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T:anslutor's Prafdce

Prevention of scour and energy dissipstion are two of
the moat important prohlems confronting the engineers enga&ad in
hydraulic research at ihe Buresu of Reclamatlon. achoklitsch'

momograph is probably tbe most complete written to Aate from an
agineering stundpoint on these sub}acts.

This translstlon is neither complete nor final but
nractlcally 211 of the ideas mnd data prasented by Schoklitsch
can be obtained from it in its present form. All equationa, graphs,
and tables have been converted to English units wherever feasible.
A1l photographs have been omitted and all references to them de-
1eted. The grouping of aeveral figures on one page for ressons of
economy has introduced & certain amount of confusion in locatling
individual figures. For this reason & table of figures has been
added te the translation. The numbers of the figurea are identical
with those in the German text.

The translator is indebted to Prcfesssr Samuel Shulitn
of the Colorado School of Mines for his generous loan - of hls per-
sonal capy of Schoklitsch's book and to D. P. Barnes, Assoclate
_‘Engineer, U. 3. Bureau of Reclamation, for his frequent advice on :

the trenslation.

‘_Edward-F.'Wiiséy.
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€. PREVENTION OF SCOUR AND ENERGY DISSIFATION

Water released at dams or outlet works errives at the foot . .
of the structure with such e high kinetic onergy that without particular.

precaution, deep soouring at the foundation is to bo fearnd,-wbich'may 
endanger the safety of the entire structura. In order to forestall éuéh"
‘ﬁangsrs, this kinctic energy is transformed, as much as possible, into -
heat energy which is not remdily reconvertible imto mechanical energy.
From the étahdpoint of - the hydraulie engineer this destructive enargy
of motien ig rendered harmless and is also dissipeted ut the same time.
The auxiliary Btructure‘which produces this transformetion of energy
‘18 called, in short, an energy destroyer, or energy dissipator.
In order to describe the &ction of energy dissipetors it ig

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

to be used for the Frevention of ‘scour whaen; first, the flew thrangh ﬂﬁ
the structure carries $11t; and second, when it ig Fore or less silt-
free. Howsver, it is not possible to draw A sharp line beiween théaah
two groups, becsuse several devicss are Just as effective for clear

asg for silt-laden weter,
1. ENERGY DISSIFATION

At first, energy dissipetion waa achieved by nllowing the
- free impact of;wutar‘against‘certain parts of the structure which
produced the largest possible difference in velocity betweuﬁ:adjacent N
Btream lines und thus a large fluid frietion, and 1o addition to this,
' ituapraygd part of ths water inte the 2ir. Parts of the Btructure
suffered un intense shock from the impinging water, and the spray,
- frozen in the winter, creatéd'difficulties and impaired the effect_
 iveness of the‘éévicé-r‘ a S “ -
o A prbaéht, énezgy dissipation ia effected without this
~ free. impact by designing the dissipator so that erficient rollers are
produced as @xten=ivqiy.as yossible, in which, as & result of the
high fluid friction, the kinetic enefgj-is converted into hezt with-

out shock to the structure. ‘AVSplashing at the water surfrce is not
completely eliminated'but this does not creste uny grest difficulty.




Rollera occurring in connection with these energy dis-

slypators are classifled according to their position relative to the
main stream (figure 55) thus: they ure called surface roilera if they
lie above the jet; ground ro‘lers, if they lie between the jet and ths
river bed; and side rollers, if they form at the slides of the jet.

Te propogate rollers, the Jet is deflected upward in the
energy dissipator. and at best, mway fr@m all solid walls. rbevidea
suuh as baffle iers need not penetrate iuto the jet itself{; they
should only be used to produce rollers and to give thenm an efficient
form. Energy-dissiiation'occurs only in thése parts oF thé roller
where there ure large differences of veliocity between adjacent strasam
lines. L. Prandtll hes shown that if e difference in velocity occurs
between timo layers of water flowing pest one another, ‘the boundary
surfaéce dnes not remain smooth btut first ggsumes B wive farm, then
curls back on itseif and finslly dLsaypears completely in vortices
(see figure 56). Between the individual vertices, all of which have
the pame direction of rotation simlliar to those feormed between two
moving plates, large diffarencgs_inzvq;qg;ty ocecur and these produce
gconslderable fluic friction-whichvirﬁﬁéfgfmv the kinelic energy into
heat. Rathar than so simple a vortex, yrobakxy & iargs number of

ST

vortices of = highar order sre foraed, aﬂa nubh thetr existence hag’
" not yet bsen fuLLy astabxlshed by ex;erlmeutg

Energy. dlssirat101 by surface rollers has aireartty been
studied by mumerous investlgutors. QThepmor_Rehbockz‘was probably
the first io deﬁonstrute the ﬁigh.degree'q; energy dissipatiou‘oc-'
curring in rollers, anc he sug;esteﬁ that the Jarger the surfuce
roller covering - hydraulic jump the 'reater the eneryy dissipa-
tion; at the same time, however, he romted out that two rollers
of the sane size aay have different efficleucies. Later K. Saf-
fr&nezs,'as a result of measurements on feurteen different hydrsulic
jumps, found that besires the size of the surface roller, the so--

cailed dimensionless uumber, A, ls also a fuctor.
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g, FIGURE 56 ~ EVOLUTION DF VORTICES AT A BOUNDARY
FIGURE 65~ CLASSIFICATION OF ROLLERS: -~ SURFACE {AGCORDING TO L. PRANTL}.
{4l VERTICAL SECTION, : ‘ o
(b} HoRIZONTAL SECTION.

FIGURE S8(b)-CURLING OF THE BOUNDARY SURFAGE OF A
WEIR NAPPE AND THE DEVELOPMENT OF VORTICES.

FIGURE 59 — THE STRUCTURE OF AN
ELONGATED SURFACE ROLLER.

FIGURE 62-SCOUR PRODUCED BY A
WEIR- HAPPE

FIGURE 60~ VORTICES IN A SURFACE ROLLE
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A is defined as the Tetio of the velocity of the shooting flow, v, to
the wave velocity,™- EHE‘ d; ‘being the depth of the flow. He arrived

et the fo]lowxdg empirical eoua.tionu

N=¢c ¥ (AJ'7 TS T . PO (39 I

in which N is the power disslpated in horsepower; V, the volume of the
surface roller in cubic foot; and c, & coefficlent of the dimension

t , for which he glves the velue 0.209.
sec.-feet

In spite of the high auality of these experimenta, J;‘KczényA
has disputed the efficiency of surface rollers as a mesns of energy dis-
slpation. FKozeny's results have been refuted by F. Nemanyis

Accordling to model.tes»s, the efficieney of a roller depends
principaliy on its form. The more 1t approaches a clrcular form, the
less is it3 effectiveness in dissipating enafgy For exémplé, the Jet
in figure 57 is directed in such & way thut a large roller of approx-
imately circular form is produced. If the roller rotates so that its
peripheral velocity is approximately equal to the velocity of the bound-
ary iayer of the jet, although in the interinr nf the roller large
differences of velocity -exist, the dissipation of suergy is uevertheless
small. 1If it rotates so that its feripher“¢ velocity l1s aomewhut less
than the velocity of the jet, u -difference of velocity exista along the
boundary surface betﬁeeh A'add B in ;igure 57. A series of vortlcea is
formed, as explained in the foregol ag, in which energy is fransformad;

. the interior of the roller, howsver, does not assist to any large degree
in the tranaformatlon of energy.

If the nappe of a welr imginges onan: un,rotected river bed,

a roller ls formed ahich i #lso nearly circular. Figure 58 shows a
series of -vortices vlong the surface. of cnntqct between the manpe and

the tonil water, the Lutsrior of the roller, however, being free from
vortices. In-splte cf_the large totsl volume occcupiet by these vortices,
the euergy Aissipation is small, and the uappé erodes the bed to a great

depth.




If the jet ls dlrecteu along u flat alope or hOTiznntalky
into the tuil weter, s hydraulic jump is fnrmed providing the vnloeity
of the jet 1s greater than the depth, 4, corras;mnding to tha;:‘:‘
VQlOGlthx\/Edl, in oth&r words, it.is shooting, and. in the rogif
whare the valocity chenges from ahooting to streaming, a flat suf?aca
roller is formed. While a series of vortices can deveiop in the
limiting case of a circular roller only along the boundary aurfaco
between the jet and roiler, in this cmse & flut roller is formed .
(figure 59), and in which vortices are formed not only along the aur~ N

face of contuct between the roller and the jet, but also in the . iﬂterior. |

of the roller. These ldt&rﬂ&l vartices, because the flow in the uppor
part of the roller is opposzte in direction to the flow in the. lower
pArt, are more promlinent than those between the surr;oe rollar an :tha ,
jet, where the difference of velocity is relativaly anall. Bocuuam of.
the severe disturbances occurring within the hydraulie Jump, tbose
internal vortices are difficult to Jnvestigate experimuntully. 'Imrga-
internal vortices as weil as those indicated by arrows, which oceur ,
alnong the surfuce of contact between the roller and the jat, ura anwn
in figure 60.

The flow in ground roilers and in gide rollurs is aimilar

to that in surf-ce “Dllers, thel r efficiencias likawiaa depend lar
on their Bhap ' :

II. sPREvm'rIom OF SCOUR
Spacial structures for scour prevention are used: 1! the
discharge throush the structure ordinarily earries sixt. Rmcantly they
have come iatc use in the prevalling number of projects The energy

diasipation ia carried out, for the most part, in subsidlary structuroe_
which may be but small pert of the eutire project. 3ince the largest .

rart of the energy is. d1881pateﬂ ibove the uuprotected river bed itnelf o

it is by <esipning such structures so as to deflect the Jet upward that
the river bed ln this -eg;on of the dam is least eroded. ’ A compluta
freventlien of scour, as will be shown later Lu Betail, is for all.

rracticsl purposes not only not possible but elso not neceasary.




