGURE 62 -SCOUR PRODUCED BY A 
" • ..... ...... - ,-. ,./,,.:'/Z,'.../.,.,'.///,,./..,.,._ ._ _.. _ ~ _ .  ,.. ;C//..Vx 

"I WEIR- NAPPE. 

FIGURE 60 -VORTICES IN A SURFACE ROLLER. 

HYO- 20 

)C- 0- :2 .o/o 
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A is def~ne~] a s  the ratio of the ve]ocity of the shooting flow, Vl, to 

the wave velocity,'-/g--d~l, d I being the depth c,9 the flow. He arrived 

at the following empirical equation: 

N = c V (A 3/7 - l) ........... • 

in which N is the power disslp~ted in horsepower; V, the volume of the 

surface roller in cubic foot; and c, a coefficient of the dimension 

t .., for which he gives the value 0.209. 
sec .-feet 

In spite of" the high quality of these experiments, J. Kozen~ 

has ~3isputed the efficiency of surface rollers as a means of energy dis- 

sipation. Kozeny's results ,have been refuted by P. Nemenyi 5. 

According to model tests, the efficiency of a roller depends 

principally o n  it,~ form. ~he more it approaches a circular form, the 

less is its effectiveness in dissipating energy. For example, the Jet 

in figure 57 is ~1irected in such a way thnt a large roller of approx- 

imately circular form is [reduced. If the roller rotates so that its 

peripheral velocity i~ approxim.~tely equal to the velocity of the bound- 

ary ~ayer of the jet, although in the interior of the roller large 

differences of velocity exist, the dissi[.~tion of energy Is ~Levertheless 

small, if it rotates so that its peripheral velocity is somewhat less 

than the velocity of the jet, a difference of velocity exists along the 

boun¢i~ry surface between A and B in figure 57. A series of vortice~ is 

formed, as explained in the foregoing, in which energy is transformed; 

the interior of the roller, however, does not assist to ~ny large degree 

in the transformation of energy. 

if the nappe of a weir impinges o~au.~n/rotected river bed, 

a roller is forme( -~ ~hich i~, ;~lso nearly circular. Fi&~re 58 shows a 

ser[es of vortices along the ~urface of cont'~-c~ between the nappe and 

the tail water, the interior of the roller, however, being free from 

vo.-tices. In s[4te of the large total volume occupied by these vortices, 

the ener~ d!~ii'~tiox* is ~mall, and the nappe erode5 the bed to a great 

de, th. 

4 



If the Jet is directed;along a flat slope or horizontal~ 

into the t~.~il water, a hydraulic jump is formed providing the velocltT ~ 

of the jet is greater than the depth, dl, corresF~nding to tho~ 

velocity,~/gdl; in other words, it is shooting, and in the regiS/ ...... 

where the velocity changes from shooting to streaming, a flat su~e * 

roller is formed. While a series of vortices can develop in the 

limiting case of '  a circular roller only along the boundary surface ~i~ 

between the Jet and roller, in this case a fla% roller is formed 

(figure 59), and in which vortices are formed not only along the 8u~- ;~ 

face of contact between the roller and the Jet, but a l s o  in the in'riot "~ 

of the roller. These imternal vortices, because the flow in ' t h e  u p p e r  • i 
J 

part of th~ roller i~ opposite in direction to the flow ,in the lower ! 

part, are more prominent than those between the surface roller and:~et 
jet, where the difference of velocity is relatively smell. B e c & ~ ' ~ .  ~ 

the severe disturbances occurrin8 within the hydraulic Jump, t h ~ ! . . ~ : "  " .: 

internal vortices a r e  difficult to investigate experimentally. 

internal vortices as well as those indicated by arrows, which o c c ~  ~ ~ - 

along the zurf~.ce of contact between the roller and the ~e 

in f~gure 60. 

The flow in ~ou~d rollers and in side roller8 

to that in surf':co rollers; their efficiencies likewise de 

on their sha~,e. ? ";, ~?'~,. i 

!I. PREVENTION OF SCOUR ' . • .... "~.. ,';= ' i 

Special str~ctures for scour prevention are u~ed I f~e ° ~ ~ 

discharge through the ~tructure ordinarily carries silt. Recentl~ they -~ 

have come into use in the prevaiizng number of projects. T ~ e  energ~ i 

dissipation is carried out, for the most part, in subsidiary structtu~es ~ 

which may be but .a small part of the" entire project. Since the largest ' i 

par% of t h e  energy is dissipated above the ~protecte4 river bed itself, ~ 

it is b y  .designing such structure~ so as to deflect the Jet ~pward that - -~'~ 

the or the least A i ' 

prevention of scour, as will be ~hown later in detail, is for all ::! 

practical pur~.oses act only not possible but a] so not necessary. ~, 
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Before the dlfferen% kinds of ~tilling pools are discussed, 

the types of flow existing downstream from the dam and the correspondln8 

s c o u r  will be defined. ~: 

a. .The R~l.~tion of the Form of the .Jet to the 
Production of Scour 

.Whenever a d-~ is built, the reservoir formed silts up, and 

as long as thLs continues, a deepenir~ of the •river bed downstream from 

the dam ensues. Later, if the siltin E is completed and silt is once 

again transported through the structure, the river bed down3tre~m from 

#the d~.m is raised, and it may fill up to the same slope existin~ before the 

erection of the dam. At least during the first ten years is the life 

of a dam, an account of this silting of the reservoir, a continually 

changing elevation of the river bed will have to be reckoned with. In 

addition to thls, the digging of cut-offs downstream from the dam may 

cause a permanent lowering of the bed. The influence of the elevation 

of the river bed and the corresponding tail-water elevations on the type 

of flow and formation of scour will <,~he investigated next. 

Figure 61 shows the different forms of discharge and scour 

occurring at a sluiceway with a horizontal apron without a sill, under 

constant head and discharge but with different elevations of the river 

bed downstream from the dam. if the river bed is appreciably hi~her 

than the a~;ron, a surface roller is formed covering the Jet and extend- 

ing upstream to the apron; if i% reaches the gnte and Lf, as Lt were 

the upstream part of the roller is dammed up ~l the gate, the surface 

roller is said %o be drowned (figure 61a). The discharge Jet, as a rule, 

assumes a wave form. If the crest of the wave occurs Just below the end ~ ~ ~ 

of the apron, the jet is called a positive wave Jet (figures 61b and 61c); 

if a wave trough occurs there, it is called a negative wave Jet (figure 

6is). The deeper the bed of the river do~stream fro~ the dam below 

the elevation Of the apron, the farther downstream the surface roller 

is displace~ by the Jet, the smaller it is and the more the wave is 

flattened out. If the elevation of the river bed is above the apron, 

a positive wave Jet occur~ ,hLch, if it bears a surface roller in front 
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of the first wave crest (figure 61b), is called a positive wave Jet 

w~th a surf'ce roller. The more the wave is depressecl, the ~eeper 

will be the scour and the farther downstream the place of greatest 

,'~erth of scour. If the bed is ~pp.roximetely ~t the same elevation as 

the apron, the surface roller lying in front of the first ~ave crest 

vanishes completely mn~ we have a true ~,ositive wave jet. The greatest 

~e~.th of scour ~s ~roduced by this kin,~ of flow. 

Scour data for a positive wave jet and also a true positive 

Jet varies greatly for fine be~1 material, even u:ler identical conditions. 

In the results of the experiments showT, in the graphs of the following 

section, the de~ths of scour producec~ by the various Jet forms are dist- 

inguished by different s)~bols, an¢1 the curves drawn ~hrough the points 

are likewlse differentiate~J. The larger the material of the bed is an~ 

the greater the heed, the smaller the svrface scoured by a wave Jet, until, 

with a bed grain size of lO millimeters an~ a head of 2.3 feet, depth of 

scour which had iucre~,se~ with the aFpear~nce of a true wave Jet by le.~ps 

and bounds showed no further developme~it. 

The more the river bed was lowered below the apron the more 

the jet streched out, until the surface roller lying in the first wave 

valley suddenly disappeared, and the ~ ~,~.t became flat (figure 61d), 

attacking the bec ~. for a considerable distance. The smaller sizes of 

ber] material scoured out by the jet were returned upstream by the ground 

roller a:l~ deposlte~] to ~, negligible ~ej.th. The surface of this flat 

jet cre:~ted ar~ i m~res~i.'~n of i:,si:,bi]ity It was '~ii:~y agitated, an~ it 

fluctuated wildly in comFarison wi~h the s~rface previously observed at 

a large 6epth of scour. 

Eve~ w~thln the range of the true positive wave, the dis- 

charge Jet shows ~ig~As of instability. A ~ell-Seve.:ope~ grou.ud roller 

forms u:~er the First ~ave crest am~ carries a cousldereble amount of 

the scoured material back u~tre~.~m ag~'~inst the ~,.~ron These :~.e~oslts 

~ecrease the volume occupie~] by the gro~,.l roller more ~nd more untl] 

f'[nal].y the jet strikes asair~st the be~'~ ~ the end of' th~ ~ron and 

t h~  s~,a..~ ~ 'o rmer iy  occup ied  by t h e  ground ro_~]er i s  r ~  t a k e n  u~ by a 
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so-called diving jet (figure 61f). After that, the Jet rises again., 

becoming a positive wave jet. Once s positive wave Jet is formed, a 

diving jet rarely occurs. When it,does for~i, it lasts only a short 

time and produces a scour whose gre~test depth is essentially smaller 

than that lying fart~ler downstre~m produced by the wave Jet.. However,, 

the lower the .river bed beio~ the apron, the more pronounced, more per, 

sistent, and more destructive the diving jet will be. If a diving Jet 

is replaced by a flat Jet, it will appear ag,..in provided that by s 

further lowering of the river bed a wave trough appears downstream from 

the al.ron; irl other words, a negative wave jet appears (figure 61e). 

F~n.~A~y, by depressizAg the river bed still farther, the diving jet 

persists so long that the scour produced by the negative wave jet is 

not fully developed because the interval before the reappearance of 

the diving Jet is too short. Under this circumstance, the depth of 

scour proc.iuced by the diving jet is somewhat greater tha~u that developed 

by a meg:rive wave jet. 

if a sial is place~ at the eno of the ~orizontal apron, the 

tyr, e of flo~. does no~ cha_uge providing the continous alternation between 

wave jet ~.~ud diving jet a:id, above ~Ll.1, the appearing of a negative wave 

jet c~.n be ~revente~. The type of flow depencs greatly on the form and 

the dimer,si~ns of the sill and cannot be described in more gener;~l terms. 

However, the influence of v~rious k~ds of sills on the cie;th of scour 

and type of flow will be briefly discussed. 

b. The Free Development of Scour at Weirs~iand Dams 

Formerly d~.ms, s~d i~ particular fixed dams, were constructed 

without any provision for a stilling pool, thus allowing the overfall Jet 

to impinge against the unprotected bed. The unusually deep scour of even 

rocky river beds occurring under such circumstances was combatted by the 

costly du:,~pl ., ,g of stones on the downstream side of the dam. Such structures 

are now rarely bu~_lt, but some still exist and must be preserved. Now it 

is ~u.;te possible to design dams w~thout an objectionable increase in cost, 

which can be easily maintained ~nd the scour holes filled by deposits, in 

part, ~t !e~st, by silt. But before F. . considering the feasibility of such 
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measures, the process by which scour is produced at these structures must 

be clarified. Dams with no ude,Juate protection against scour can be 

classified in three groups; namely, %hose with a free overfall, those 

with aprous sloping downstream, ~d those .'.Sth horizontal aprons. 