Before the different kinds of stilling pools are disouaaud,- o
the types of flow exiating downstraam from the dam and the corresponding
. scour will be defined. : R )

&. The Relantion of the Form of the Jet to the
Production of Scour

henever & dem is built, the reservoir formed Biltsibp, and
as long as this continues, & deepening of the river bed downstrean ffom
 the dam ensues. Later, if the silting is completed and silt is once -
sgain transported through the structure, the river bed downatream from
‘the dem 1s ralsed, and it zay £1ll up to the sanme sloye existing before the
erection of the dam. At least during the first ten years in the life
of a dam, on eccount of this silting of the ressrvoir, Q continually
changing elevatlon of the river bed will have to be reckoned with. 1In
" sddition to.this; the digging of cut-offs downstream from the dam may
cause a parmanént lowering of the bed. The influence of tha elevation
of the river bed and the corresponding tail-water elevatlona on the type
~of flow and formaticn of scour will be *nveatigated next.
Figurae 61 shows the differsnt forms of d‘schrrbe and acour:
GCCUTTing at»a sluiceway with 2 horizontal apron without a sill, under ‘
eonstant hesd and dischargé but with different elevations qf,the river
. bed ﬁnwnstream from the dam.. If the river bed is sppreciably higher
‘than the aprom, a surface roiier. is formed covering the jet and extend- ‘
ing upstrezu to the zpron; if it reaches. the gnte and 1f, as it were L
the upstrezm pa"t of the rolier 1s dammsd up by the gate, the surface
rolier is szid to e drowned (figure 6le). The discharge jat, As &8 rule./' ;
- assumes & wave fOTE. 1f the crest of the wave occurs Ju5t belqw the eﬁd,Hh “
of the apron, the jet‘lé called s positive wave jet (figures 61bwand'6lé);'& ‘
if = weve’trﬁug@tpccurs there, 1t is czllad a negstive wave jat_(figuréu
6ia). The deeper theibad of the river downstrean frow the agm balow
the elevaticn of thevayfon; the farther domnstresn thé'sqrf&cé fpllor
is Aisplaced by tha jet, the smallsr it is snd the more the wave is
fluttened out., If theJelevation of the river bed ia above the aprbn;

a positive wave jet occurs which, if it bears & surfece roller in front
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JET WITH TRUE FOSITIVE WaVE - ' ' DIVING JET
FIGURE €1 -FORMS OF DISCHARGE FROM & SLUICE WITH A HORIZONTAL KPRON FOR VARIOUS ELEVATIONS

OF THE RIVER BED DOWNSTREAM FROM THE AFRON.
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of the first wave crest (figurs 61b), is called a positive iave JSt

with &« surf-cs roller. The more the wave is depressed, the deeper

ill be the scour and the farther downstream the place of greatest
de;th of scour. If the bed is spproximetely =2t the same elevation aa
the apron, the surface roller lying in front of the first Fave crest
vanishes comﬁ?ete 1y and we have =z true positive Wave: Jjet. The greateat.
de;th of scour is proru.cen by this kind of flow. '

Scour dute for a positive wave Jet and also a trua POait‘VB
jet varies greatiy for fine bedl material, ‘even uder lﬂPﬂtiPHl conditions.
In the results of the experiments shown in the graphs of tha]folloulng
section, the derihs of scour produced by the various jet fbfms ere dist—
inguished by different symbols, end the curves drawn through the points
are likewlse differentiated. The larger the material of the beo is and
the greater the head the smailer the surface scoureé by « wave let, Lﬂtll
with 2 bed grain size of 10 millimeters and a hea?d of 2.3 feet, derth of
scour which had increused with the sprearance of a true wave jet by leips
and vounds showed no further development.

The more the river bed was lowered balow tha u.prt:tn the more

the jet strechac out, until the surface roller lying in the first wave
Avalley suddenly disappeared, 2nd the Izt became flat (figure 612),
attacking the bed for = considermble distance. The smaller sizes of
bed msterial scoured out by ths jet were reiurned upstreza by the ground
roller an? deposite? to u negligible depth. The surface of ihis flat
jet crestsd an imgression of instability It was wiidly agitated, and it
fluctuated wildly in comparison with the Surfaée previously‘observgd at
a iarge depth of scour. _ ' . R ‘
| Tvern wlth;n thie r¢nge of" the true kObltive wcv ’ ihe'dia-u
charge jet'ahows signs of Lnstab1¢1ty.*_-'well-ueve;o;gd‘ground rol]ér
‘fofms'under the first wave crest and carries éicbnslderable_amount ﬁf
the scourel material heck'upatéévm agqinst}tﬁe‘apfon‘._ Thesé derosits
decrease the voiume cccupied bj the -roun' roier more and mare unt‘]
i nuJJJ' he jet strikes sgainst the bed ut the end af the apron  and.

.the space formeriy oceupied by the ground roller is now taken up by a




so-called diving jet {figure 61f). . Aftef‘that, the‘Jetrriaas_agaih,

becoming & positive wave jet. Once = positivé‘wavn Jet is formed, =
diving jet rarely ccours. When it.does form, it lasts only a shert
.‘me and prdﬂuces a scour vhose greutest depth is eésentially smalier
than that lying farther downstresm produced by the wave jet. . However,
the lower the river bed below the spron, the more pronouncad, moTe per-
gistent, und more destructive the diving jet will be, If s diving Jet
is rerlaced by & flst jet, it will sprear agnin provided that by e
_further 'lowering of the river bed a wave trough apéears downstrean frum
the-u*fcn; in other words, a negative wave jet appears (figure 619)
51n1;¢y, by depressing the river bed still farther, the diving jet
;ers1stb so long that the scour produced by the negatlve wave jet is .

not fully developed because the interval before the reappaarance of

the diving 1et iy too short. Uader this c¢rcumstance, the depth. of
scour produced by the diving Jet is somewhat greater than ihat developed
bJ & negztive wuve Jet.

if a sill is place al the end of the horirontal apron, the

tvre of flow does not change ;rOV1J1ng the continous: alternatlon hetween
wave Jjel wud & vlng Jet aund; abave 11L, ihe appyearing of & & negative wave
Jet can be )revente. The type of fLOW depencs greatly on the form. and
the dimensions of the sill and canuct be described in more gener:l terms.
However, the influence of varions kinds of sills on the ae;th of scour

and t'ne of Tlow will b%e briefly dlsCuSSE

b. The Free Develorment of Scour at-ﬁeirsﬁénd Déms

Formerly d:ums, 3na in partlculur flxed dams, were cowstructed
wlthout any. prOV151on for 2 stlll1qg pocl, thub allon1ng the overfall Jet
to impinge against the unlrotoctea bed. The unusualiy deep scour of even
rocky rivpr"bﬂﬁs occurr*uy under such cwrcumbtances was combatted by the
costly : dunmping of Stuneb on the. downstream side of the dem. Such structures

“are now rarely built, but some ‘st¢ll exist and must be rreserved. Now it
is culte possible to 1esig dama %Lthﬂht 4] objectionab;e increase in. coBty
which ean be ea51]y maintzined and the scour holeg filled by deposits, in

part, at le“st, by silt. But before CO'S‘Uerlﬁg tbe feaSLblllty of such




measures, the pr0“953 by whivh scour . is procucad at bhese structures nust
be clarified. Dams with no ;de'unte protection agaanst scour can’ be
classified in three grnups, nameiy, those with = free overia}l thosa

with aprons slo;irg dHWﬂstream, and those ‘1th hor;"ontal eprons..
1. THE PRODUCTION -OF :;COL;R AT DANS WITH A I'REE
OVERFALL TO THE RIVER BED

The author hag slready investlgatedé the scourins procels
at a frae overf 1 of water on an ungrotected river bed. Let q ha
the discharge per unlt 1ength of dam in second-feet ;er foot, H, tha
head in feet measured from the headw_ter elavation to the tail-water:
elevation, s shown in f;gure 62, ‘and Tt’ the maximn depth of wntgr

sbove the scoured region in feet; then

| 057

Too- oan g2 7T P €3
g 0.32 | o o | |
m»

in which dm is the effective diameter of the bed maﬁarial in mill-

imeterg. This gverage diameter, dm, is determined‘f#om a mschanical .
sieve anslygis und is defined as follows: It is thut diameter such

that 10 percent by weight of a sample is coarper. The depth of sconr,
calculated from this formula, is the meximnum occurrinﬂ over the antlref
 width of the streem after s prcLonged impact of the ﬁischarge, lt ie '

this szmount oNiy 1i thig discharge is maintained As 800N, 486 the unit
discharge, o, slackens, the stee): sides of ths scour holes cave_ln,‘and"
heuce the depth éf scour mewsured af'ter a flood is &l#ﬁys‘smélla?fthah:g
that occurriig during the fiood. If silt is carried over the dam,” the
depth of seour after s flood is less, 1or “the receaiug flood aepnaits
suff1c1ent meterial in the scour holes so thet when the normal discharga
is reached aga1n only & neg11f1ble increase in scour will be found.
Scour can become ;articulaxiy daqeeroub when the nappe clings _

to the doqutresm VertLCEi face of s weir, for the ssxipums depth of Bcaur
is, &3 a rule, greater thun for a freeby fd;Ling nappe and, too, it

occurs directly ut the weir.




The radapnsitiug of materisl in th- scoured region during
a receding flood is exempllfied at the Faal; Dam on the Dreu River.
- This dam 18 built with an apron whose effective length (measured ‘
from the gate downstreaq) is not even equal to the head, H.  When
the gaotes are opened, & part of the nappe jumps completely over the _
apron and erodes the river bed to a considarable deapth. During grout—
ing operaticns, occasioned by an urgent strangthening of the dam on the
downstraam side, iron parts were found many feet belnw the eroded rivar '
bed. These had faullen into the water durzug construetion and had
settled lower and lower as the erosion became deeper, later being
covered by depositions of silt.

In figure 64 ars shown three examples of scour produced by
e free overfall of water,. reported by H Rnth7 The scour ahown in
b and ¢ of this figure are of particular lnterast; dcour in b eraded
solid rock in less than a year to = depth of 1. 80 feet, end in e, during
a flood, the dam itself sank 4.6 feet into the scour which had extended
under the foundation. Subseauently the dam was raisad " This. disaater
‘also confirmed the observations made in the experimental chaunel to the
effect that depths of scour durlng floods are always grester than
af*er & flood. . i

In urder to reduce the cepth of E Bcour in such cases,; the
so-called stepped dam has been proposed in whick the total averfall
'height is divided into 8 series of smaller drops by a numbar of steps'
in eascads. At small dlacharges the depth of scour can be reduced
by this method but at graater diacharges, ailt carried over the dam
is ﬁeposited on the- steps, transforming the jagged surfuce into 8
' comparatlvely smooth one, which condacta the discharge at a steep angle .
ento: the unprotected river bed Thr‘efore, during floods, the ée;th of
scour is not reduced by subdividi ng the overfall height. As the flood
recedes, the materiai depositad on the step is scoured away and the dam
functions egain es a stepned dam.

Dams with a free. overfall BTE now aeldom bullt they are

.atilluin;ule in river construction and on mourtain straams,for bed

1; .
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BllAS -and check d&mS, and also Bt & few projects where it is desirnble .
to d*apose of the ﬁlscharge in a simple way. Even without mn apron

to deflect tbe overfnlling Jjet and althouah e gramt depth of scour was
to be expected the- ahma in f*gure 65 had such " dee} foundatlon that
it wes not endangered by scour."'

2. " FGRMATION OF SCOUR ‘AT DAMS BITH ATRONS
SLOPING DOWN.:.TREA

The undesirable effects ut & free overfaxl have benn kﬂown
for a long time und an attempt hes been made to reauce the nepth:nf'
scour produced thereby by directing the flow nlo;glaﬁ ayréh sloping
downmard at a small angle, and thence into the tail-wmater. A small
decrease in the d&puh of scour, comparsd to that produced by a free'
overfall has beern achieVed by this means, but the derth of scour
was still extrao"alnarliy high.

In order to determine the effect of the slope of the apron
on the depth of seour, several madelp of dams were constructed with

" aprons having the following slopes: 1:00, 1:10, l:A,‘1:3.3, and
1:1. 1In ﬁhdae.expariments‘ the waler wag dischgfgad from under a
éluice gate and the zprou had en effective length egual to 1.5 tiﬁes
the head. The bed domistream {rom the apron consisted of gravel
with a di ameter,*ai equal to 6.25 millimeters and the unit dis-
charge, ¢, was held constant &t 0.60 second-feet per foot.

Witb these Jlu}lng arrons, the flow was flrst in the
'form of & wave jet (figure 66&), then « diving jet (flgure 6bb),

‘regularly altarnatlng from one toc the other. It was’ thus necessary
to consider the COmp0$ﬁte seour praducaﬁ by both types of jets tiken }
together in order to obtain a true concapt of the influence of the slope
of the apron. In all of thn ex;erlmeuta, trouah-sha;ed scour holes were
formed whuba greatest’ ﬁerth.occurreﬂ at some distunce Aowsnstream from the
apron; the max1mum-nepth of scour, T, measured from the el Pvatlcu .of the
‘ﬂoﬁnstreqm end of the aprou was sufficient for describisg the scour.

A freély fulling najpe from a weir rroduces & diving Jet,

exclusivély; likewise.only s diving jet sppears with an apron sloping
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downward at 1:1. With smaller apron slores, a wave jet alternates
regularly with & diving jet, as has been previcvsly deseribed. The
results of the tests ure shown in figure £7. 3ince the élavation,
&, of the river bed downstream from the apron exsrclses an importnht
inflvence on the erocsion, médel tests on aprons had to be carfied
out with different elevsticns oi the river bed. The less the slops
¢f the spron the less was the derth cof scour, end the lesélthe dife-
enernce bet.ween Tw and Tt’ the depths of scour produced by ths wave
Jet and diving jet, raspectively. The important influence exsrted
by the position of the bed dawanstream from the errcn on the depth

of scour was thus clesrly 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 siore of the spron the less the Influence of the size
of the bezd meterinl. For s horizontzl apron end for the lower ele{

.

vations of the river bed, the size of the bed materiel as fer s the
muximum Septh of scour is cincerned, is wholly umimportant. How-

ever, the finer the material the more elongzted will be the sccur.

Scour measurements at several dams with sloping eprons ere

shom in figure &9.
In view of the fact that the scour with sloplng aprons is
so decidedly. 4nfavorable, further experiments are contemplated.

However, the experiments alreudy compieted ars comprenensive «anau.gh
to anow thet downward sloping aprons sheuld not be used under any

ircumetances




3. DEVELOXMENT OF 3COUR AT DAMS WITH
| HORIZONTAL AFHONS AITHOUT SILLS

, Dams bhaving horizontel BLrons @ithogt sills ara'froquéntly
built, and they ere popular todey even though it is well khown how to
reduce the deprth of scour and [ix the tyre of flow by means of sillg.
The author has carried out numerous series of experiments not oﬁly to
determine the scour at structures having horizontal aprons without sills,
but also to clarify the circumstances which govern its formetion.
Preliminary experiments hag shown that the Gevaelopment of
scour, other things being equal, wes influenced by the means of re-
lensing the discharge. As g rule, it is preferred to discharge the
water over syillways at power plents, apparently because the impact of
the Jet striking the apron helps 4o dissipate more energy than when the
water is discharged from under u s8luice B#te. JSeveral series of exp-
eriments were uncertasken to establish_conclusively the proper method
of discharging water st u dam. The first series of experiments was
rerformed on the sluiceway model shown in figure 70. Throughout these
tests, the average diameter, d, of the bed material wag 1.5 millimeters,
aud the discharge, o, .60 second—féet per foot. In the second series
of teetis, wauter was diascharged over & welr, und in the third, hzlf ol the
ﬂjscharge_was through the sluicgway, the other half over the weir. The

elevation of the river bed 60wustream-£rom the dan was the seme in all

of the experiments. However, the effective length of_the‘apron, L, (see

figure 70) was varied. _ .

The maximum depth of scour, Tf, below. the elevation of the
apron was taken as the measure of the scour. The results of these three
- groups of tests are glven in figures 71 to 73. It iS‘Qeén'that with a
free discherge over the weir, the depth of scour is‘greatqr_than,in the
clher casas! In this c=se, the shprtei.tbe effective length of the'aprﬂn;.

the deeper is the scour, and with an effective length of apron, L, ecusl
to 0.9 of the head, H, Fart of the ¢ischerge overieaps the &pron, pro-

dueing a depth of scour almost equal to that rrouuced by free impact on
an unyroteéted bed. Aan example7 of the deeg scour caused by this over-

ieaping of the jet is shown in figure 74.




FIGURE 70 - MODEL OF A'SLUICEWAY SHOWING THE SYMBOLS USED.
D« SURFACE ROLLER, G=(UROUND ROLLER, K= LENGTH OF SCOUR,
AND L*EFFECTIVE LENGTH OF THE APRON.
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In view of the fact that this may salso oocur for the com-
posite discharge of sluicswey and weir, the effactive apron length,
L, 8hould not be ghosen less than 1.5 times the hend, H. The Jet
flons ovar 8 horizontsl apren and into the tail—water, almost with.
out exception, as a shooting jet and is not covared by & surface
roller. 4s a result, there is no significant dissipution of energy
on the epron. A lengthening of the erron above 1.5 times the head, H,
has no great éf fect on the depth of scour. Oaly if a properly designed
8111 at the end of the apron causes the formation of a surfacelruller
on the epron 1tself end holds it thera, is the 1engthsning of the apron
to .ore than 1.58 af*ective. '

It is geen that the scour produced by a free-falling nappe

from the weir with & short apron is the most unfuverable arrangement.

The lenger the espron and the lgwer the river bed below the slevation
of the epron, the less the directional effect of the Jot on the seour.
Releasing the water from under = siuice gate is to be rreferred ag fer
88 depesition of bed materizl st the end of the apron is concurned

The caonclusions thut an offective length of apron, L, socual
toc 1.5 times the head, H, 18 sufficient for deflecting the rapre of a

weir and that u further lengthening of the apron will not reduce the
depth of scour appreciably, were verified in 21l further experimenis.
Additional experiments were mede with unigranular bed materlal the

-average diemeter, 3, of which had the following values: 0.3%, 1 5,
2. 5, 4.5, 6.2, 10.2, end 17.2 millimeters. The hesd, H, was varied
from 0.56 to 3.28 feet and the discherge, q, from 0.28 to 1.61: soondd-
foet per foot. The elevation, a, of the river bed downstre - from. the
.apron was chefized for each series of experiments, since the elevation
the river bed exerts = signiflcdnt influence on the davalopnoat of
- scour. Water was discharged from under & sluice gute {n all further
experiwents und it carried no milt The Baximum depth of scour, T,
w83 chosen as the weasure for the scour b@cause agrin all scour hbloa
had a sinilar troughwsh&ped Torm. T ig the maximunm depth of seour
below the elevation of the river bed downstream from the dam, althuugh
su before, T], measured below the elevaticn of the apron could have




bean nused; the calcuiation of T from T or vice versa, is extrenely
simple (see fzgure 70} .
The curves showing the relatiﬂn between the deﬁth of sCour,

T, and the elevation, a, of the river bed in figures 75 and 75 are all
asymptotic to straight lines of the same siope. Thé élope of fhasé
lines is independent of the size of the bed material, d; the hesd, H;
and the cischarge, g; their interéepts with the x- axig vary with the
read, H, and the d*scharae,{q. The lower the river bad below the
glevetion of the ayrron,; the less important thé size of the bed material _ _
ie, a8 fur as the paxlmum depth of scour is concerned. As the head increages,
the curves for the different sizes of bed material approsch esch other ”
and at u head, H, enual to 2.132 feet, the maiimuﬁ dépth of scour HTLeArs
to be independent of the size nf the bed materisl {see.figure 75). '

~The length of scour is SUEewhat greater for fine bed meterial

: -

than for coarse (figure 7).