1. THE PRODUCTION OF SCOUR A~ DAMS WITH A FREE 

OVERFALL TO THE RIVER BED 

The author has already investigated 6 the scouring process 

at a free overfall of water orA an unprotected river bed. Let q be 

the discharge per unit length of dam in second-feet per foot; H, the 

head in feet measured from the headwater elewtion to the tail-water 

elevation, as shown in figure 62; and Tt, the maximum depth of water 

above the scoured region in feet; then 

0.57 - o . 2  o . . . . . . . . . . . . . . . . . .  ( 6 2 )  

a 0.32 
m 

in which d is the effective diameter of the bed material in mill- 
m 

imeters. This average diameter, dm' ........... from a mechanical 

sieve ~nalysis .~no i~ defined as follows: It is that diameter such 

that iO perce~tt by weight of a sample is coarser. The depth of scour, 

ca~cu3ated from this formula, is the maximum occurring over the entire 

width of the stream after a prolonged impact of the discharge; it is 

this ~moun% o:Liy if this discharge is mainta.~.red. As soon as the unit 

discharge, q, slackens, the steep sides o~" the scour :holes cave in, and 

heuce the depth of scour measured ai'ter a flood is always smaller than 

that occurrin~ during the flood. If silt is carried over the dam, the 

depth of scour after a flood is less, for the recediz~g flood deposits 

sufficient material in the scour holes so that when the normal discharge 

is re;~che4 again o~Lly a negligible increase in scour will be fo~d. 

Scour can become particul~riy d~ngerous when the ~a~,pe clings 

to the downstream vertical face of a weir, for the maximum depth of scour 

isp as a rule, greater than for a freely falling nappe and, too, it 

occurs 4~rectly ~t the weir. 

10 
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The redepositing of material in the scoured region during 

a receding flood is exemplified at the Faali~Dam on the Drau River. 

This dam is built with an apron whose effective length (measured 

from the gate do~stream)is not even equal to the head, H. When 

the gates are opened, a part of the nappe Jumps completely over the 

apron and erodes the river bed to a conslderabl~ depth. During grout- 

lag operations, occasioned by an urgent strengthening of the dam on the 

downstream side, iron ~rts were found many feet below the eroded river 

bed. These had f.~llen into the water during construction and had 

settled lower and lover as the erosion became deeper, later being 

covered by depositions of silt. 

In figure 64 are shown three examples of scour produced by 

a free overfall of water, reported by H. Roth 7. The scour shown in 

b and c of this figure are of particular interest; scour in b eroded 

solid rock in less than a year to a depth of 1.80 feet, and in c, during 

a flood, the dam itself ss~k 4.6 feet into the scour which had extended 

under the foundation. Subsequently the dam was raised. This disaster 

also confirmed the observations made in the experimental channel to the 

effect that depths of scour during floods are always greater than 

after a flood. ~/ 

£n order to reduce the depth of a scour in such cases, the 

so-called stepped dam has been proposed in which the total overfall 

height is divided into a series of smaller drops by a number of steps 

in cascade. At small discharges the depth of scour can be reduced 

by this method, but at greater discharges, silt carried over the 4am 

is 8eposited on the steps, transforming the Jagged surface into a 

c6mparat~vely smooth one, which conducts~Zhe discharge at a steep angle 

onto the unprotected river bed. Thc~:efore, d~,_r~ng floods, the depth of 
• li - 

scour is not reduced by subdividing the overfall height. As the flood 

recedes, the material deposited on the step is scoured away ant the dam ~ 

functions a~ain as a stepped dam. 

Dams with a free overfall are no~ seldom built; they are 

still in use in river construction and on mountain streams for bed 

11 
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sills and check dams, and also at a few projects where it is desirable 

to dispose of the discharge in a simple way. Evez without an apron 

to deflect ~ ~he ;overfalllng Jet and although a great #.epth of scour was 

to be expected, the dam 8 in figure 65 had such ~ dee~ foundation that 

it was not endangered by scour. 

2. FORMATION OF SCOUR AT DAMS WiTH APRONS 

SLOPING DOWNSTREAM 

The undesirable effects at a free overfill have ~ been known 

for a long time and s~, attempt has bee:1 made %0 re quce the depth Of 

scour produced thereby by directing the flow ,.~long an apron sloping • 

downward at a small s~igle, and thence into the tail-water. A small 

decrease in the depth of scour, compared to that produced by a free 

overfall has beer. achieved by this means, but the depth of scour 

was still extraordinarily' high. 

In order to determine the effect of the slope of the apron 

on the depth of scour, several models of dams were constructed with 

aprons having the following slopes: l:O0, l:lO, 1:4, 1:3.3, and 

l:l. It, those experiments, the water was discharged from under a 

sluice gate and the apron had an effective length equal to 1.5 times 

the hea~. The bed downstream from the ap~ron cor, slsted of gravel 

with a diameter, 6, equal to 6.25 milllmeter~ and the unit dis- 

charge, q, was held constant at 0.60 second-feet per foot. 

With these -Jlo;,ing ar.rons, the flow was first in the 

form of a wave jet (figure 66a), then ~ diving jet (figure 66b), 

regularly alternati~:g from one to the other. It was thus ~necessary 

to consider the composite scour produced by both types of Jets taken 

together in order to obtain a true concept of ~he influence of the slope 

of the apron. In all of the ezFerime::ts , trough-shaF.ed scour holes were 

formed whose greatest depth occurred at some (~.ist,jnce downstream from the 

a~,ron; the maximum ¢iepth of scour, T, measured from the elevation;of the 

downstream end ~i the apron was sufficient for describing the scour. 

A freely faiiin~ na~ .e from a weir [roduces a c!iving Jet, 

exclus-.veiy; likewise only ~ ~iving jet ~ppearz with an apron sloping 
<, C 
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downward at i:i. With smaller apron slopes, a wave Jet alternates 

regularly with a diving Jet, as has been previously described. The 

results of the tests are shown in figure 67. S~nce the elevation~ 

a, of the river bed downstream from the apron exercises an important 

b~fluence on the erosion, model tests on uprons had to be carried 

out with diffe: ent elevatic,ns ol the river bed. The less ,the slope 

of the a)ron the less was the de~th of scour, and the less the dlff- 

enernce between T w and Tt, the depths of' scour ~ro~uced by the wav~ 

jet and diving Jet, respectively. The important influence exerted 

by the ~osition of the be~ downstrea~ from the arrcn on the depth 

of scour was thus c~early established. 

As in the case of a freely falling Jet, figure 68 shows 

that the depth of scour is dependent on the size of the bed material. 

The less the slope of the ~pron the les~ the influence of the size 

of the bed material. For a horizontal apron an,3 for the lower ele- 

vations of the river bed, the size of the bed material as far as the 

maximum 6epth of scour is c~ncerned, is wholly unimport~r,t. How- 

ever, the fiuer the material the more elongate4 will be the scour. 

Scour measurements at several dams with sloping aprons ar~ 

shown in figure 69. 

In view of the fact that the scour with sloping aprons is 

so decidedly "~nfavorable, further experiments are c~ntemplated. 

Ho~vever~ the experiments already completed are comprehensive ~nough 

to show th-.t downward sloping aprons should not be used under any 

c ircumsta~ces. 
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3. DEVELO~F~gT OF SCOUR AT DAMS WITH 

~OHiZON~AL A~'.RO~S WiTHOtT SILIS 

Dams having horizontal ~prons without sills are frequently 

built, and they are ~pular toc~ay even th~,ugh it is well known how to 

reduce the depth of scour and l ix the type of flow by means of sills. 

The author has carried out numerous series of experiments not only to 

determine the scour at structure~ having horizontal aprons without sills, 

but also to clarify the circumstances which govern its formation. 

Preliminary experiments had shown that the development of 

scour, other things being equal, was influenced by the means of re- 

le~.sing the discharge. As a rule, it is preferred to discharge the 

~ater over s~ illways at po~ver plants, apparently because the impact of 

the Jet striking the apron helps to dlssipate more energy than ~hen the 

water is discharged from under a sluice g~te. Several series of ex!u- 

arise:its were uncertaken to establish co:2clusively the proper method 

of disch,~rging water at a dam. The firs~ series of experiments was 

performed on the sluiceway model sho~rn in figure 70. Throughout these 

tests, the average diameter, d, of the bed material was 1.5 millimeters~ 

and the discharge, a, 0.60 second-feet per foot. In the second series 

of tests, water was discharged over a weir, ancJ in the third, half of the 

q ischarge was through the sluiceway, the other half over the weir. The 

elevation of the rlver bed ~o.~'nstream from ~he dam was the same in all 

of the experiments. However, the effective length of the apron, L, (see 
figure 70) was varied. 

The maximum, depth of scour, T', below the elevation of the 

apron was taken as the measure of the scour. The results of these three 

groups of tests ave given jn figures 7i to 73. It is seen that with a 

free discharge over the weir, the depth of scour is greater than in the 

other cases. In this case, the shorter ±he effective length of the apr,, 

the deeper is the scour, ancl with an effective length of apron, L, ~ i  

to 0.9 of the head, H, part of the Oischarge overleaps the apron, prc~ 

duclng a depth of scour almost equal t~ that produced by free im~et on 

an unirotecte(~, bed. ~l example 7 of the deep. scour caused by this over- 

ieapi:Ig of the jet is sho~n in f~gure 7~. 
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In view of the fact that this may also occur for the com- 

posite discharge of sluiceway and weir, the effective apron ~!ength, 

L, •should not be Ohosen less than l.g times the head, H. The Jet 

flows over a horizontal apron and into the tail-water, almost with- 

out exception, as a shooting Jet and is not covered by a surface 

roller. As a result, there is no significant dlssip~tion of energy 

on the apron. A lengthening of the apron above 1.5 times the head, H, 

has no great effect on the depth of scour. Only if a properly designed 

sill at the end of the apron causes the formation of a surface relier 

on the apron itself and holds it there, is the lengthening of the apron 

to ~ore than 1.5H effective. 

It is seen that the scour produced by a free-f~l!ing nappe 

from the weir with a sho~ a~ron is the most unfavorable arrangement. 

The ioager the apron and the lower the river bed below the elevation 

of the apron, the le~s the directional effect of' the jet on the scour. 

Releasing the water from under ~ Sluice gate is to be ~refe~red as f~.r 

as deposition of bed material at the end of the apron is concerned. 

The conclusions that an effective length of apron, L, esual 

to 1.5 times the head, H, is sufficient for deflecting the nappe of a 

weir and that a further lengthening of the apron will not ~educe the 

depth of scour appreciably, were verified in all further experimen!~s. 

Addition-=l experiments were made with u~Igranular bed material, the 

average diameter, d, of which had the following values: 0.35, 1-5, 

2.5, 4.5, 6.2, 10.2, and iV.2 millimeters. The head, H, was v~r!ed 

from O.56 to 3~28 feet and the discharge, q, from 0.28 to 1.61~s~e~@. 

feet per foot. The elevation~ a, of the river bed downstream from the 

apron was cha~ed for each series of experiments, since the elevation 

of the river bed exerts a significant influence on the developlent of 

scour. Water was discharged from under a sluice gate in all further 

experiments and it carried no silt. The maximum depth of scour, T, 

was chosen as the measure for the scour because again all scour holes 

had a similar trough-shaped form. T is the maximum depth of sco1~. 

below the elevation of the river bed downstream from the dam, although 

as before, T', measured below the elevation of the apron could have 



~Q 

be~n need; the calculation of T' from T, or vice versa, is ex~tremely 

simple (see figure 70). 

The curves showing the relation between the depth of scour, 

T, and the elevation, a, of the river bed in figures 75 and 76 are all 

asymptotic to straight lines of the same slope. The slope of these 

lines is independent of the size of the bed me.terial, d; the head, ~! 

and the discharge, q; thei~ intercepts with the x- axis vary with the 

head, H, and the discharge, .q. The lower the river bed below the 

elevation of the aT'.ron, the. less important the size of the bed material 

is, as f~ir as the maximum .depth of scour is concerned. As the head increases, 

the curves for the different sizes of bed material approach each other 

and at a head, H, ecual to 2.13 feet, the maximum depth of scour appears 

to be independent of the size of the be~ material (see figure 75). 