The equations for the strauight lines to which thv curves
in figures 7% and 76 are asymptotic. are:

0.208H0°%035 L 118e . ... L L. L . (63)

or T = ‘O.298H0'.5q0-3‘5 +2.158 . . . oL BRI ‘('_61‘).
fOI‘WhiChT‘-T'."'B.- . © e e (65)

T is the maximum depth of scour in feet msasureﬂ from the elevaticn
of the river bed domnsirean {rom the apron; ' the maximun dapth of
 seour in feet measured from the elevati-n of the horizontsl apron; &,
- the elevation of the rlver bed in feet vecsured from the elevation

of thé zpron; H, the head in feet; and q,_the discharge in second-

feet per foot. The gtraight lines drawn in the figures ure computed

from equation 63. Bruations for the curves in these figures have _
not been derived. Jince at most dums either the river bed domnstrean
ffﬁm_the apron lies lower then the «yron, or, in the course of time
bécbmes‘sﬁ, the curves 1re reiatiﬁely unimportunt. )

. " With the sluice gute raise ¢omr1ete1y above the water
level, the.unobstructed f}ow is accelerated on the smooth apron.  The

resulting scour downstream from the apron 1s shomn in figure 78.

m




‘During the last ten years, measurements of sccur have . been .
made at a number of exxsting denms having horizontaL aprons thhout :
silis. These measurements yresent a picture of thu uevelopmpnt and tha
form of the scour at such dums and reveal that even rock can be erodsd
to a grest depth provided the discharge has been . mmintainad over s long
enough period. The ultimate socour has not been attzined yet at most _1
dams because they ure yet too new, or, “in other words, because tha e
vork of the discharge hus not covered a Bufflclently long peried.

The Beznau Dam on the Aare River rastlng on & limestonﬁ
foundrtion 1is among the oldest sluicewasy dams. Here, in a rogicn
of.aoft_stohe,.tha remarkable depth of scour ecual to 41.3 feet hes
occurred. A cross section of the dam and the scourfmeasureﬁentb“'

made in 1913 and 1920 by H. Gruner in Besle, and similar measure-

ments macde by E. Meyer-Peter? in 1926 (apparently et e different =~ -

gate) ere shown in figure 79. , ‘

The dem on the_Mur Riﬁer in Lebring; Austria,'is anpthér'
example. The scour existing in 1927 is shown in figure 80 and the
scour in 1915, 1923, and 1927 st sluiceway I is shown in figure 81.

Figure 82 shows the scour at the Bavarlan Alvminum
Cam;dny s dum on the Inn River at Jettenbacb. This,aam is similar
to the Leoring Dam. \

High dams in the Un*te3 States of America vere often built
with splilways and horizontal apronb for Aeflﬂctldg the water. Tba_
rroblem of dissipating the k;netlc energy aof the wnter o?ten very 1arge
fue to the grest height of the structure - was not con31@erad Although‘
a 31mple horizontal gpron may prove satisfactory for iow-hesded dams,
the hlgh dams noted in the two following examrles 1ncu“red 3 large

mount of d«mage due to scour, even thcugh they were built on rock
foundstions. = | - |

A cross secticn of the Juiian Grig S Damlo an the Sc1oto
River in Ohicsis shown in fL&ure 83. A greut flooﬁ éf 160 second—‘
feet per fort pmssed over the Hﬁm in M&rch 1913 The scour does not
seem to have incressed since 1920. Upder—scouring of the éam has

not jet developed..
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11 on the Tennessee River ia likewise proteciad

The Wilson Dam
with a horizontul aprun.' During consztruction, the river wae di&ﬁhﬁr@®d  
over a completed portion'of the dam and_yet, befors the compl@%;ﬁn'bf |

the entire structure, the remarkable erosion in the lirestone shown in

Tigure 84 occurred, extending in under the arron and necessitating

extensive repairs.
4. BSCOUR AT COMPLETE MODELS OF DAN

The experiments hitherto discussed were conducted 1n & chann@l
with glass sides. The flow conditions ware analcgous to those et & dem
where the discherge is uniformi.y distrituted over the entirs length of
dem. Generally, the flow i3 not 50 distributed but'may be dischayged
through & single gate_whose width 1is only 2 frection of the entirm'rivgr
width. In this cese side rollers form at the sides of the discharginmg
jet which transports bed material upstream. The scour acquirss
different forms, depanding on the poaition of the gate relative to the
entire length of the dam, and may deviate greatly from the scour formaﬂ'
in the glass channel. As a rule, the muximum derth of scour is less
than that occurring for uniformly distributed flow, bacause the dis-
‘charga from a single opening can syread.out over the entire width of
stresm in a relsatively short disfunce. '

The scour in all of the experiments conducted in ths gl&sﬁ
chumnel with differeat rprons formed a trough downsiressm from and in
the immediste vicinity of the sprou. On the other hand, in expsriment&
on models of completé dums, the maximum depth of geour occurred at ths
end of the agron when & single gate was open. Thi3 change in the
development of scour was caused by the side rgllers on elther aide of
the discharge from the gaté; Ti.use rollers were zeintzined by mnargy
rithdrawn from the discharge jet and the high veleocity ut the pariphery
of the side roller along the shore und PJOnb the and of the apron
seoured out & channel there. This scour threatened the shore lins
and exposed the end of the apron by remeving that-ﬁortioh of the river
ber cross-hatched in figure 87. River tanks thus eroded may ceawe lu,
and, if so these side rollers will finally produce ¢ fan-shaped widen-
ing of the river. An exawple of this is shown in figure 93 (according
to J. K. Lehri?),




Thin undeslrable m*dm roller &Cuieﬂ can be dlminished, a8
Thasdor Emhb@chls has remarked, provided the discharge can bs di&%ributad
gouslly over the entire river width, and the greut inegqualitiea in' tlie
flow near the sluice opanings can bs avolded. ' .
¥hen the discharge smerges from m aingla gtte, the veloelty
is distributed uneyually over the river bed end, in addition to reshaping
of 1he bed, a sorting of the bed material takes.place. In-gaﬁeral, ohly
the largest gralos remain at the place of muxlmum scour where the ve¢o&‘ty
is aleo & masimum. In figures 94 and 95 the aorting of bed matarial
by the seour in two model experiments is represeuted by means of the
contours of egual neffective” grein B8ize, KIO' |

5. .S60UR UPSTREAH FROE DAKS

It is ganerzlly koocwn that the erosion at the nose of a bridge
pisr often extends to a considerabls.depth below the river bed. However,
that & similar gpcour csn segur on the upatréum side of = movable dam |
is not widely recognized, although the sccur say be extensive snough to
endanger the danm.

Ocoeeionally during experiments on models of varlous dams, |
it is poasible to investigate the conditions favorable to the productiu&k
of scour at the upstream side of dama, This scour ocecurs ad the nbsa'of
the piers and also in front of the apron between the plers. The.scour
at the nose of the pier‘increases the farther the piers project upstream '
from the apron. If the diacharge is ecually distributéd pvcf the entire
length of ths dam, this scour is less than when water is released from
one of the several gates. Tha flow conditions along the sides of the

niers at the opening are such that nn unsymmetrical scour occurs at the
pler nose, and if the dam 18 locuted at curvé in e sfréam, the main
chennel ig front of the dem is obllqu@ to the di“sction of the river

and, heoce, the unsymmotrical spour is intensified. The fore and

dimensions of this scour are wholly different from that-producad doinu

gtreanw frow the dem.
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Although the scour at ibe upstream side never attaing

the depth inourred downstream from the dam, it oust receive attention, .
and, in_particular, if seepage under the dam is obstructed by a wall |
which, for special ressons, may huve been placed at the coanstreaua end
of the apron rather than on the uﬂstreém side of the dam.

Serur on the upstrnam pide of existing dams has besen rereatedly
nbserved. Such erosion 15 shown in figures 80 and 8l at ‘the dem on the
Mur River at Lebring. The scour at the rier in 1927 hed a]reudy attalned
Aungerous dimenslius, extending In under the foundation (saa figure Bl)
The deepesat holes were filled with concrete eylinders, :nd two yesars
later a deposition of silt was ébserved which eliminzted the danger

to the plers.

¢. Sturctures for ireventing Scour

Various methods huve béen used or proposed for reduciug ﬁhe
scour beiow dams. ‘These ars discussed in the fellowing section. The
effectivensss of these arrangements was ipvestigated by means of model
tests, So as to be comparzble, the tests, unless ‘otherwise noted, were
cenducted w1th bud meterial of the ssme average diameter, a4, equal
to 2.5 m_lllmeters, the head, H, was ma;ntekneu constant throughout at
0.92 feet, and the discharge, ¢, at 0.00 gecond-fest per foot. Unless

otherwise noted, the length of ihe apron, L, was egual to 1.5H.
1. SCGUR WITH A VERY LONG AFRON

_ in oid but very costly metho merh has been usad frequently
for_re&ucing'tha scour consists in simply extending the length of the
apron. This serves to jush the scour 4 digtance downstream. Short”
aprous, later ;@nbthene were nrxglnaliy usel at wany dams. Whenaver
dangerous scour holes occurred they were artlflcially flil@d up and
the apron-lengthened _

The sole aim under‘yln the design of exceptionnlly loug
ayrons was Lo cause & hydrauxlc Jump to form on the arrou, thus
- dissipating the energy of the stream there. The }osxtion of the hydraulic
jumﬂ‘depenﬁa upon the roughnass of the apron and cannct be predicted.




Accordiug to . G. Bligh

aprons without siile heve been constructed iu tho United States;

wany dams with long horizontal

England, =nd its oolonies. For computing the effactive length, L,
in feet, of an apron necessary for rewoving the sccur a safe distunce

downstream, Bligh recommended the following formula:

i = AC. /. H ' 1.11 e

- - . . . . s

in whichtﬂ‘(aee figurs 97) is the difference in feet between the
eievations of the headwzter and the horizontal apron; and ¢ is the so-
called Bligh coefficlent which has the followlng vulues:
Fine Bilt und swad as in the Nile River...............18
Fine mlcaceous sand as in the Colorado and
Himalayan rivers.......... B 1

‘Orn¢nary course sand...... TP P 3.
Gravel and sand............
&

In order to diminish the depth of scour still further, accord-
-ing to Biigh, riprap not less than 1.83 feet thick should be rdded to
the solid horizontzl apron, and the totel lengta computed from the
follewing formuls:
L' = 10 /B, — P—
N O-Bbs ~/T

/

: 1n which q is the maximun unit d¢scbarge in second- feet par foot.
“ F Kurzmann1 designed a vﬂry lous agron for the danm a‘
Oherfohring on. the midd¢e Isar River. The pOOL show Ln figure 98
was int“oduoed in orde* to compel the hydraviic Jump to form on the
a,ron." The total length of the bol*d Apron was 187 feet and the
effect ive Jength 144 feet. This is acmewha* longer than the ]eﬁgth‘
comfutéﬁ'frum‘aligh’ fcrmula. '  . e |

2. FREVENTION OF 3COUR BY XEANS OF A RISING AFRON

The preventi-n of scour at dams by means of rising'aprcns

has been attempted in numercus insterces durisg tha iasy two decades.




==
e 1.

e s

{ Sl

- N ]

FIGURE 98 -THE SLUICEWAY ON THE 184R RIVER AT OBERFOHRING
.- - (ACCORDING 7O S.KURZWANN).

2

‘ ELEVATION, o, OF RIVER BED N FEET
THE END OF YHE APRON

OF APRON.
13
e
75
b
!
§
1

N A

O R o5 Ga0 025 030 035 - 060  G4F Q50 05t - 080 068

VEPTH OF SCOUR, T, BELOW THE'RIVER BED N FELT

FIGURE 100 -MAXIMUN DEPTH OF SCOUR, T.AT A SLUICEWAY WITH AN APRON HAYING A RISING SLOFE.
DIAMETER OF BED MATERIAL,d = 2,6 MM HEAD, H=0.92 7 V:DISCHARGE, G +0.60 SECFT/FT.

HYD - 20

X-b-

Aaynf




¥sasursments of the erosion at such structures indlicate no iﬂpfﬁﬁbhant

over the use of horizontal sprons wlthout sills. In order o vafify"‘
thig, moiels with rising aprons were next tes%ed in the laboratory.
These wxperiments were conducted in e glass channel con aprona with the
follewing slopes: 1:00, 1125, 1:17, 1:14.3, 1: 10, 1:7.5, 114.7, and 1:3.
" A cross spction of the model is shown in figure 99. The apron begen to
slope at some distance from the gate, because this appeared more 9ffacta"
ive in preventing scour. Send with an average dlametsr, d; uuual Lo
2.5 millimeters was used for the bed meterial; the hm&d H, was held
throughout these tests mt 0.92 feet; =nd the discharge, Q, at 0.60
pecond-Test per foot. The elevntion, a, of the river bed was measured
from the end of the aproo.

Figure 100 shows that for the slopes tested the max;mum
depth of scour is not noticeably reduced below that for a horizontal
spron. However, the diving jet appears less frequantly and then at
only low alevations of the river bed. Furthermora, a negative wave
Jet does not precede it. For many elevaticns of the river bed balow '

the end o‘ &' rising apron, a true positive wave jet appears which
produces a large scour but &t a “eonsiderable distance dornstrean from
the ajron. The true rositive wave Jet appears initially at lower
elévations of .the river bad in thp case of & rising apron than
for a horizouta.l apron.
The dam at Pernegg on the #ur River serves as an example

of the scour producea with & riging apron (flgures 101 mnd 1C2).
3. 'PREVENTIO? OF SCOUR BY MLAN‘ CF APRON SILLS

Frevestion of scour can be effactﬂd by means of 51118, eithari
soliﬁ or dentateo, p;aced at the end of the apron, or by double aillﬁ,‘
one of which is placed at the end of the apron, the other between the
end of the spron und the Lam; furtharmcre, either m::l,w or dentated

{115 may be usad for dauble silis.

a. ?reventisn of Scour by Means of Solid 5ills

The. *cbt~ngul¢r, trspez01da1, and trlqngular sills ehown
in figure 103 :re examples of aolid slils. Such sills deflect the

%
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 ,Af1ow at the end of the apron upward and, more or less, stabllize the _ 

type of flow. The frecuent shifting from one type of flow to anothar

' experiencod with a horizontal apron st meny different tail—-ntor elovntious,
can be reduced by the use of sills. , ‘

The effectiveness of each of these sills was invostigatad

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

the discharge, g, at 0.60 gecondfeet per foot; and the average dia- |

neter of thg bed material, d, was 2.5 millimeters as before. The

elevetion ofa “e river bed domn3tream fros the dam was messured from © -

the top of thezg"\
The rea~1t5 of the tegsts on rectangular sllls sre given

in figure 104 along with the comparable results for 2 horizontal apron
without & slil. For elevations of the river bed higher than the top
 of the £ill, the depth of scour was somewhat reduced belox that obtained
with a horizontal apron without a sill. For rectangular sills 3? end" AD
miilimeters (1.26 and 1.57 inches, respectively) high, the depth of scour
repained smaller than for = horizontal aproa without a sill, even when
ihe eleveticn of the river bed was below ﬁhe top of the sille, bdecause
smell surface rollers were retained on the epron which persisted, and
which were independent of the elevation of the bed. These surfaca
rcllers remain in a fixed position even if for low elevations of the
river bed a vacuum forms under tbe jei ns. it leaves the apron. :Thé 
experinents showed that transportatlon of detritus szcross the aﬁrcn is’
not obstructed by rectsngular sills. |

, The trapazoidal sill is more satisfactory than the rec-
tangular s81ll because it i: less subject to wear by muterial tr&nsported
over the 3am. The reBuLts of the experiments on trapezoidsl sills,
"ecarried out under the sawa conditions as for the rectangular gillse,
are given in figure 106, and agrin zlong with the results for a hor- "
izontal mproo without a sill. When the elevation of the river bsd
is above the-tép of the gill snd also for small elevatious below, tho :
depth of acour 1s again less than that obtained for a horizontal apron
without a sili, the amount of the reductlon being about the same 88 for
a rectangular sill..¥hen the bed lies ~t a still lower elevation, a.
wave jet wppe&ra which shoots over the trapezoidal 811l in a wide arc

"




end the small surface roller vanishas. The jet then 1mp1ngas against
the bed, becomes & dxvlng jet, and scours out a deep hoie. The diving
jet then coatinues. A negutive wave Jet does not develop aither fnr 8
rectangular sill or n trepezoidal sill. ‘

Figure 109 shows a dami® having a trﬁpeznidsl stll on the

Neckar River and the acour zfter two JG&?S.

The experiments on triangular sills are ‘not a8 ccmplete as
planned and yet the results bhown in Tigure 110 indicate: that they
are more satisfactory than aither rectangular sills or trﬁpezoidal sills,
because the flow is esae1t1ally more QUlEt- The exparimantal reaults aigso
ahow that the height of = rectangular sill for ail prectical purposas ‘ |

ig a relatlvnly uuzmho'tant fnc*or.

b. Prevention of Scour by Dantated aills
17

Theodor Rehbock,
preveation cf scour in his well-known dentatea siil which is also placed
at the end of the arron. As figure 118 shows, a Rehbock dentated sill
consists of teath guperinposed on a solid sloping sill. These sills

introduced an importiént improvement for the

ensure the formstion of a surfzce roller on the solid portion of the
aLPOﬂ and, in aad;tlon tc this they ;rogucn =, h;gh ﬂifference of
velocity between the uppsr and lowar pcrtlons of the jet as it lenves
ihe apron, thus givliog rise to an extensive digsipaticn of energy.
', E:gure 111 shows ‘the veloclty ﬂistr;outlon when a Bebbock
| 'dentutea 8111 is used. A ground rolier always ocours, underneath ‘the
- Jet dowusir:am and adjucent to tbe dentated s41l and transports 'y
considerable nmount of bed materlsl upstream againat the §111. The
scour slopea gently away downstreaam from’ the dentated 3fll. |
The results of the tests on Rehbock dentated sillb of diff-
erent heights are glvan in figure 112. The best reaulps were proaucedl
by a sill 0 millimeters (1. AZ-lnches} high. In figufe 113‘thé'depthé‘
of acour for a 36 millimeter dentated 3ill, & triangular 5111 of aqual

height, and a horlaontal aprcn without & si 111 are shown tobathor.- This

: comparlbon ciearly shcwa the effectlveness of the teeth and, abcva all, .

‘the excwl¢ent yerformance of a ceqt-ted 3111
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The surface rol]sr vanlﬁhes if the bed lies deep below LR

Rehbock sill. F;gura ;lsb showa the {low whan the tpil water elev&—
tion 1s at sbout the same helﬁht‘as the teath, and figure 115¢ the
flow at still lower tail-ater level. The depth of scour 1s not
alweys: smaller than with other types of sills, for ut iow tail—water
leveis the. main jet ls divided by tbe testh into aeparate jets of
different trajectoriea, between which there are large difierences
of veTchty and much air 1s sucked in.

Then a Rehbock dentqted sill is used, for the nlevations
of the river relative to the apron usually found in practice, a
negative wave jet does not appear at Fl], and a diving jet w11¢ not
occur if -the proper height for the teeth is chosen.

P&pg;ly, figure 125 shows the effect of ;engthening the

aprou when usiag a Rehbock sill. This sill has found a wide use

in the last ten years and has proved to be, in general, aatisfactory.
Figure 116 shows the Ryburg—bchwbrstddt Dam on the Rhine River whare
a gr=n1te dentated sill is used.-

According to the severity of the attack by the ‘material
transported nver or throush a dam, the Rehbock dentated sill is
constructed from concrete, concrete with iron-protected corners,'
granite; east iron, or cast steel, as_showﬁ in figure ilB. “The teeth
are from 0.5 to 3.3 feet3high. The width; b, at the foot of the
scliid section of the sill is as foliows: for.a light or average
attuck by detritus, b = <.5h; for =2 severe attack, b = 2.75h; end
for the most severe attack, b = 2.0h. The gir nsions Z and t, of
‘the top of the teeth are: for low teeth, 0. 34 and *.Jh, respec- -
tively; uad for high teeth 0.10h and 1.ih, restectlvely ALl cor-
ners on concrete and grunite dentuted sills are rounded to & rucius
of 0.9 to 1.6 inches. | -

The use cf the Rehbock deatated sills for double sille
and for stllxlng }OOJa will be clscussed tater.