The length of scour is somewhat greater for fine bed material 

than for coarse (figure 77). "~ 

The equations for the straight lines to which the curves 

in figures 75 and 76 are asymptotic are: 

T - 0.298HO'Sq 0"35 e 1.15a ......... ...... (63) 

I 

or T = 0.298HO'5qO-35 + 2.15a . . . . . . . . . . . . . .  (64) 

! 

for which T = T ÷ a . . . . . . . . . . . . . . . . . .  (65) 

T is the maximum depth of scour in feet measured from the elevation 
I 

of the river bed downstream 1'rom the apron; T the ma×Imam dep%h of 

scour in feet measured from the elewti:}n of the horizontsl apron; a, 

the elevation of the river bed in fe~t measured from the elevation 

of the apron; H, the head in feet; and q, the discharge in second- 

feet per foot. The straight lines drawn in the figures are computed 

from equation 63. Equations for the curves in these figures have 

not been derived. Since ~t most d~u~s either the river bed downstream 

from the apron lies lower than the ~.~ron, or, in the course of time 

becomes so, the curves :~re relatively unimportant. 

With the sluice gate raise:! com1~]etely above the water 

level, the.unobstructe~.~ fl]:o~, is acce]erateO ou +~he smooth apron. The 

resulting scour do~,~tream from the. apron is shown in fia~re 78. 
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During the last ten years, measurements of scour have been 

made at a number of existing dams havLag horizontal aprons without 

sills. These measurements [~resent a picture of thq~ development and the 

form of the scour at such dams ~,d reveal that even rock can be eroded 

to a great depth provided the discharge has been maintained over a long 

enough period. The ultimate ~eour has not been attained yet at most 

dams because they are yet too new, or, in other words, because the 

work of the discharge has not covered a sufficiently long period. 

The Beznau Dam on the Aare River resting on a limestone 

found~..tion is among the oldest sluiceway dams. Her,e, in a region 

of soft stone, the remarkable depth of scour equal .'to 41.3 feet has ~ : . .  

occurred. A cross section of the dam and the scour measurements 

made in 1913 and 1920 by H. Gr~Lner in Basle, and similar measure- 

ments .made by E. Meyer-Peter 9 in 1926 (apl'~arently at a different 

gate) are sho~m in figure 79. 

The dam on the iur River in Lebring, Austria, is another 

example. The scour existing in 1927 is shown in figure 80 and the 

scour in 1915, 1923, and 1927 ~t sluiceway i is shown in figure 81. 

Figure 82 shows the scour at the Bavarian Aluminum 

Company's dam on the Inn River at Jettenbach. This dam is similar 

to the Looting Dam. 

High dams J n the Un~te'~ States of America were often i~oilt 

with splil~ays and horizontal apro~s for ~eflecting the water. The 

~robiem of dissipating the kinetic energy of the water often very large 

~ue to the great height of the structure - ~as not considered. Although 

a simple horizontal apron may prove satisfactory for low-headed dams, 

the high dams noted in the two following examples incurred a large 

amount of ~:mage ,.ue to scour, even the;ugh they were built on rock 

foundations. 

A cross section of the Julian Griggs Dam IO on the Scioto 

Rive~ in Oht.~Is sho~ in figure 83. A great flood of 160 second- 

feet per foot passed over the dam in March 1913- The scour does not 

seem to have increase~ ~Jace ].920. Under-scouring of the dam has 

not yet deveio~ed. 
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~he Wilson Dam II on the Yennessee River ia likewise p ~ t e c t e d  

with a horizont.',l apron. During construction, the river was di~harg~d 

over a completed portion of the dam and yet, before the completiQn of 

the entire structure, the ren~rkable erosion in the limestone shorn in 

figure 84 occurred, e~teading in unCer the apron ~n~ necessitating 

ex~,ens Lye repairs. 

4. SCOUR AT CO!WPLETE MODELS OF DAM 

The exp~.riments hitherto discussed were conducted in a channel 

with glass sides. The flow conditions were analogous to those at ~ dam 

where the discharge is uniformiAy distributed over the entire length of 

dam. General]y, the flow is not so distributed but may be discha~g~ 

through ~ single gate whose width is only a fraction of the entire river 

width, in this case side rollers form at the sides of the dlseharging 

jet which transports bed material upstream. The scour acquires 

different forms, depending on the position of the gate relati~ to the 

entire length of the dam, a:~.4 :nay deviate greatly from the scour formed 

in the glass channel. As a rule, the maximum depth of scour is less 

than that occurring for ~niformly distributed flow, because the die- 

charge from a single opening can s~,read out over the ent!re width of the 

stream ~n a relatively short []i~t~;nce. 

The scour" in all of the experiment~ con:~ucted in the glass 

ch,~rme! with different ~;rons forme~ a trough downstream from and in 

the i~edia%e vicinity of the apron, On the other han~, in expsrlzen%s 

on models of complete d ~ms, the =aximum dept}, of scour occurred at the 

end of the auron when a s!ngJe gate was o~en. This chzn~e in the 

developmer~ of ~cour was cause'~ b v lhe side rollers on elth~r side of 

the discharge from the gate. Th~se rollers were r~!nt~ined by en@r~ 

withdrawn from the discharge jet and the high velocity at the Ikgriphel~ 

of the side roller along the shore and along the end of the apron 

scoured out a channel there. This scour threaten~ the shore lln~ 

and exposed the end, of the apron by removing that ~'ortion of the r~v@r 

bed cross-hatched in figure 87. River ba:Aks thus eroded may cave i~ 

a~%d, if so these side rollers will fizmliy produce a fan-shaped wi~n- 

ing of the river. An example of this is shown in finn/re 93 (~9~ing 

to J, E. Lehrl2) • 
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Thi~ undesirable side roller action can be d l~Ini~hmd, as 

Theodor R~hboc~ 13 has remark~d~ ~rovided the discharge can b~ dl~%~ibut~ 

aa~mlly over the ~ntlre river width, aad the grout inequalltlm~ ~ t~e 

flo~ nea~" the sluice opaninss can be avoided. 

Wh~ the discharge emerges from a single g~:te, the v~locity 

is di~'tri~,ted ~equally over the river bed and, in additi~ to reshaping 

of the bell, a sorting of the ~ material takes place. In.~ez, eral, only 

the .l~rgest grains remain .at the ~,~ace of ~xi~uum scour where i/~e velocity 

is also a ~ m .  In figures 94 and 95 the sorting of bed material" 

by the scour in two model experiments is represented by means of the 

cont~ur-~ of equal "effective ~ ~rain si~e, El0. 

5- ~SOG~ UPSTREAM FRD~ DAMS 

It is generally known that the erosion at the nose of a bridge 

pier often extend~ to a considerabi~.depth below the river bed. However, 

that a similar scour cr~n occur on the upstream side of ~ movable dam 

is not widely recognized, although the sc~ ar may be extenelve enough to 

endanger the dam. 

0ecmsionally during experiments on models of various dams, . 

it is possible to Invest~ g~te ~he conditions favorable to the pr~uction 

of scour at the upstream side of d~.ms. This scour occurs at the nose of 

the pie~s and also in front of the apron between the piers. The scour 

at the nose of the pier incre~se~ the farther the piers project upstream 

from the apron. If the dischar~ is e0ually distributed over the entire 

length of the dam, this ~cour is less than when water is released from 

one of the several gates. The flow conditions ~long the sides of the 

piers at the opening are such that an unsymmetrical scour occurs at the 

pier aos~, and if the dam is located at a curve in a stream, the main 

ch~-rmel im front of the dam is oblique to the direction of the river 

and, hence, the unsymmetrical scour is Intensified. The fo~m and 

dimensions of this scour are wholly different from that produced down- 

stream from the dam. 
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Alth,.~ugh the scour at the upstream side never attains 

the depth incurred do~a~tream from th~ dam, it must receive attention, 

~ud, in I.:articular, if seepage undel- the dam is obstructed ~# a wall 

which, for special reasons, may have been placed at the downstrea,s end 

of the ap'ron rather th'an on the u,?stream side o£ the .~]am. 

Scour on the upstr~.am s!de of e~isting ~.]ams has be~n repeatedly 

~bserved. Such erosion is shown in figures 80 and 81 at the dam on the 

Mur Rdver at Lebrin~. The scour at the pier In 1927 ha~ already attained 

dangerous dimensl:Jus, e×tending ]~, unr]er the foundatioa (see fi~n~re 81). 

The deepest holes were filled with concrete cylinders, ~nd two years 

later a deposition o~' silt was observed which elimir, ated the d~n~er 

to the piers. 

c. Sturc%urss for Pre~entia~ Scour 

Various methods h,~ve been used or proFose-~ for reducing the 

scour below dams. These are discussed i~l the following section- The 

effectiveness of these arrangements was invest~g,~ted by means of model 

tests. So as to be compar~_ble, ±,he tests, unless otherwise noted, were 

cenductea with bed material of the same average ~.iameter, d, equal 

to 2.5 millimeters, the he~d, H, was maintained const&nt throughout at 

0.92 feet, and the discharge, q, at 0.60 seco~d-feet ~.er foot. Unless 

otherwise nots'J, the length of the apron, L, was equal to 1.SH. 

1. SCOUR WITH A VE[iY LONG A/:RD[~ 

An old but very costly metho ~, ~:htch has been use~ frequently 

for reducing the scou~" consists in slmi,ly exte.n~ng the length of the 

apron. This se~¢es to lush the scour ~ ,:],i~ta[~ce downst~'eam. Short 

aprons, later lengthened, were originally use:-! at ~any dams. ,~henever 

danserous scour holes occurred they were artificially filled up and 

the apron lengthened. 

The sole aim underlyi:~ the design of exce[.tioually long 

aprons was to cause a hydraulic jump to form on the aproz~, thus 

dissipating the energy of the .~tream there. ~he position of the hydraulic 

Jump depends upon the rougnness of the ~pron ,~r~d cannot be predicted. 
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Accordlag to W. G. Bligh 14 many dams with long horizontal 

aprons ~ithout sills hsve been constructed ill the United States, 

F~:g!an~, and its colonles. For computing the effective length, L, 

i:i feet, of a~l apron necessary for removing the scour a safe distance 

downstream, Bligh recommended the following formula: 

L = 4c ~ - I.II c 
13 . . . . . . .  (66) -~., • ° • , ° 

iLL ~'hlch H (see lignite 97) is the (~iffer~nce in feet between the 

elevations of the headwater ~:,d the horizoztal apron; and c is the so- 

called B,ligh coefficient which has the foi]owlng v~lues: ,. 

Fine silt and s~nd as in the Nile River ............... 18 
Fine micaceous sand as in the Colorado and 

Himalayan rivers .................................... 15 
Ordinary coarse sand .................................. 12 
Gravel and sand ....................................... 9 
Boulders, gravel, and sand .................... 4 to 6 

In order to diminish the depth of scour still further, accord- 

ing to Bligh, riprap not less than I-$3 feet thick should b~ added to 

the solid horizontal apron, and the total length comQute.~ from the 

fo] lowing formula: 

7 

,- : leo i H : o. 6s . . . . . .  (6?) 

"~.I'-~'~- "-.. i' 75 

in which q is the maximum unit discharge in secon~.-feet ~r foot. 

F. Kurz/ann 15 designe~ s very lo~Ig apron for the dam at 

Oberfohring on the middle Isar River. The pool showzt in fi~.~re 98 

~vas intro<]uced in order to com~>el the hydraulic jump to form on the 

a~.ron. The total length of the ~oli4 apron was 187 feet and the 

effective length 144 feet. This is somewhat longer than the ]ength 

co,nfuteC fr a ~, Biigh's formula. 
v) 

2. P REFF/~TION OF 3COUR BY ~F~/~S OF A ~.~ ""'"~-~u A~'RON 

The preventi~.n of scour at dams by means of rising aprons 

4 has been attempted in numerous ir,~tance~ ~urt:~g the ~as,,, t~o decades. 
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Measurements of the erosion at such structures indicate no improveBent 

over the use of horizontal aprons without sills. In order to verify 

this, morsels with rising aprons were next tested in the laboratorY. 

These experiments were conducted in a glass channel on aprons wi~ the 

following slopes: i:00, 1:25, 1:179 1:14.3, i: I0, 1:7.5, 1:4~7, mhd i~3. "~ 

A crone section of the model is shown in figure 99. The apron b@g~n to 

slope at some distance from the gate, because this appeared mmre effect- 

ive in preventing scour. Sand with ~n &verage dia~eter~ d, Qqual to 

2.5 millimeters was used for ~he bed ~,terial; the h~ad~ H, ~ae held 

throughout these tests at 0.92 feet; end the dischsrge~ q, at 0.60 

seco.ud-feet per foot. The elevation, a, of the river bed ~s measured 

from the en~ of the apron. 