After the_ldtroductic. af Rehbock's 3ill various engineers
sugpested other types of dentsted sills, more or iess siwilur ig

Hehbock's. Three of these are ghown in figure 119: numely, thoae
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of C. Thurdauls,\A 'Smféek,'ﬁnd a reclangulsr deht&téd 8ill. - Flgure
120 shows the depth of scour for a. rectﬁnﬂular dentated sill.

The wiioue dentated sill made by setting irregular utonasl
in'concrete is userl on the Zwitt& River near Hadlas. No rollera are
formed, and the water, for the most part, is sprayed iuto the alr, |

85 when beffls rlers are used

'g; Irevention of Scour by Dduble Siliﬁ

Then a4 sill is placeﬁ‘aﬁ-the‘end of thé apron & positive
wave jet is formed for s given eievatiom of the river bed. Tﬁe
maximum depth of scour ocecurs at a grauter di_tance dowxatredm from
the daw z2nd although the dam itself is not, a3 & rule, enuanbared,
the river banis may be. The'lurge depth of scour rroduced by the
positive wave jot can b contro%leﬂ by 2 doubie sill, rrovi’zd the
sili is so arrungeﬁ'that the first crest of the pas;tive wave jat

s compelled to ile entirely on the aprron. The first sill must lie
fur enough downstream from the foob of thé dam 30 thit wll of the
flow over it is deflectea to the aprdn,‘Hnd the second slll at the
end of the apron must lie far enough downstre.m from the first so .
that the wave jet does not overleap it. The first sill mist lie
at a minimum distunce equal to the: head H, dowﬂstream from the dan -
and the second should be ploced at leaat 1.5H farther downstream. |

Thus when e double 511l is used, the min - oam effectlve length, L,‘

of the apron is equal to approximately 2 £H.

The double sil) shown in figure 122 employs ‘solid 511195

It was first proposed by 4. [udin,lg and hgs'been'useﬁ.widely.
Its performunce i5 shown in figure 123, &nd,“for +he‘purpose of
comparison, the derths of scoﬁr for a horizontsl apron withouf"sills‘
of an effective length, L, enﬁal to 1.8H, and for & single ree-
tangular sill 32 miiiimeteré {1. ?6'*ﬁches) high are slso shown..
The distance between the two sills in mocel (a) of flgure 123 wes
too small and on that sccount the wave jet was deflected upward by
the firsi sill and overlenped the end-siil. Further exgeriments
inticated that it 15 better to plaée the fbre‘sill with itslﬁer@

ical fuce sgainst the fiow, because in the reverse roszitin the.
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formation of a wave jet is favored £00 much. An unsteady‘flow is
formad by these double sills, which oacillates contlnuully. The
maximsm depth of scour is adV1ncad toward the apron by a double sill
If 8ilt is carried over the dam, the space between ‘the two sills is
partly filled bj it becausé of the grourd reoller formed there; but
if the type of flow is altérad, this matsrial_yill‘be scoured out

agtin.

Figure 125 shows = double 8ill made up of Rehbock sillas
&nd also the depths of scour for this double sill, s single Rehbock
" 8ill placed at the end of the apron, and a horizontal apron without

& 8ill. Dentated sills effectlvely prevent the development of
dangerous wave jets on the river bed, and 1t ie therefore yoesible,
with a Reshbock double-dentated sill, to place the two s*lls‘ébout
18 apart thua permitting a somewhat shorter epron than with tHe
Ludin double 8ill.

Finally, the proposal of A. achaferlé, is mentioned On
ohe basis of model tests, he recommanded ihe arrangemeﬁt shown in
figure 126, which cansists of a row of baffle plers on a long horié
zontal epron, followed by a trdpezo-dal 811l on a rising apron.  He
further declared that Dy lengthanlng the risiﬂg section of the: apron
beyond the t:apez01dal eill, scour was effectively prevented be-

cauge the jet, on leaving the apron, was deflected upward.
&- PREVLNTION OF SCOUR BI HEANS OF RIPF&P

At small atructures tne preventlﬁn of scour 1s freouently
attempted by means of riprap. All of which is rleced dowmstream from

the: solid part of the apron Stones used in the riprap muat be

‘~~y¢-arge enough 8o thut taey cunnot be moved downstream by the Jeot.

Thersfore, the use of riprap is conflnea to low-head- projscts.

A nuuber of experiments were performed on iwo different
thickness of riprap. . The results are given in figure 127. The ‘ '

“indivlidual stones were granite of an average thickness of zbout '
five centimeters (1.97 inches). The diameter, d, of the bed mate-

rial was 2.5 millimetefs; the head, H, wuas maintuined constant at

v
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0;92'feet, and the dischargé ut q'at-b.éO'secondwfee%.pef'det; The '

exﬁariments show thet the depth uf.scour can be ~reduced by moaﬂs;‘ 
nf rtrrul composed of suftirzantij lnrhe stones y but, us ls tb be
expacted, scour cunhot comnlntely be prevented. Other experiments
have shown that the coarseP the material of the river ben the" mora
effective the rlprxp | Part of the flow is niverted into the spacea
between the atones nnd thus against the river bed under the riprap.
The amount of mater1a1 scoured out from under the riprep increases'
with an increuse In its size, =and decresses tha Lhicker the riprap.g
if the river bed underneath the end of the riprap is
scourad out sufficiently, the stones there beglq to separate, and
the end stones slip into the hollow and form o slope of ,erhaps 1835 2
than 1:2. The closer the stones are fltted tobntner the less will
be  the scouriag underneath the r;pray, and & rlgrnp cnm}osei of:
several layers of stone i3 more affective then a thinner riyrﬂp.t Ifﬁ
the riprup is formeﬁ by throwjag stonea into the r:ver bem, sScour
oceurs at the uvstream side of each stone similar to that at bridge
riers. Often, the stones tip over into this cavity and ccmpletely
isappesr under the bed _
The depth of scodfvmay be reducéd by roughening the sur-’
face of the riprap. A true wave jet did not appear in any of the
exjerinenis. Hoﬁever, a diviug jet did occur, ;nd.élthcpgh it aid
not directly affect the shape of the seour, it sucessfu]ly erodéd-

the material from between the stones and ula;ntegrdteﬁ the riprap.

5. PREVENTTON D} aCOuR BY MEAda OF FLOATLNG
AND SHELF AP

R!. Hofbauer and P. Puchner,20 have obsgrved that>£he4ex— e
tensive scour at the end of & log chute can be rapidly £illed up
by meens of = so-cnlled floating uprén whichfprévents the iogs‘ffom
8iriking the bed. These flouts sre mede of wood, the upstrzam sec-
tien being solid und the Aownstrasm seetisn in the form of an'eponv
grié #lth longitudinal openiugs. They are ninged to the eng of the

chuts zad hence siope upwerd, ceflecting the 1053 from the river Dad
i :
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The aubhor2l conducteu Sone ex;ariments ine glass channel'
‘for the purvosa of studyiug the eection of these fl oatxng aprons.

The Pxperimants have further shown that the flow whnch is parallal

to the f;out on the sclid portlrn, in’ ;a531ng over the open grid
portion releaaes silt, which pesges through the slits in the grid

22
Latar, A. Léufer “ ‘eonducted severnl experimeuts with

floats. He placed particuier emrhusis on & Blit betwesn the cou-

crete npron and the float: This space was preaent in the flrst modsl
tested by the author. Apperently a vacuum exists at this ulit, eausling

u flowzgpward through it and & reveras flow under the float, which car-
ries the 8ilt pans‘nb through the grid back %o the dam. Lgufer'att-_
rlbutes the a&yo»xtlon of siit under the apron to this reverse flow.
Figure 129 -shows the float designed by Laufer and. the sllting below the dam"
o the Mirz Biver at Bruck. _ o

Dﬁring the yrellm nary work fer the reconétrudi*nn of the dnh

ou the Mur River at Bruck, where the first float for the preventlon of
scour han bean lnatviLei, the suthor conductec new experlments to test
‘the velidity of the conclusions reuched by A. Laufer. These experiments .
shogen thst + e reverse fiow observed by him un%erneath the flosting apron
“took ‘place: qnﬁy 1f a hydreulic jumy oceurrsd towarc the downstream end of
the £} G!“”‘La other words, if “the tall—ﬂater level there was higher than
"at thefsiit'aflgure 130). Therefore, the reversse flow observed bw-Laufer
was produced by this difference in head snd not by vacuus at the slit.

_ | Further experiments huve shown that with the proper proport-
iening of the flomt; its length, &5 far as the formatlon cf_scoﬁr is '
concerned 15 relatively unimportznt. If +the dam directs the water
para];el 10 the float, then it may cons‘at entiraly of a grld becruse

the rapid ;;ow dues not pass through t.he f;aat gLid bcour the bed.

Finally, Lt wan showrn that = grid d with a;»nLﬂbs trﬂnaverse 1o the direc-~
tidn of flow.proauced_a a»tle&Ctdry h&HOSitlou of silt arovlded "the jet
'"eJnasuu by Lhe daum was pur 1lel to the fL oal, The existing pcour is
filled up oniy if sufficient ;L 4 13 carr;e?‘over the dam. Y”Outs may

Lgo e used to retuce tne -orwut,on of scour.
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‘ The resulis of exper*ments on floating aprona snd us{ng

clear wn tﬂr are given in figure 131 snd’ show how much the fornation
L'OT scour can be reduced by & float in comparzson with = horizontal

apron. However, if Ho silt is carried over the dam, scour cannot
be comnletely prevented.

_ Floats for the yrevﬁntiﬁﬂ of S”OUT have been tuilt at
lavge number of projects und have proveﬂ sut¢sfactory for reductng

scour as well as for aixt‘ﬁz up the scoured bed. Examples of such

atructures are shown in figures 1;2 and 134

These {loats are sliwaeys cmstructert ”rom wooc, and orig-

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

with water contuiniug gand and silt, the free turning of the table
“wes rapidly destroyed end accidents resuites. 'Later,'ahelvu§ simi—

lar to the flosts in desigh, and snwported on piles {figure 132)

or fiacad-an rigid beams cf iron or reinforced: concrete, in turn

aupported by special walls (figure 134), were uged.-

If the nsture of the river bed or’ U excessive scour doss
not pe;mlt the driving of pi]es;‘floats may be anchored at one end
in order to cause the deposition 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 olOth upwkard irnm the upetream end.

During the last few years considerable scour has oceurred
at the dam 5% Bruck in splie of & sheli. J3everal ;lles were left -
'hang;ng from the shelfl ltbelf Measurements of the scour are given
in figure 138.  An 1ﬂvest1 &tlon dlaClOSeﬂ that this eroslen under
the shelf ané‘that ocourring along the river bank was fue to s‘de
rollers. After the oli dam had falled, = con81derable 4mount of.
the silt devnblt e in thn-reservo*v wab washed -out and rene;ﬂ;‘ted

below the dam, ralslng the eievation of the river bed to an abnor-
ﬁai degree. The silting of the reservoir above the re{alred dam
and of & ervoir farther upstrews had the effect that the silt-
free flood water.passing over the aam zt Bruck ‘nwered the bed con-
| jernbly because the shelf had been rendersd useless bY thé ab-.
norwily high river bed. This eiamgle‘i lustrates the significent
fuctor the elevetion of the river ned pleys I the yrevention of

scour by means of a shelf.
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If the discharge, according to commnn practice, is released
through but one of the gutes, rolilers will form at the sides of ‘the
discharging jet ang the spece occupied by them does not contribute

to the direct flow. The return flow pasges under the ghelf and scours
out the bec material there (figure 139). This cen be prevented by
building plers from the dem downstresm to the end of the ahelf

The discharge 1s then so distributed that the side rollers are con-
siderably reduced in size. The form of the discharge jet can be. _
modified by changlng the slopa of the shelf. 'If it lies flat, a hy- -
dranlic jump will ocour on 'it, providing the river bed downstrean from M

the dem lies high enough. A steeper alope, such as uvaed et the dam at
Bruck, can hinder the formetion of the hydraulic jump and cause a .

true jet to form. 4s was to be expected, the o0ld dsm at”Bruck'Was‘
badly dumaged by logs carried over the dam during occssional flooﬁs.
These logs entered the surface roller located Just belos the dam where
they were detained; they then turned 90 degraees about = vert¢c;1 axis
and rammed the main body of the dam, d-maging it. However,'logs nass
downagtream without haiting and without damage to the dan, if a wave |

Jet develops.
6. FREVERTION OF 5COUR BY MEAN3 OF WALLS PLACED
_UOWNSTREAM FROW THE DAM (CHECK SILLS)

The reduction of scour by means of = wall placed across the
stream below the dam was flrst proposed by A. C. Konig, <3 85 shown in
figure 140, and P. Rosenberg hes used such wall st a dam at Vierberg
south of Graz. A section of this dam and ‘the. scour developed _t the
end of the first year after the wall was ut into operation, is shown
in figure 141. During thiz yeér, however, no extrzordinary flocd
occurres on the Mur River. o _ | R

At first giget the.prevention‘of scour by means of a wall,
8.8 prorosed by KSnig, seems to be a good scheme, since it is easy to
congtruct and is easily installed st mest dams already in aervzre.
Nevertheless, several experiments were un?ert ker. for the jurfose of

investigating the efficlency of such a wall.
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FIGURE. 138 ~SCOURING OF THE
MATERIAL UNDER A FLOATING .
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FIGURE 140~ DAM WITH CHEGK SILL DESIGNED BY A.C.KBNIG.
(ALL DIMENSIONS ARE IN TERMS OF THE. H‘rGHT H,TAKEN A5 A um'rv)
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FIGURE 141- SCOUR AT THE SLUIGEWAY ON THE MUR RIVER AT ZIERBERG AUSTR!A
: T {DESIGN AND MEASUREMENTS BY REDLICH AND BERGER)
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FIGURE 14€ ~ DUTLET STEPS AT THE ISOLAZ.
"POWER PLANT ON THE MAGRA RIVER,ITALY -
{AGCORDING TO G. DE MARCHI). .
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These tests %eTe carr*eﬁ out in tbn glass channel with &
head R, ebual to 0. g2 feet, B"d a qwsrharte, G eoual to D.60 second—.»-
fest per fo"t The model of the.da am was fitta“ v ith = hor;zantal apron
iﬁ_without n 5ill. The bffectlve.'ength of the ajron was i. times the
Ihédd. Twe ﬂ‘fferert sizes of be,_ﬁ4t=di lsiwere Laea. they were uni-
grioular sauds with un évera ce i-ameter of 2 5 and 6.2 milllmetprs,
uresgect;ve¢1. The wall was flrat rlaceq at ‘s di st&nte, ¥, from the
‘end of the apron,-ecusl te 1.07H, or, .98 xeet, an seceudly, at J STH.

5.98'feet The tof of the wall vag, fiwst, aven wj ith the apron, then,
C.0715H or 0.79% inches aane tne apron, <nd fIHELIY) &n eoual dlatance

beiow. The nievat*on et thu-“*ve' be downatream frem the dap was not
altered in any of the experiments. Firally, tbe crest of the wall was
bevelad in one series of tests, and, 83 d basis for comparlaon, each .
series of Teptb rerformed w1th h‘ﬁall was re;eated without = wall for
both sizes of bed material.  in ali, seventy-experiments were mgdé on

on this model.

The results of the ex;erlmerta w¢th the crest of the wall

: at the sene height as the horizontel siil are shown in figures 1&2

and lio. It is seen that {he well csuases a grounn rol‘er to form

just upstream from itself. This roller iransports cor“"ernbie

material u]:t“evm, transierrina ;t to the Jlachnrge Jet whzch carriea
~the silt over the wall. The act1v1ty of these rollers iucreases as the
“wall is mnveﬂ towarﬂ the: afron.- The flner the bed material, the naeperg
;thg'soofr 11 be between th&;a ron aud ihe wali. Eeveixug the creSt bf.
‘the—#ali.noea not rehuce ihe gro und;ro;xer to any gre:t extent. - With -
fine bed w-te i and the ,ean positioﬁ of tha wall, the maxxmu& *e}th

of séour is not murh iess than thut armej_WLthrut 2 wall, and ifs the
‘wels is very cliose to the éan;~+he cou* sy even thr ezten thn dam 1tse1f
\‘The”larggr the bed ma ertal, the less is the deveolpment of scour, ang
the grezter is the Zifference between ‘the de;ths of scour occurrxng with
and without § wall. However, the larger the bed uaterlal, tha greater
wili be the ubrasive effect on the wall itself. A deep cut-cff wall must
‘be bullt ut the end of the -pron onaccount of *he scour ocnurr¢ng between

the apron and the wall, and, for the same reason,’ the wall’ itseif must
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have a deep founﬁatlan, % is poséfﬁﬂé to lower the cut-off wall at

a fracti-m of the:.cost of lownrlng both the cut—-off wall and the Kon1g%
wall, unn‘furthermore, the aafpty oJ-the dnm 18 raised by_the former.
In addition to this, the Konig wa;l roduces a 1ength of scour which
..ls aimost double that occurr;nb wi thout B wal*, }t therefore’ 1nureases~

the cost of ;rotectlug the "JVET banks ownstradm from the dam.
Iil. EN ERGY mssn»mroﬁs

‘ Energy’dissiyators B8 usaﬂ for tran formlng tbe zlnat
energyvéf«the water into heat 1£‘the water pasa;ng through the dam

is free of silt. They shouid be'Jesigned to ﬂ¢53;pate the energy

o

within themselves.

a 0ut;et and bpilquy Steps (G&scades)

bormerly, if the over fall height ‘at.a opillway or outlou S
wus large, it wase’ ‘aimost inv&riably‘div’ 46d up “into & number of smal]er;-
overfalls Jormlng Y steppeﬂ outlet ov cascade slmllar to a stepped dam.
‘Now, they are only built in exce;mxugal places where rock 1a mecessible
at the location. Such 'sites peﬁmif their‘construction with but a small
demand for olher ou11Qing materlala Figure 146 shows a cross sectlan
of uhe cabcaﬂe at the Isolaz power piant on the Magrz Rtver. "

. As figure 147 shows, the cnscade may be maﬂe up of éimple:‘

: stéps,or, bettar, of = series. of tumble bays whﬂch &re prov1ded wlt
Hraiué'tb prevent the basins from fill*ng w1th ice in wlnter. Accord

to Thomas RumeiLn“A, thebe basins, ought 10 be at lesst 6.5 fest deep,
but'tﬁefé are numerous cascades with a munh smaller basin capth, ;:Thé-
iéngth“éf_the bugin of @he tumble bays should-be three times'thefstep .
‘hesght, and fcr:s;mple 5teps, four times the height. The “aﬂgé;;y,:of the
trajectory”df:tbe overf+iling ndrre caanot be computed because: of the
disturbed conditinn 6*”the watPr ing the bagin over the stem.'

Insteud of b&blns, the dum ut Mnhﬁeberg is euuiyped wjthﬂ‘_
b&ffJn tiers arranged on *he twe stefs in ”ruer to imrove the ﬁarformance
of each step (f*guré-lda) This CObBth“thn hab not proved satiaf"cuory

'becuvae the water is spvuyeﬁ by the baffie plers Du the upper ste; and -

becuuse thespiers themselves szre aubject to cousideradle erosion.
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- b. Counterflow Energy Dlsg.gﬂtor

_A counterflow energy dissipator consxstslor ‘a basin in which
.the water 1s directed from o;enxngs p]aced DppOnite tc sech other. These “’
‘discharge jets, ilowzng in DpyOSlte dlrectlcns, procuce & very turhulent
{low. e ‘ . g _ _

The Hossnow power . plant in Pomerznie - (figure 150) im nn"éxgmpla.f
“1n order to increase the turbulent action, waler msy alsc be diaéhé&ged(;‘
over the two ateys ‘ | o
25

Another exam;le 7y d95¢gned on the basiq of model expafihﬁpth;ffﬁ-

is found a4t the end of a tunnel at the Tog1ng powar plant en the Iﬁﬁ"Rivﬁrm:;.‘

As is seen in figure 152, the two 5149 jets entering the tub are directed
at each other, and tbe middle. jet rebounds from the concrete plcr.