Fi~Jre i00 shows that for the slopes tested the maximum 

depth of scour is not noticeably re..duced below that for a horizontal 

apron. However~ the divJmg ~et appears less frequently and then at 

only low elevations of the river bed. ~rthermorm, a negative wave 

Jet does not precede it. For many elevations of the river bed below 

the end of a" rising apron, a true positive wave jet appears which 

produces a large scour but at a considerable distance downstream from 

the .~,~ ton. The true positive wave Jet appears initially at infer 

elevations of the river bed in the case of a rising ~pron than 

for a horizontal apron. 

The dam at Pernegg on the iur River serves as an example 

of the scour produced with a rising apron (figures IO1 and 102). 

3. PKEVENTION OF SCOUR BY MK~S OF AFRON SILLS 

Prevention of scour can be effected by means of sills, either 

soli.~ or dentat~d, placed at the end of the apron, or by double sills, 

one of which is placed at the end of the apron, the other between the 

end of the apron and the dam; furthermore, either solid or dentated 

sills may be use< ~, for double sills. 

a. Prevention of Scour by !~eans of Solid Sills 

The r(ctangular, %rapezoidal~ rand tri~,~ngular sills shows 

in figure 103 ~:e examples of solid sills. Such sills deflect the 
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flow at the end of the apron upwar~ and, more or less, stabilize the 

type of flow. The frequent shifting from one type of flow to another, 

experienced with a horizontal apron .~t many different tail-water elevations, 

can be reduced by the use of sills. 

The effectiveness of each of these sills was investigated 

in the glass channel. The head, H, was held constant at 0.92 feet; .~ 

the discharge, q, at 0.60 second, feet per foot; and the average dia- 

meter of the bed material, d, was 2.5 millimeters as before. The 

elevation of .~'~e river bed downstream from the dam was measured from 

the of the 

The red, lilts of the tests on rect&ngular sills are given 

in figure 104 along with the comparable results for ~ horizontal apron 

without a sill. For elevations of the river bed hi~her than the top 

of the ~i!l, the depth of scour was somewhat reduced below that obtained 

with a horizontal a.pron without a sill. For rectangular sills 32 and 40 

millimeters (i.26 and 1.57 inches, reeFectively) high, the depth of scour 

remained smaller than for a horizontal apron without a sill, even when 

the elevati~n of the river bed was below the top of the sil!s, because 

small surface rollers were retained on the apron which persisted9 and 

which were independent of the elevation of the bed. These surface 

rollers rema~L in a fixed position even if for low elevations of the 

river bed a vacuum forms under the jet ~.s. it leaves the apron. The 

experiments showed that transportation of detritus across the apron is 

not obstructed by 'rectangular sills. 

The trapezoidal sill is more satisfactory than the rec- 

tangular sill because it is less subject to wear by ~ateriai transported 

over the dam. The results of the experiments on trapezoidal sills, 

carried out ~nder the same conditions as for the rectangular sills, 

are given in figure 106, and ag~in ~.long with the results for a hor- 

izontai apron without a sill. When the elevation of the river bed 

is above the top of the sill and also for small elevations below, the 

depth of scour is again less than that obtained for a horizor~tal apron 

without a sill, the amount of the reduction being about the same as for 

a rectangular sill..~en the bed lies ~t a still lo.~er elevation, a 

wave Jet nppears which shoots o,~er the trapezoidal ~lll in a wide arc 
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and the small surface roller v.~nishes. The Jet then impinges ~ainst 

the bed, becomes a diving jet, and scours out a deep hole. The divi:~ 

Jet then coatinues. A negative wave jet does not develop ~eithsr for a 

rect~An~-uiar sill or a trapezoidal sill. 

Figure 109 shows a dam 16 having a trapezoidal sill Qn the 

Neckar River ~nd the scour ~fter two years. 

The experiments on triangular sills are not .as complete as 

planned s~,d yet the results shown in figure iiO indicate that they 

are more satisfactory than either rectangula:- sills or trapezoidal sills, 

because the flow is essentially more quiet. The experimental results also 

sho~ that the height of ~ rectangular sill for all prsctical purposes 

is a relatively unimportani factor. 

b_ u Pre___ven_tion of Scour by Dentated Sill.s 

Theodor Rehbock, 17 introduced an im~.ort&nt improvement for th~ 

prevention of scour in his well-knoY,m dentated sill which is also placed 

at the end of the apron. As figure 118 sho'~'s, a Reh~ck dezltated sill 

consists of teeth superimposed on a solid sloping sill. These sills 

ensure the formation of ~ surf;~ce roller on the solid portion of the 

a~.ron, ~i~9, ir~ addition to this they produce a high difference of 

velocity between the upp.~r ;~ud lower portions of the Jet as it leaves 

the apron, thus glvi~ rise to aL~ exte~Isive ~issipati<~n of energy. 

Fj~n~re ili show~ the velocity distribution when a R~hbock 

dent~ted sill is used. A grou~td roller always occurs underneath the 

Jet dow~str~.am ~.nd adj,Acent to the dentated sill and transports a 

considerable am;~unt o.~" ~ed material upstream against the sill. The 

scour slopes gently a~ay downstream from the dentated ~ill. 

The results of the tests on Rehbock dentated sili~ ~ Of diff- 

erent heights are give:: in figure 112. The best resu~.ts were produced 

by a ~ill 30 millimeters (1.42 inche~) high. In figure ~13 the depths 

of scou~- for a 36 millimeter dentated sill, a triangular sill of equal 

height, and a horizontal apron without a sill are ~ho~ together. Thi~ 

compariso:~ clearly sho~'s the effectiveness of the teeth and, above all, 

the excellent performa~ce o~" a dent~.~ted sill. ~ 
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The surface roller vanishes if the bec~ lies deep below ~. 

Rehbock sill. Figure ll5b shows the flow when the tatl-water eleva- 

tlon is at about the same height as the teeth, and fi&mre ll5c the 

flow at still lower tail-water level. The depth of scour i-~ not 

always smaller th-~n with other types of sills, for at low tail-water 

levels the malu jet is divided by the teeth into ~eparate jets of 

different trajectories, between which there "are large differences 

of velocity and much air is sucked in. 

When a Rehbock dentated sill is used, for the elevations 

of the river relative to the spron usually found in pract!.ce, a 

negative wave Jet does not appear at ~]], and a ,~iving jet will not 

occur if the pro~er height for the teeth is chosen. 

Finally, figure 125 shows the effect of ~engthening the 

a!:ron when using a Rehbock sill. This sill has found a wide use 

in th:, last ten years and has proved to be, in ~eneral, satisfactory. 

Figure. ll6 shows the Ryburg-Schw~rstadt Dam on the Rhine River where 

a gr,~nite dentated sill is used. 

According to the severity of the attack by the material 

tr.~nsported f,ver or through a dam, the Rehbock dentated sill iS 

constructed from concrete, concrete with iror~-protected corners, 

granite, cast iron, or cast steel, as sho~ in figure ll8. ~he teeth 

are fro~ 0.5 to 3.3 feet high. The width, b, ~t the foot of the 

solid sect! ~:~ of the s;li is as foi~ows: for a liEht or average 

attack by detritus, b = 2.5h; for ~ severe att;~ck, b = 2.75h; and 

for the most severe attack, b = 2.Oh. The Ci~ nsions Z and t, of 

the top of the teelh ~re: for low teeth, 0.3~tl and 1.5h, respec- 

tively; and for high teeth, O.1Oh and 1.1h, res~.ectively. All cor- 

ners on concrete and gr,.mite dentated sills are rounded to a r~idius 

of 0 . 9  to 1 .6  i n c h e s .  

The u s e  c f  t h e  Rehbock d e n t a t e a  s i l l s  f o r  doub le  s i l l s  

end for stilling i>oo]s w~ll be discussed ~ater. 

After ihe i:,troduc~icn of Rehbock's sill various engineers 

suggeste~ other ty~e~ of dent,~,ted sills, more or ~ess siailur to 

Rehbock's. Three of these are shown it, figure 119: namely, those 
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of C. Thurnau 18, A. Smrcek, ~rd a rectangular dentated sill. Figure 

120 shows the de~th of scour for a rectangular dentated sill. 

The ~lio.ue dentated dill made by setting irregular stones 

in concrete is used on the Zwitta River near Radlas. No rollers are 

formed, and the water, for the most p~,rt, is sprayed into the air, 

as when baffle piers are used. 

2. l~revention ~f Scour by .Double Sills 

When ~ sill is placed a'~ the e~Id of the apron a positive ~, 

wave jet is forme:i for a given e±evati~',n of the river bed. The 

ma×imum depth of scour occurs at a greater distance downstream from 

the dam and although the d~m itself is not, as a rule, endangered, 

the river banks may be. The'J-~rge depth of scour produced by the 

positive wave jet can b~ controlled by a double sill, provi,~d the 

sii] ~s so arr:~nge~ that the first crest of the pos~tive wave jet 

is co~.:peiled to iie entirely o~l the apron. The first sill must lie 

far enough downstream from the foot of the d~m so th,t ~ii of the 

flo,~ o~'e~ it is meflectee to the ~pron, ~nd the second sill at the 

end of the apron must lle far enough downstre.2, from the first so 

that the wave Jet does not overleap it. The first sill must lie 

at a mi~imum c~ist~nce equal to the head, H, downstream from the dam 

and the second should be placed at least 1.5H farther downstream. 

Thus when a double ~ill is used, the mi:~imum effective length, L~ 

of the apron is equal to approxinmtely 2.5H. 

The double si]] shown i:~ fi~-ure 122 employs solid sills. 

!t was first propose~ by A. Ludin, 19 and has been use~ wi~ely. 

its performance i~ shown in figure 123, and, for ~he purpose of 

con~partson, the depths o~" scour for a horizont~.~l apron without sills 

of an effective length, L, ec~ua! to I~5H, ant for a single rec- 

ta:~guiar sill 32 millimeters (1.26 inches) high are :~Iso shown. 

The ~istance bet~,,een the t~'o sills in model (a) of figure 123 ,a~ 

too s~m~ll and on that :~.ccount the wave j el ~as deflected upward by 

the first s[!i an~ o~'erleaped the en~ sill. Further experiments 

in:!!cated that it i~ better to p~ace the fore sill z'itb its ver-~ 

t!cai f~ce against the f~o~,, because ~n the reverse positl ~n the 
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formation of a wave jet is favored too much. An unsteady flow Is 

formed by these double sills, which oscillates continually. The 

maximum depth of scour is advanced toward the ~pron by a double sill. 

If silt is carried over the dam, the space between the two sills is 

partly filled by it because of the grout.d roller formed there, but 

if the type of flow is altered, this material will be scoured out 

again. 

Figure 125 shows ~ double sil-I made up of Rehbock sills 

~nd also the depths of scour for this double sill, a single Rehbock 

• sill placed et the end of the apron, and a horizontal apron without 

sill. De:Lt~ted sills effectively prevent the developms~t of 

dangerous wave jets on the river bed, and it is therefore ~.ossible, 

with a Rehboc~ double-dentated sill, to place the two sills about 

IH apart, thus permitting a somewhat shorter apron th~ with the 

Ludin double sill. 

Finally, the proposal of A. Schafer 16, i~ mentioned. On 

'~.~ Oasis of model tests, he recommended the arrangement shown in 

~1~ure 126, which consists of a row of baffle piers on a long hori- 

zontal apron~ followed by,a trapezoidal ~ili orl a rising apron. He 

further declared th~,t by/le~Agthenlng the rising Section of the~apron 

beyond the trapezoidal ~ii, scour was effectively prevented be- 

cause the Jet, on leavi~ the apron, wa~ defiected upward. 
I 
i 

4. PREVENTION OF SCOUR BY MEANS OF RIPRAP 

At small structures the prevention o!" scour is frequently 

attempted by means (..f riprap. All of which is placed downstream from 

the solid ~rt of the apron. Stones used in the riprap must be 

.... ~!arge enough so thut t~ey cannot be moved downstream by the Jet. 

Therefore, the use of !ripr~p i~ confi,~ed to iow-head~-proJects. 

A number of experiments were performed on two dlt'ferent 

thlckn~ss of riprap. The results ere given i,~ figure 127. The 

individual stones werel granite of an average thick-:ass ~f ~bout 

five centimetero (1.97 inches). The diameter, d, of the bed mate- 

rial was 2.5 millimeters; the head, H, w~s maint~.ined constant at 
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0.92 feet, ariel the discharge ~% q at 0.60 secomi-feet per foot. The ' 

e~periments show th:t the dearth of ~cour can be reduced by means 

of riprap composed ~ of sufficiently large stones, but, ,as is to be 

expected, scour can);ot completely be prevented° Other e~periments 

have shown that the coarse~ ' the material of the river bed the more 

effective the ripr.)p. Part of the flo~ is diverted into the spaces 

between the stones am~ thus against the river bed u~:der the riprap. 

The amo~it of material scoured out from under the ripr~p increases 

with m~ incre.)'-se in its size, ~nd decreases the thicker the riprap. 

If the river bed under:~eath the end of the riprap is 

scoured out sufficiently, the stones there begin to separate, snd 

the end stones slip into the hollow and form ,.', slo~m of' perhaps less 

than 1:2. The closer the stones are fitted together the less will 

be the scouring u~iderne'ith the riprap; and a riprap composed of 

several layers of stone is more effective than a thinner ripr~::,. If 

the ripr~:p is formed by throwing stones into the r~ver bed, scour 

occurs at the upstream side of each stone s~m~].~.r to that at bridge 

F.iers. Often, ~he stones tip, over into this cavity and completely 

c[sappe,r undsr the bed. 

The depth of scour may be reduced by roughening the sur- 

face of the riprap. A true wave jet did not ~;.pe.~r in any of the 

ex~.eriments. However, a divi~Lg jet oid occur, :uud although it did 

not directly affect the ~hape of the scour, it sucessfu].ly eroded 

the material from between the stoae~ -~lid dislntegr-.~ted the riprap. 

5. PREVF~TION OF SCOUR BY MEANS OF FLOATING 

AND SHELF APRONS 

R. Hofbauer and P. Puchner, 20 have observed that the ex- :- 

tensive scour at the en~ of o log chute can be m~pidly filled up 

by means of a so-c'~lled F~oating -~pron which prevents the logs from 

striking the be,~.  These fio~ts are made of w o o d ,  the upstream sec- 

tion be~.ng solid an~ the downstream secti,'.n in the form of an op~a~ 

grie" ,~'~th iongltud-.uai openings, They are hinge'~ to the end of the 

chute anc: h~nce ~io~:e upward, dell.acting th~ ]og~ fr~,m the river bed. 

Y 
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The author 21 conducted some experiments in a glass channel 

for the purpose of studying the action of these floating aprons, 

The ex~:eriments have further shown that the flow which is parallel 

to the float o~s the solid porti~'~n, in ~assing over the open grid 

portion releases silt, which ~asse~ throuA:h the slits ~n the grid, 

Later, A L~ufer 22 • conducted ~ever~.~]. experimeL~ts with 

floats. He p]aced Qarticular emphasis on a sllt between the con- 

crete apron ~md the flo.~t. This s~ace =as present in the first model 

tested by the author. A~arently a vacuum exists at this elitl causing 

a flow upward through it ~nd a reverse f3ow under the float, which car- 

ries the silt passing thr,~u~h the gri~ back to the dam. L~ufer'att- 

ributes the deposition of silt under the apron to this reverse flow. 

F~gure 129 shows the float designed by L~ufer and th~ silting below the dam 

on the ~rz River at Bruek. 
Durtus the prelimirlary work for the reconstruction of the dam 

on the Mur ~iver ~t Bruck, where the first float .for the prevention of 

scour had beets inst ~.lled, the author conducted ~lew experiments to test 

the wildity o~ the conclusions re:~ched by A. L~ufer. These experiments 

sho,~,:~e,d that the reverse flow observed by him underneath the floating apron 

took place only if a hydr-..ulic Jump occurred toward the downstream end of 

th~ floa+~i i:A other words, if-the tail-water level there was higher than 

at the ~iit (figare 130). Therefore, the reverse flow observed by La~fer 

was produce'3 by this difference in head and not by ~ vacuum at the slit. 

Further experiments have shown that with the proper proport- 

ioni:~g o~" the flo~t, its length, as far as the formation of scour is 

concerned, is rei~tively un~.t,~,ort~nt- If the d,:~m directs the water 

para]lel to the float, then it may consist entirely of a grid because 

the r-~p[d flow does not ims~ through the flmat a:zd scour the bed- 

Finally, it ~as sho'~:n that a or~d with ope<'iin~. ~s transverse to the direc- 

t]-on of flow proauced a s~.tisf~ctory ~:,epos~tion of silt provlded~;the,~ Jet 

, ~ . ,.. ~ ~ ~ float. The exis~ i:Ig s~2our is 
re~as~: by the -tam was ~_i,a~.~ . . . . . .  to the i /  

£iiled u~ o~y if sufficient ~tit !s carried over the ,dam, i, Toats, may 

a,.so be used t o  reduce the !'or:~tion o f  ~cour. /7 
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FIGURE 130-FLOW CONDITIONS WITH A 
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The results of experiments on floating ap rons  and us!rag 
clear w~.ter are given in figaro 131 ~sd show how much the formation 

C:~of scour can be reduced by a float in comparison with , horizontal 

apron. However, if no silt is carried over the dam, scour cannot 

be completely prevented. 

Flc, ats for the prevention of scour have been built at a 

large numb+r of ~.rojects ~:.nd have prove~ satisfactory for redueimg 

scour as well as for s~iting up the scoured bed. Examples of such 

structures are shown in figures 132 and 134. 

~hese floats are aiways c~mstructed from wood, and orig- 

inall_y they were simply hinged to the cam. It had been shown that 

with water contai~iug sand .-.nd silt, the free turning of the table 

was rapidly destroye~I and accidents resulted. Later, shelves simi- 

lar to the floats in design, and supported on piles (figure 132) 

or placed o:~ rigid beams of iron or relnforce~! concrete, in turn 

supportea by special walls (f~gure 134), were used. 

if th~ nature of the river bed or ~n excessive scour does 

not permit the ~riving ~f ~'[]es, floats may be ~nchored at. one end 

in order to cause the @epos~ti~n of silt. Figure 135 shows an 

anchored float designed by Huber and Lutz in Zurich; one end ~as 

kept submerged by a concrete block, no other support being pro- 

vided. The float thus sloped upward frnm the upstream end. 
| 

During the last fe~ years considerable scour has ocetlrred 

at the dai,~ ~t Bruck in si~Ite of a shelf. Several piles were left 

hanging from the shelf itself. Measurements of the scour are &~Ivea 

in figure 138. An investigation disclosed th;.~t this erosion under 

the shelf' and th,~t occurring along the river bank was due to side 

rollers. After the old dam had failed, ~: considerable ;,mount of 

the sill :Je]~nsitc~. in the.reservoir was washed out ~zd redep~ited 

below the dam, raising the elevatio~u of the river ber~ to an abnor- 

mal degree. %'he silting of the reservoir above %.he re[aired dam 

an~ of ~ reservoir far%her Ul~stream had the effect th':~ the silt- 

free fioo.~ water pass~=~g ever the ~am at Bruek ~owere4 the bed con- 

zider~,.bly because the ~helf hal been rendered useless by the ab- 

norm%i]y hlgh flyer be,J. Thi~ exa::,i, ie illustrates the si6~,ificant 

factor the elevation of the river be'." ~lays !:: the i-rsventlon of 

scour by means of a shelf. 



If the discharge, according to common practi~e, is released 

through but one of the g.~tes, rollers will form at the sides of tho 

discharging Jet and the space occupied by them ~oes not contribute 

to the direct flow. The returz flow passes under the shelf and scours 

out the beC material there (figure 139). This can be prevented by 

building piers from the dam do~stream to the end of the shelf. 

The discharge is then so distribute~ that the side rollers are con- 

siderably reduced in size. The form of the discharge ~et can be 

modified by changing the slope of the ~helf. If it lies flat, a hy- 

draulic Jump will occur on it, providing the river bed downstream from 

the dam lies high enough. A steeper slope, such as used at ~he dam at 

Bruck, can hinder the formatioI: of the hydraulic jump a~1~ cause a 

true jet to form. As was to be expected, the old dam at Bruck was 

badly damaged by logs carried over the dam during occasional floo~s. 

These logs entered the surface roller located just below the dam ~ere 

they were detaiaed; they then turned 90 degrees about a vertlc..~l axis 

and rammed the main body of the dam, d',m~gin~ it. However, logs pass 

downstrec~m without halting arld without d~mage to the dam, if a wave 

et developz. 

6. PREVENTION OF SCOUR BY MEIuNS OF WALLS PLACED 

DOWNSTREAM FRO.~d ~HE DAM (CHECK SILLS) 

The reduction of scour by meax~s of a wall placed across the 

stream below the dam was first proposed by A. C. K~nig,23 as shown in 

figure 140, and P. Rosenberg has used such a wall at a ~am at Zler~rg 

south of Graz. A section of this dam an~'1 the scour developed ~t the 

end of the first year after the wall w~s put into operatio~, is shown 

in figure 141. During this year, however, no extraordirmry flood 

occurred on the Mur P~iver. 

At first sight the I'revention of scour by ~ans of a wail, 

as prol.ose~ by Ko~, seem~ to be a good scheme, s~nce ~t is easy to 

construct and is e~siiy i~tailed at most ~ams a]rea~]y in service. 

Nevertheless, several experZ:~,ents were ~'~dertaken for the ~,ur[ose of 

i~vesti~atin~ the efficiency of such a wall. 
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These tests were carried out in the glass channel with a 

head, H, ehual to 0.92 feet, and ~ .discharge, q, equal to O.6~ second- 

feet per foot. The mo~el of the-dam was fitte~ with = horlz.ontal apron 

without .~. sill. The effective 3ength of the a~ron was I.=, times the 

head. Two different s~zes of be~ ~-~teri-_ls~.~:ere 1:sed; they were tmi- 

gr'~nular s~r~ds .-.Ith :m average .~-".ameter of 2.5 ~.~.nd 6.2 millimeters, 

resreetive]y. The wall ~vas first placed at-a dlst~nc~, E, from the 

end of the ~;~ron, eoual to ~'.07H, or 0.98 feet, and seccadly, at 5.57}{ 

or 3.28 feet. The to~. of the wall was, first, eve:~ ~ith the apron, then, 

0.0715H or 0.79 inche~ above the apron , ~.nd, finally, an equal distance 

below. The elevation of the river r~ be~ downstream from the dam was not 

altered in any of the ex}-eriments. Fir:ally, ~the crest of the wal.l was 

beveled in one series of tests, and, as a basis for comparison, each 

series of tests performed ~ith ~, wail was repeated without a ~all for 

both sizes of bed material, in all, seventy exL.eriments were made on 

on thSs model. 

The results of the experiments '~ith the crest of the wall 

at the same he~ ~ht as the horizor, tal ~ii! are sho~ in figures ~/~2 

and i~. !t is seen that the wall causes a groun,4 roller to form 

just uFstream from itself. Thi~ roller transports consider.~.ble 

material uFstre~m , transferrln~ it to the discharge jet which carries 

the silt ,over the wall. The activity of these rollers increases as the 

wa.J .... is move4 toward the a~ron. The finer ±he bed mater~al, the deeper 

the scour ~,iil be between the :~i ton a~d the wail. Beveling the crest of 

the ,wa]]. does not reduce the ground roller to any gre':t extent. With 

fine be.~ ~-te i:<i arid th,? near ~o~ ~io~ o; the wail, the maximum de~:th 

el scour is n~t ~,~uch ie~ than ~ha: forme~ without a ~'a]l, an@ if the 

~all is very. close to the dam, the scour a~:y even threaten the dam itself. 

The larger the bed mater:[a!, the less i~ the ¢,eveolpment of scour, and 

the gre~ter ts the difference between the de~ths of scour occurring with 

and ~'ithout a wail. Howe~er, the larger the bed =eterial, the greater 

~ill be the ~brasive effect or, the wa~l itself. A deep cut-off wall must 

be built at the end of the apron Dn"-a~eount of the scour occurring between 

the a~,ron and the wall, and, for the same reason, the wall ~tseif must 

".i 

J 
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have a ~ee~, foundatiou, it is possib]e to lower the cut-off wall at 
M 

a fracti~.u of the cost of lo~ering both the cut-off wall and the gonig 

wa]l, and furthermore, the safety of the dam "_;.s ralse~ by the former. 

In a~dit~on to this, the K~nig waAl~ ~:~ro~duces a l~igth of scour which 

is almost double that occurriag without a walk, J.t therefore increases 

the cost of protectiug ~.he rj.ver banks ~ownstream from th~ d~m. 

I£1. E~ERGY DISSIPATORS 

Energy dissipators are used for tran~f0rmlng th~ kinetic 

ener&y of~the water into he.'-~.t if the ~ater p~ss~ng through the dam 

is free of silt- They ~hould be',~eslgned ~to ~issIpate the energy 

~' with}_n themselves. 

a- _.Outlet and Spillway Steps (Cascades) 

Formerly, if the overfall height at a ~pillway or outlet 

was large, it was almost invaris.bly !div~!d~M up into a number of smal]er 

over~lls forming a stepped outlet or cascade similar to a stepped dam. 

Now, they are oz~ly built in excepti,..~al places where rock is accessible 

at the location. Such sites permi~ their construction with but. a small 

.4eman6 for other building materials. ~igure 146 shows a cross section 

of the cascade at the i.solaz power plant on the ~agra River. 

As figure i47 shows, the c~scade may be made up o£ si~mple 

steps or, better, of a series of tumble ,bays which are provided wi'~h 

draius to prevent the basins from filling with ice in winter. According 

to Thomas Rumel[n 2A, these basins ought to be at lee st 6.5 feet deep; 

but there are namerou6 cascades with a much smaller basin depth, t. The 

le~gth of the basin of the tumble bays should be three times the"ste F, 

he'~ "" ~ gnu, and for s!ml:!e steps, four t-rues the height. The range,<y, of the 

trajectorTf of the overf.~,~i~.ng na],;e c~_u~ot be comj:uted because of the 

,'~[sturbed co~,.'Jition of the water in the basin over the steo. 

Instead of basins, the d~m at .~uh~eberg is e,.u.pped :;ith 

baf~']e ~iers arrauge(~ o~ the two st~s in .~;rder to improve the ~:,erformance 

of each step (figure iA8). This constr~ctioz~ has not ~.roved satisfactory 
O 

because the water is sg~raye~ by theibaffle piers oz~ the ~,i;er ste~" an~S 

because the~uiers themsehves :-~re st~bject to co~siderable erosion. 
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b. Co~terflow Energy Dissipators 

A counterflow energy dissipator consists of a basin in which 

the water is directed from openings placed opposite!to each other. These 

discharge jets, flowing in opposite directions, produce a very turbulent 

flo~. ~ 

The Rossnow power plant in Pomerania (f~Zgure 150)is am e~mp!e. 

In order to increase the turbulent action, water ms~ also be disQharged 

over the two steps. 

Another examp! e25, desi~md on the basis of model experim~nts~ 
• .h 

is fo~d at the end of a tunnel at the Toging power plant on the Inn River. 
• • 

As is seen in figure 152, the two side jets entering the tub are directed 

at each other, ~nd 'the middle jet rebounds from the concretepier. 

A third example of larger dimensions, designed by H C~rrazza 26 - 

has bee:~ constructed at the Kardaun power plant on the Eisak River (figure 

154). The two sets of nozzles are directed toward each other• T~e number 

of nozzels in the lower set is twice the number in th~ upper set. 

Finally, fi~urel55 shows a design by E. Meyer-Peter 27 for 

the Limmat power plant near Wettingen. Here, the two Jetm are not direCt- 

ed axially against each other. 

c. EneryjDissipatioa in a Hydraulic Jum~ 
on~a Horizontal Floor 

If water is discharged under a large enough head into a 

channel having a horizontal floor, so that its velocity, V1, is greater 

than /g-~l' dl being the depth of flow, it moves as shooting flow. At 

a certain place in the channel, a hydraulic Jump in which the shooting 

flow changes to streaming flow occurs (figure 156). A surface r~.ller ~ 

develops on top of the hydraulic jump. and dissipates an amount of Mimetic 

energy, Hv, into heat. 

The depth, d 2, of the streaming flow carl be compute~by eoua- 

ting, for a unit width of channel, the resuit~nt hydrostatic force acting 

on the slug of water bounded by the jump to the rate of change of momentum 

in the jump, assuming a horizontal floor, uniform distribution of velocity 

in the cross sections just below and just above the jump, ~d neglecting 

friction at the wetted perimeter. 

.... 5~ 



: . L " 

t,i 

0 

i 
L / : - , 

i l  7 

P I , , 4 
, , , ~  ~'4 

;i ,1 o+ .+_.j _ 

~ ;; . l i  I"',. . . -  S o f f l e  p e r s  " . 
lii,: - ' ,1~3( ''~'.~' ~-.,-., + i ~  

I ~']++];e '  , -., , , :  . . . .  
/ /  

" " - : - H i g h  T + W  E l e v  1 5 3 5  ' 
' ~ ; ; , : . + : ' , V . . ~ T .  ~ ....... 6 ~ . , 8 ' + - -  ....... .',~ - - -  ~ --- ' I Y:i ....>~~__~o-~w~,o~,~.~. 

• 5"r.,'i~,",",:,,:.,."4,1/"/,Ct/~./Vl/i~,....... . . ; ; : ~ .  " - - - ~ _ _ ~ .  w ' l e v .  1.522 6 '  

• :V; - ~ - : ~ - i ~ ' ~ - - ~  

. . . . . . . . . . . . . . . . . .  -" . . . .  ,54.5 ' .  . . . . . .  ~ - - - ' +  

"FIGURE,+< 1 4 B - C R O S S  SECTION DF THE M U H L E B E R G  DAM. 

f ~ . . . . . . . . . . . .  ~ - -  3+ .+:-+~.L~ 4'~____ 

%r 

. . . . . . . .  , i 6 . . . . . . . . .  ~ . . . . . . . . . .  76  r -  . . . . .  , J  

F I G U R E  1 5 0 - . T H E  E N E R G Y  D I S S I P A T O R  A T  T H E  R O S S N O W  P O W E R  P L A N T .  

- ~  7 9 ' ; , + - - - 2 4  9 . + . ) J  
L _  ,-',-+1266.4' } -- ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , r  

q ] /  ~ "%:~ ,, ' , ,  , I  ' I ~ o  

1 l ~ ,  : \  +. ;',,'il i ~ + 
I " . 

~ /+  *..Jlic2+ / ' ID 

. ,  >+ . . . . . . .  . . ,  . . . . . .  . . . . . . . .  + + . + , + . +  

I It ~ : : ! ~ A .  I<...+o+. ,,GURE :o~yD+. 
- " " . . . .  " Y H  

-.o,+'~+P~I/,' " , .  '., J ,, : -f, ~ ' -+"==~ ~,,~ 
~ r /5...~, , "?'+ " '~q; , ' "/' I i90.9' + 
4 

<~l "< . ..'//>;i,...s , ..+ ,,; :,;. " \  / / ' / : d ~  ~ " " " 

;.," . . . . . . . . . . . .  "+L . . . . . . . . . . . . . . . . . .  157. 5".+ . . . . . . . . . . . . .  

FIGURE 155 - C R O S S  SECTION OF THE DAM AT W E T T I N G E N  ON T H E  
L I M M A T  R I V E R  (ACCORDING TO E . ' M E Y E R - P E T E R , I .  

H Y D -  2 0  8+' 

,+ 

- " -  " ", • • t !  : "  : • " . ~ • : • ~ "  . . ,  :; "~ ", L ~ : -  - "" . ~ : ." • ~ _  . < , : .  , Y ' "  : • , .  • : • • ~ ", ~ ".: 



~'Aerot ion pipe 
, - : ~ ~  Overflow l i p - ~ f  ~ , ~  

~ r , .  L 

Tumble tub 
o ,o =o ~,o .o .o ;o ,o .,o ,o ,oo 

Outlet flume ~ ]! 

' I  I / I / I , E I  ~ ~ - - . - . - - ~  / li: " 

Outlel steps 

\ 
\ 

:,L . . . . .  

FIGURE 1 5 2 -  ENERGY DISSIPATOR OF THE POWER PLANT AT TOGING ON THE INN RIVER. 

(b )  , ~ ' ~ .  6.6'D 
4 Steel plDeS 3 3' O " ! ~ 

oo:0 ,ooo 

• '.,¢,41 I,,,R~ ~ . 

' ~' O~l fusion chamber 19 7' Oy 20.3" 

4.9' D. 
.' ~'~ Moin pipe tine 9.8' D. 

8 Steel pipes ;-" "" 
,, eoch 9.8' Iongl 

:~ '&~ %,° 
,~ .19.7"-..I 9.7 '.,~ i9 7~ " ~ ,  (O } 

9.e'.~ -~~'  ~9.e' " '-Sluice ~ole 
0 io ~0 40 60 80 I00 I~O 140 J~O 
L-- I __...L=_...--L,---,~ L .---J 

FIGURE 1,54 - DIFFUSION CHAMBER ENERGY DISSIPATOR AT THE KARDAUM 
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: Thus: 

T _ 7d12 d22 . qv 1 

2 . 2  "' g 

Substituting, q = v~ d I 

we have, after simplifying: 

d I " d 2 = - + 
2 

T qv 2 

g 

= v 2 d 2 . 

7/¸ . 

.......... (69) 

/ 2v12 d12 / d k + . .  

" ~ I  g 4 
. .1 .[70) 

Introducing the dimensionless number, 

@ I D m ~ I B ~ Q ~ 9 ~ i ~ D O ~ O . . (71) ~ 

~.r*] 

J 

we have: 

d2 = .dl ~s ~/ 

~ " ~  + i - I )  . . . . . . . . . . . . . .  

2.8 
M. Merriman has deduced the following empirical 

f o r m ~ a :  ~i~ 

(72) 

d2 = .//2v12 dl " 1.41 ~ d 1 
-.! g 

,j 

. . . . . . . . .  ( ' z 3 )  

Later, K. Safranez 29 obtained for this form of equations: 

d 2 _- 0.~35 ~ = ~1.36 A I d l• . . . . . .  (7~) 
d 1 

The amount of energy dissipated by the ~draulic jump is equal to the drop 

in the energy gradient and, according to ~'. Neme~yi 5, can be compute4 from: 

2" 



U 

H 
V 

( ) ( ) 
: ( v 1 2 -  * d l )  - ( v22 . d  ) . . . .  

( 2g ) ( ~g  2 ) 
( ) ( ) 

Substituting eeuation (72) in this equation and simplifying, we 
have: 

. ( 7 ~ )  

d 1 / Rv : __ ( ..../ 8 AI2 + i - 3) 3 

16 / .AI 2 8 + I - i 

The energy loss per unit of total energy head, HI, equal to 

2 
v 1 
__ + d I 
2g 

is: 

H 
V 

(per unit of HI) 
/_ 2 3 = i2.~ ( -~.z/'8 A-~ + 1-3) 

2 4 AI2 -~/ 8 AI2 4 i - I 

• . (76)  

. . (77) 

It should be pointed out that the approximate formulas 

of Merriman or Safranez will not give a zero energy loss when the flow 

is at the critical depth (A = i) as i~ required from theoretical 

considerations. 

K. Safranez found that the length of the Jump could be expre- 

ssed ~v the foliowin~ empirical formula: 

L = 6 d I A 1 . . . . . . . . . . . . . . . . . . .  (vs) 

D O 

d. Energy DissSpation by Means of Baffle Piers 

Under certain conditions, shooting flow on a horizontal, smooth 

floor moves forward for a considerable d~st~.nce before ~ hydraulic Jump 

takes place. In order to reduce the distance w~thiz, which energy is 

~issipated, some means must be adopted to force the development of rollers. 
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T h i s  c a n  b e  a c c o m p l i s h e d  b y  p l a c i n g  h m / f l e  p i e r s  o n  t h e  a p r o n , ,  e u c h  _ 

as the baffle piers of the Rempen30 Dam of the ~ggital plant (f'i~re 

157). These caused a Jump to f~rm near the tee of the dam. 

At  ,ro ect , p i . r ,  have not p ,,d a ti ae o ;." : 

because the discharge often shoots upward at the plersp or ovea : ':/;.. ":~ "",,.."~'~/ ' ..,: 
the alr. sprays into . .~ .~ ~ ~** ":~ ~ 

e. Energy Dissipation in Stll!ing Pools -. 

A hydraulic Jump with its attendant surface rol~ "~.eJ[~,=.,:.~,:~::" ~ ~ '* ,,.:~" 

be compelled to form on a horizontal apron by means of e ,i~:;'i: ~ 'St.mplo.":,,,,~ . .~. ,  

stilling pools have been used for a long time. They have p~. for~:,,.*,** L,.~.~ , 

the most part, satisfactory. Many times, however, they have ~@e~,:~[S_ "~;~i~ ~,'~*':' ~' ~'' ~ :: ~! 

ap~intlng because, until recently, no rules for designing.them w~r~':. ~'!~,/::;i-,': :,' 

k~mwn. The author 31 attacked this problem in the laboratory, uslmg =_~.~ ~;~'', ~" :'~,~:,.~,,:~:~ '*'~;~ ........ ..... '*~ 

simple stilling pools and solid end s i l l s . .  ::~ :':i.!:'" ~' ;'-'?'~,,.~,.,~ 

The tests showed that the discharge_ Jet moves form~d in " " .2~--~. '~ 

the stilling pool (figure 158a) between a large surface..roller end '~ ..,*:i; 

a small ground roller, and as it proceeds, it gradually slackens ,:~., .~., 

and becomes thicker. At a certain unit discharge, q, the Jet carries :'* 

the surface roller out of the stilling pool, shoots over the end sill i~'~. iiiii; 

~Itb almost undiminished velocity (figure 158b), and strikes the ri~r 

bed f a r t h e r  downstream, producing a deep scour. A comparison of the " =':: 

types of flow directly before and after the disappearance of the " *~ " :  

-surface roller sho~s clearly the important role played by the surface 
roller in the dissipation of energy. 

Preliminary tests showed that in ~ost cases, for a l~.ngth 

of stilling pool e~ual to two-thirds of the height of the dam, p, the 

enddiSsipati°nsill of energy was satisfactory providing the height, S, of the 
wa~ 

chosen correctly. Let q be the maximum unit discharge in 

second-feet per foot; then if the length of ~tiiling f~ol, L, Is 
c a l c u l a t e ~ ,  f r o m  t h e  f o r m u l a ,  

L = 2 / 3  P . . . . .  

. . . . . . . . . . . . . .  Cv ) 
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'j. ~-8 

m 

{,[ 

max. <+ and d~ 1.2 Hmax~ 

~____~ut~ from: ° ' , '  " '~ '~ ; ' , - ' : '  '~ ' ""' : L '  :" '<'J~-~ 

and the length of the i f~m~ ' ' 8 . . . . . .  '~" "%~'r~'~'.,' . . . . . . .  ,' ~' ~ 

~X 

The minimum raa~us:~ R, of ,~he ~ :  . 

should ~ :  . . . .  ~" 

R : 0.5 ..... : ~ ; : ,  

: 

and the minimmm radiu~, r, of the bucket. . : :~ ,~o 

_.. l~ma x .  , : , ._ : .  ::: : ;  

These formulas are valid provided that{ _ ' ,:: , : 

, : ?  

Finally, J. S~ma32 , on the basis af his own 

earlier t,sts of E .  Beyerhaus, r : ~ ~  the stepped si~ 

figure 160. The height of a step, a ,  ' ~  ~m-half its ~I~ 

L . 2.v2 ~ l  ( ~ i  • 8Ai ' 3) . . . . . . . .  

and the depth of the floor of the stilling pool below the 

elevation from: 

y , ,  o.6 ~i ( " ~ ~ I  - I) 0 ~ D 

- _ -  

64 



in which 

A 1 - v I 
I @ ~ • Q • i (87) 

• the depth nf the shooting flow. v I is the velocity, and d I 

Lu America, many other types of stilling pools have been 

built, and although of diverse shapes, many of them possessed no special 

value for the dissipation of energy. 

The observations on the flow in the model of the simple 

stilling pool in figure 158 showed that the jet first clung to the 

smooth floor, then, at a short distance from the end sill, it rose and 

passed over the sill. A small ground roller formed in front of the sill. 

As a means of forcing the development of both a surface roller and a 

efficient ground roller, the author 31 placed a step (figure 161) at the 

end of the bucket of the dam. The Jet now flowed between rollers and 

over the end sill and was gradually retarded along its path. 

Figure 161a sho~s the surface and ~round rollers at low dis- 

charges. As the discharge increases, the Jet assumes a wave form, pro- 

riding the height of the end sill is small. The surface roller now lies 

in the second wave trough. If the height, S, of the end sill is greater 

than one-tenth the dam height, P, the type of flow changes to that shown 

in figure 161c. For small sills this is attained ~t still hi~her dis- 

charges. If the discharge is increased beyond the amouut necessary for 

this condition, the surface roller is suddenly scooped out of the still- 

ing pool (figure 161e), and the Jets shoot over the end sill, strikes 

the river bed farther dowu~tream, and produces a deep scour. At this 

discharge, the stilling pool fails as ~n energy dissipator. With this 

design, the gradual expansion of the Jet proceeds without a hydraulic 

Jump formLng. The flow at the end sill is mixed with air bubbles. 

The foilowin5 simple rules for the design of this stilling 

pool are based o n  a large number of model tests, and are'valld for 

sLuy length of pool from one-half to one times the height, P, of the dam. 
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Thus, using the symbols in figure 161f, a m~st be chosen between 0.5 

and I| the height, S, of the end sill measured from the elevatinn of 

the step ~t the end of the bucket 4spends on the maximum unit discharge, 

q, and is compute~ from: 

s : 13 q l , / 2  (p)l/~ . . . . . . . . .  (ss) 
g 

but must be .~t least equal to 0.1P. The co~fficlent ~ depends on the 

e~evation, cP, of the step above the floor of the stilling pool, and 

c~l be determined from the curve in figure 162. 

Transistor's note: - Eith'er e or ~ may be made arbitrary 

subject only to the prescribed limit of S, namely: 

$ > O.IP 

Hence, the dimensions oCf a Schokl~tsch stilling pool may .be varied 

between wide limits. One set of limiting dimens~z~,s is given by 

which correspnn~ds to a sill on a horizontal a[:ron (see figure 158). 

@ - 0.6, a/~d equation 88 is identical with equation 80. 

Z = 0 s 

Then 

?he minimum radius of the bucket for satisfactorily deflecting the 

Jet in front of the step is given by: 

r = p F = o.15~' . . . . . . . . . . . . . . . . .  (89) 

The height, S, of the end sill governs the formation of the rollers 

in the stilling pool, so necessary for the dissipation of energy, even 

if the Jet shoots over the end sill; therefore, the elevation of the 

tail-~ater is unimportant. However, if no scour is to occur, the Jet 

should not shoot over the end sill. The top of this sill could be 

placed at the elevation of the rive:" bed downstream from it or, better 

still, ~ue to the later unavoidable deepening of the r ~ v e r  bed, it 

may be placed at a still lower elevation. 

Figure 163 shows a dam with this type of stil~'ing pool. It 

has thus far proved satisfactory. Another example is given in figure 165. 
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The :~ifficulties in designing an energy ~issipator for the 

~erne~g power plant (figure 165) necessltsted special model tests. Water 

was discharged into the stilling pool not o:Gy from the mimics gates 

during sluicing operations but also over the spillway. In order that the 

overfalling nappe produce no shock to the structure, it must be so direoted 

that, independent of the amount of the discharge, it strikes the down- 

stream face of the dam tangentially or as nearly tangentially as possible. 

For this purpose, the transition profile between the sluice gates and the 

stilling pool was designed to correspond to the under profile, determined 

from model tests, of the Jet discharge over the spillway. Finally, the 

model was Oesigned to prevent sand and gravel, occasiona].ly discharged 

during sluicing operations, from obstructing the stilling pool and the 

draft-tube outlets ~t the powerhouse. 

f. Nozzle ~ergy Dissipators 

~i nozzle energy dissipators, water passes fr~m a nozzle into 

a space whose cross section is several times the cross section of the nozzle. 

Th~ total energy loss can be computed more or less accurately, depending 

on the desi~, from the formula of J. C. Borda 33. Borda pro~:osed that 

water emergLr~g from the smaller pipe strikes against the retarded flow 

in the larger pipe with inelastic impact. The amount of mechanical 

energy converted into heat, using the symbols in figure 166, is computed 

from the following formula: 

IA2 )2 
%, : [ V l  - v2 2 = ",'2 - l )  . . . ( 9 o )  

2g ( A1 ) 

K. Bannlugor 34 in his experiments, in which he used ratios of cross-sec 

tiona! areas, A2:AI, from i.i to i0, found this relation to be valid. 

Passing from ~he case of a small pipe to ~ nozzle of equal 

cross-sect!on~: area, AI, we find tha~ the energy loss is somewhat greater 

than that compute~ from formula 90 because the Jet contracts on leaving 

the :~ozzle. 

I 
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O. Poebing 35 designed an energy, dissipator in IFai~ he. 

placed a number of pipe orifices whoa6 .diameters increased %0~. thee 

end of the pipe, for the Rohrendorf power plant (figure 1~7).i .~ Lf/~/.. 

these orifices are far enough apart, the energy loss at each can be~ 

compute,4 from e~uation 90- If they lie close %o each other, as in .... 

Poebi~.~g's energy ~isslpator, the jet does not expand to the full ~- 

cross section of the pipe between the orifices, ~nd the loss of euel"~lt" ::'~ 

resulting from each "impact" is smaller than that computed by ~ua%i~ '+- 

90. However, fetus-shaped rollers form around the Jet and In¢1-6a~e 

the amount of energy dissipated. The kinetic energ 7 remalning [~ the 

Jet is further dissipated at the exit of the pipe where the water 

discharges into a concrete tar~k. . -~:,. 

An effective method of dissipating the kinetic energy of the ~ ' 

water issuing from a pipe, according to experiments by the author, is 

afforde~ by the energy dissipa~or shc.wn in figure 168. Furthe1.~a-ep 

the basin can be used as a water rheostat for loading the generator 

during accept,,ace and check tests. It can be constructed ]~ the 

form o£ a well. 

Another type of energy dissipator employed in connection 

with the waste water from the relief valve of the pressure regulator 

of a turbine is sho.-m in f].gure ].69. It is used at ~.n Americam 

2460-foot head, 40,000-horsepower Peiton turbine instaliation 36. 

Figure 170 shows a nozzle energy dissi}-~tor designed by 

J. Heyu. ~o installation of this type i~ kno~l. 

Finally, figure 171 shows the energy dissipator designed 

by F. Kreuter 37, the so-called Kreut~.r-brake. In addition to. the 

imp~ct loss, energy is dissipated by the torus-shaped ground and 

surface rollers. 

g. Escher, WEss and Company's Spl.ral Eddy 
~lergy Di.s sipato~ 

Escher, Wyss and Com~v~ly38 , turbine m~_nufacturers, employ 

the principle of energy dissipation involved in the large d[fferesce 
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in velocity between two adjacent layers of water, as is shown in 

figure 172. The water is directed from two sets of guide vanes, l~-I 

and L,2, so th~=t the two jets rotate in oposite directions as they 

pass down the draft-tube-like pipe. In oraer to prevent corrosion 

by cavitation, the flow is aerated by means of a single inlet at the 

center of the pipe. 

h. Energy Dissipation in Pipes and Flumes 

Water flowing through a pipe or flume at high velocltiee 

experiences a considerable energy loss, due to the friction along the 

wetted perimeter, if this rapid flow is mixe,i with air, as, for 

instance, in an aerated pipe or sluiceway, it is re~arded as a 

consequence of the large amount of air absorbed. +' 

i. ~uer~y Dissipation in ~:n Unaerated 
Pioe at  HiKh Velocit~ 

several experiments co~ducte~ by the author prove con- 

clusively thnt the loss of ener@7 in smooth brass pipes cm~ be. extra- 

ordinarily high. Velocities as high as B2 feet per second ~nd Reynolds' 

numbers as high as 500,000 were reached. The results of these ~exper- 

iments fit best the formula for the friction loss given by H. Bias!us39; 

namely, 

V 2 Ho = I . . . . . . . . . . . . . . . .  (91) 

+ 2g D R 1---/~ 

in which V is the velocity, L the length of the pipe, D its diameter, 

and R Reynolds' number, or: 

. . . . . . . . . . . . . . . . . . .  (92) 
R = VD . . . . .  

o is a coefficient. Bla~iu~ gives it a v~lue of 0.3164, whi~e the 

author's tests give an average value of 0.3160 for Reynold's numbers 

from 2,200 to 500,000 and thus verify the Blasius coefficient. 

is the kisematic viscosity or: 

• + • • . • • . • • (93) 
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Inwhich ¥ is the density of water in pounds per cubic foot, g the 

acceleration of gravity 9,n feet per second, %rid ~ the viscosity of the 

water in pou::ds/secoads per square foot, which can be computed from the 

following formula due to J. L. Poiseuille33: 

: 0.0000~716 

0.4712 + 0.014~5 T • 0.0006682 ~ ........ (9~) 

~vhere T is the temperature in degrees Fahrenheit. 

If water at 14 ° C. (57-2 ° F.) flows through a pipe one-tenth 

meter (3.9~ inches) in diame%er and at ~ velocity of 25 meters per second 

(82 feet per second), the friction loss will be 2.65 meters of water per 

meter length of pipe (2.65 feet per foot). At high velocities of flow, 

such a pipe is su!t~ble for ~, energy dissipator. However, if the dia- 

meter of the pi~e is ]ncrease(~ to one meter (3.28 feet), other conditions 

remaining the s~me, the friction loss is only 0.15 meter per meter 

(O.15 foot per foot). Therefore, smooth pipes are suited to the purpose 

of energy dissipatd~s only if they ar~ sma!~ and the velocity high. 

The energy remaining at the end of the pipe cnn t~ dissipated 

in a device of the proper type; for example, a nozzle or counterflow 

energy dissipator. 

" -- ~-~slz:-,ticn in Aerated Piu, es 
and Oue.!~.-Chanael Chutes 

Water in zn *:erate~ piDe flowing partAy full or in a steep 

chute absorbs ~ large amou~t of' air at a certain velo=Ity. This mixture 

of air .~.n~ water ;reser, ts a fo:-.my agpearance &ud travels much more 

slo~vly tn~n~ pure water; ia other :~or~,~s, in accor.Jence with different 

iaws.. K. Ehrenberger 40, in tests on models, fouJ~d that the critical 

velocity at ~hich air is ~bsorbec~ lies between ]1.5 and 1L.8 feet per 

secon "~.. The mechanics of the ~enetration of air into rapldly flowing 

'~ater is ~ot yet ful].y u:','Jerstoo,~. The author succeeded in obtaining 

in the laboratory several ~hotogrcphs which show the extent to ~hlch 

a~r has penetrz.~tec~ into the ukf, er surf~.ce layers of the flo~. However, 

it is knowa that these ulpe r layers of flow e~ILL absorb air or~ly if" a 

vacuum exists in them 
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The maximum veioc[ty heretofore observed at which .~ water- 

air mixture flows in a steep chute is 77.1 feet per second, and that 

portion of the water-air mixture occupied b~ ~ the water (see table 

15) ~:mounts to from 20 to 55 percent of the total volume. 

K. ~renberger %0 has investigated the motion of a water-air 

m~xture it, the laboratory and has derlved the following formula, based 

on his measurements, which is in good agreement with observations on 

aerated ~enstocks an~ chutes at water-power plants: 

V = 97 R 0.52 0-4 ( s -n ) . . . . . .  (95) 

in ~'hlch V J.s %he average velocity in feet per second of the mixture 

in a smooth chute; R the hydraulic radius, in feet, for the entire flow 

(cros~-sectional ~rea, AI, divided by the wetted perimeter, P); and a 

the angle between the chute '~n'~ the horizontal. The proportion of the 

whole volume, ~, in ~.ercent, occupied by the water erpresslng R in 

feet is as follows: 

/ 0.476, then ~ = __q_ - 0.42 R -0"O5 (sing) -0"26 .(96) if sin a "~ AV ° 

_0.05 -0.74 
= __q_ = 0.30 R ( s i n  " )  --(97) 

AV 
if sin a'~/ 0.476, then 

The dlscharge, Q, in second-feet c~n be calculated from the following 

empirical e~uations : 

if sin a / 0.476, then Q = 41.3 A 1.47 ( In a)0"14 . . . .  

"~" £0.47 

if sh, a> 0.476, then q = 28.9 A I~47 (s~:~ a )0.34 

pO.A7 

(98) 

(99) 

Chutes for bYi:asslug water have been built ~ith smooth 

concrete surfaces or have been lined with wood. 

b • 
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TABLE 16. OBSERVATIONS ON THE FLOW IN PIPE C~UTES 
i 

im 

~o 

0 ~ ~ b~ 

Location ~ o ~ z ~ ~ 

Material ~ ~ • . ~  

of Chute 
feet feet ,et Sec.-Feet Feet/sec 

, j , ,. 

Lontsch 
Power Plant 

Welded Steel I089_ - 2.3 282 65.6 

La Derniere 2.B 

__  ! ron -~5331 778 6 3.53 . . NJ.0 

Alz 1060 
Power Plant I to 

Iron 492 i~4 , . .  9.8, )J~lO - 

17.21 
Toging I to 

Three Iron 
Pi~,es 466 "" I 9.8 2650 ~7.6 I 

~er.enoa. ,, 

| 

m i - _ • 

~as s erl~'~ft-Jahrbuch 

1925,-po 390 
L J 

Wasserkraft-Jehr~cb 

1925, p. 395 
l . i  _ _ ~ 

P A 
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Pipe chutes may be constructed of either iron or wood. An 

example of an iron-pipe chute is shown in figure 178. Air can be intro- 

duced into the pipe through ,~er~tion pipes. The high ve].ocity flow 

can be prevented from entering an aeration pipe by means of a metal 

baffle plate such as that shown in the upper right-han¢; corner of 

figure 178. 

,When water issues from the end of a pipe or Open channel chute 

at a high velocity~ it will produce a deep scour unless some further ~ans 

of protect!on is provided. Figure ]79 shows measurements of the scour 

produce(1 at the end of" a pipe chute 4!. In order to prevent this scour, 

the water emerging fron~ the chute should be conducted through a nozzle 

or couaterflow enerF~/ dissipatlozz or any other device for d'issipatlng 

energy, such as these shown in fi6nares 146 ~nd 180. 

i. Miscell~neous EnerF~v Dissipators 

The energy dissipators nlready described ~re desi6ned to 

prevent dangerous scour. There ~re, however, other energy dissipators 

desig~ed to dissipate the kinetic energJ ~ of the water more or less 

completely with no reference to scour. 

i. L'ne.r~v Dissipators for Fil~in£ ~n~ 
Emptying. Lock Chambers 

Culverts with laterals were at one time almost exclusively 

used for fil!ing locks. If the lock floor was paved, the sudden ~ncrease 

in cross section from the culvert to the lock chamber served to dissi~te 
# 

the Kinetic energy of the i.nflow, in particular instances, if the found- 

ation of the loc~ ~,as suffLciently impem~eable, it was attempted to 

spare the cost of concreting the chamber floor; in such cases consid- 

arable scouring of the bottom occurred ne~.,r the exit of each inlet 

lateral° This necesslt.tec cor, cretl~g of the floor. 

in rece:~t times, i:, orCer to spare the cost of cu]verts ~.nd 

lat,~'rals, the te~1~Jency h~s beer, to eli1~i:~:te them altogether and to use 

s~i'~e gates for both filling az~d emptying the lock chamber. ~en slide 

m r ~ som~ me~:~s must be ado;ted to prevenl d~.ngerous flow gate~ ,~re 'Jse., 

conc~,~t~_ons both in the lock ch~mber itself ~n~ also at. the outlet- 
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Figures 182a to c, and e, show examples of energy dissipators designed 

by E. Burkhardt 42 for this purpose, and figure 182d shows another 

example desi~e~ by Van Rinsum 43, Both designs are based on  model 

tests. Their main feature consists of the use of sills and baffles. 

2. F~.er~2r Dissi~ators in Flumes 

The slope of a flume for a given he~d should be made as large 

as possible in orde~ to reduce the length of the flume and hence th~ cost 

of construction. E. Bazika 44 has placed herringbone ribs across the floor 

of the flume (figure 183). These cause gro~ rollers to form along 

the entire length of the flume. These ribs are constructed of granite 

or concrete ~d h".ve proved entir~}.y ~ati~f~ctory or~ certain reaches 

of the Elbe in Bohemia. Even with very high heads, the use of these 

Bazika ribs has permitted a chm~nel slope of l:lO. In order to prevent 

floating objects from adhering to the ribs, wood skids about 30 inches 

wide were laid on top of the ribs iongltudin~lly ~long the flume through- 

out its entire length. 

3- Energy Dis, s.,i~ation in Concrete Flumes by 
Means of the So-Called 
"Rammhorn Water-Br~ke" 

The low-water flow in a concrete flume should have a tractive 

force of ~t least 0.05 pound per square foot in order to prevent ~ilting 

of the flume, and during periods of high water, according to the e~perience 

at the power plant at Essen, the tractive force should not increase 

above 0.5 pound per square foot in order to prevent d.~m;~ge to the concrete 

].i'.l)L~g of the flume, in order to retard the flo~ during flood• times 

~ithout retar~in~ it during periods of low water, A. ~ Ramshorn 45, on the 

bas~.s of model tests, proposed th~ use of the "water-brake" whose conu 

structio~! i~ shown in figures 185. These water-brskea reduce the vel- 

ocity of flood flow by 40 to 75 percent of that of ~n ~obstr~cted flow. 

To prevent large wave~, they should be placed every 65 feet for a slope 

of 0.005, every 130 feet~ifor a slope of 0.~3, ~,nd eve~'y 165 feet for a 

s]o,~e of 0.002. They are const~cted from reir.lorced concrete or, in 

~mal}er char::~ei~ from wood They have .,..,~vo-~ ~,. e,~l.eiy~÷ " ~ - s;;tisfactory 

at the Emscher Company's plar, t at ~en. 
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~urth8rmore, the flow at drol~s in unlined c~nais can b~ 

controlle~] by water-brakes. Ramahorn even placed ~ water-brake up- 

stre~m from a dro i in order to reduce the head; ethez~ise scour 

might develop., immediately below the drop a double brake was placed, 

a:~d several simple brakes were placed farther clownstream~ With such 

an arr~ngement, d-~mage to the concrete lining, often occurring at 

unprotecte~ d~ops, can be prevented. 

/~. The Enerj~r Dissip..at_or a t  the Emscher. CompanT's 
l'lant at Graz 

Special types:of energy dissipators have been eons'tructed 

by the Emscher Company A5 at several drops in an inlet flume in order 

to protect the lining. The action of these dissipators is similar to 

that of the P~mshorn water-brooke; they do not retard low-water flow, 

but during fleet flow they c~use a cot'ious deveAo~,ment of rollers. 

P . 
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