A third exam;le of ¢arger dimengions, 6951gned by H. Corrazzazﬁ
hes -been constructed at_the Kardaun power plnnt on the Eissk River. (Iigure
154). The two sets of nozzles are directed towarc each other. Tha nunber4“
of nozzels in the lower set is twice the mumber in the upper: set. .-

-Finally, figure 155 shows a design by E. Meygr-Petar27 for
- the Limmat power plant near Wettingen. Here, the two jets are not direct-
ed axially sgainst each cther.

c. Energy Dissipetion ine Bydraulic Jump
o ‘ on'a Horizontal Floor

If water is ischarged under a large enough head 1nto a
channel hav;ng Aa. horlzontal floor, so tbdt its velocity, V 1 is greater
than ,/gdl, dy being the epth of flow, it moves as shooting flow. At
a certain place in the channel, e hydraulic Jump in which tha shooting
flow changes to streamlng flow occurs (figure 156). A surfece rnller
develops on top of the bydraulic jump und dlSSlpates an amount of kinatic
enérgy,‘Hv, into heat. . _ : : o

The cdepth, 4, 32 of the streaming fiow can be. com;utaﬁ by eoua—
tlng, for a unlt width of Uuaunpl, the resu;tmnt hycrostatxc force acting
‘on the slug of water boLerH by the jump to the rate of change of momentum
'1n the Jump, absumlng a hor1701tal figor, unlform distrlbutlon af . velocity
: ¢n the Cross sections just beiow aad- Just above the jump, and neglect¢ug

_erction at the wetted perigeter.
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Introducing the dimansiénless_numher, ‘
e

~/ &dy

1).

8 e : B L
S M Herriman ,has'deduced the fqllowiyg emnirical
formmla: o ; e _E{ ‘

- '1;41. T S ;‘. - .i;~;': ;..
~7 o g 1 . -

Leter, K. Safraneézq obtained for this form of ecuations:

dp . 0435 2 =L 36 4 ay e - ()
The amount of energy dl&%lp&tec by the hydraulic jump is equa- to tha drap

in the energy gradlant and, accordxng to F. Nemanyis, can be computed from'




Substituting ouuation (72) in this equation end |1mplifying, we
have:

/Bﬁl '0“1‘—1

The energy loss per unit of total energy head, Hl’ equal to

H
v

(per unit of.Hl) _ox2s N\//s Alz « 1 -'3)3
‘ ‘2+A12 /B Alz"‘ 1-1

It should be pointed oﬁt that the epproximate formules ‘
:of Morriman or Safranez will not give a zero energy loss when the flow
is &t tha critical depth (A = 1) a6 is required from sheoretical
considerations

K. Safranez found that the length of the junp could be expre-

ssec by the following empirical formula:

L= 6dy Ay . .

d. Energy Dissipetion by Means of Beffle Piers
Under certain conditinms, shooting flow on a herizontel, smooth

~ flioor moves foraard for » considerable distince before s hydraulic juMp

takes place. In order to reiuce the dlst°nce within which energy is
sissipeted, some mezns must be adopted to force the development of rollers.

e




Thie can be accomplished by placing baffle pisrs on the apron, Qucﬁ -

48 the baffle piers of the Reupen® Dam of the Waggita plant (figure .

157). These caused & Jump to firnm near the toe of the dam. A

At many projects, baffle piers have not proved satiufactory.
 because the diachargs often shoots upward st tne plers, or even. .
sprays into the air. : o

e. Energy Dissipation in St111ing Pools

A hydraulic jump with ite attendant surfaes rol}
be compelled to form on a horizontal apron by meénq of _f_k 8imp]
stilling pools have been uged for = 1ong time. They have‘pfbyyq;;g§§ 
the most rart, satisfuctory. Many timss, however, they havt_ﬁbeﬁ?bii{ .
appointing beceause, until recently, no rules for dosigning“theh.wﬁgﬁfw
known. The authprjl attacked this problem in the lgboiatorrp?usinh 7‘“
simple stilling pools and solid end sills. A R

The tests showed that the discharge jet moves forward fa ' -
the stilling pool (figure 158a) between a large surface.reller and
e small pround reller, and asg it proceeds, it gradually slackens

and becomes thicker. 4t a certain unit diacharge, g, tha Jet carrinﬂ}

the surface roller out of the stilling pool, shoots over the end 8ill }3
with almost undiminished velocity (figure 138b), and strikes the river

bed farther downatreanm, producing a desp scour. 4 comparison of the
typea of flow directly befcre and after the disappearance of the
‘8urface roller shows clearly the important role played by the surface
roller in the dissipstion of energy. ,

Preliminary tests showed that in most cagses, for g langth‘
of stilling pool agual to two-thirds of the height of the dhm, P, the

dissiyation of energy was satisfactory providing the height, S, of'thegt-

end i1l was chosen cdrre¢tlyf Let 9 be the muxipum wnit discharge in
second-feet per foot; then if the iength or stilling rool, L, is

calculated from the formul_a ’

L - RN S e e (79)
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FIGURE 158 — A SIMPLE STILLING POOL. {0} 00D ACTION, (b) BREAK-DOWN,

FIGURE 160~ STILLING POOL WITH
STEPPED €MD SILL,
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Finally, J. 5met&ns3

earher tasta of E. Bayerhausy recomm&a t.he stapped eilL i
figurs 160. The baigh‘b of & step, 8, s.g one-balf 'u;s wmﬁ,

2726 (\*li—aﬁl—B)
"and the depth of tha floor of the stllling

‘elevetion from:

rY“?,HO}é;di_(xfﬁ/le:f. 351:;Qi;1)'. .;f7




/gdy

Vl 13 the velocity, and dl the depth of the shooting leﬁ.

In America, many other types of atilllng pools ‘have bean ‘
built, and although of diverse shapes, many of them possessad no Spacial '
‘value for the dissipation of energy.

The observations on the flow in the ‘model of the simple

tilling pool in figure 158 showad that the jet flrst clung to the
‘ smooth floor, then, st a. short distance from the end 8ill, it rose and ‘
passed over the sill. A4 gmall ground roller formed in front of the sill.’
4s & means of forcing the development of both a surface roller and a
efficient ground roller, the author - placed a step (figurs 161) at the
end of the bucket of the dam. The jet now flowed between rollers and
over the end sill and was gradually retsrded slong its path. ‘

Figure l6la shows the surfuzce and ground rollers at low dis-
charges. As the discharge increases, the jet assumes a wave form, pro-.
viding 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‘hsight, P, the type of flow changes to that shown
in figure 16le. For small sills this 1a sttained st stiil higher dis-
charges. If the discharge is increased beyond the amouut necessary for
this condition, the surface reller is suddenly scoopes out of the still-
';ing pool (figurs 16le), and the jats shoot over ‘the end sill, strikes
_the river bad ferther dowustream, and proaucos a deepr scour. At this_

) discharga, the stilling pool fails as =zn eneryy diss;pator With this
‘design, the gradusl expanslou of the Jet proceeds without a hydrauiic g
“jump forming. The flow at the end sill is nixed with air bubbies .

. " The fo¢low;ng simple rules for the design of thia st ling

pool are based on & Large number of model tests, and are valid for

Coany length of pool from one-half to one times the height P, cf the dam.
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Thﬁs, using the symbols in figure 161f, a mst be chosen betwéen_O,S
and 1; the height, a, of the end sill measured from the eleva iam of
the step st the end of tha_bucket depends on the maximum unlt discharge;

g, end is computed from:

s = B gY/2 (__1;__)1(4,' .ij(.(es)

but must be at least ecual to 0.1P. The cosfficlent B depancs on the
elévation, EP, of the step above the floor of the stilling pool, and

can be determined from the curve in figure 162.

Transiator's note: - Either £ or B may be mrde arbitrary

subject only to the yT?SCrled limlt of S, namely.

7 0.1F

Hénce, the dimensions of a Schoklitsch stilling pool may be varied
between wide limits. One set ol limiting dimensicus 18 given by e = 0,
which cerresponds to a sill on & borizontul zprou (see figure 153). " Then.

B = 0.6, and egqueticn 88 is identical with ecuation 80.

The minimum radiue of the bucket for satisfactérily daflecting tha
jet in front of the step is giveh by:

T e pF o= 0I5F. o o . o i

The heipght, 5, pf the end sill go#erns the formation of the rolléral

in the stilling pool, so necessary for the dissipation of enargy, even

if the jet shoots over the end sill; therefore, the elevetion of the

tajl-water is unimportent. However, if no scour is to oceur, the jst

should not shoot over the end sill. The tog of this sill could be

placed at the elevation of the river bed downstream from it or, batter

still, cdue to the later unavoidable deepening of the rive?‘bed;'it'

may be placed at a atill iower elevation. o a ‘
Figure 163 shows a dam with this type of at11¢1ng poel. It

has thus far preoved satisfactery. Another example is glven in figure 165
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The 3ifficulties in designing an energy diasipator for the

lernagp powsr plant (figure 165) necessiteted special model tests.. Water
was alschargad into the stllling nool not only from the sluice gates
during sluicing operations but also over the erillway. In order that tho
over{fslling nappe produce no shock t0 the structure, it mst be so‘dirwctad
that,'lndepandent of the amount of the discharge, it strikes the down-
stream face of the dam tangentially or &S nesrly tangentially as possibla.
For this purpose, the trunsition profile between the sluieg gates and the
sti1ling pocl ﬁas-designéd to corrsspond to the under profile, determined
from model testa, of the jet discharge over the spiliway. Finaelly, the
model was deaigned io prsvent sand snd gravel, pccasionally discharged
during sluicing_operations, féomrobstﬁucting the 3tilling pocl and the
draft-tube outlets st the powerhouse. |

f. MNozzle Euergy Dissipators

In‘nbgzle energy dissipators, water passes froum a nozzle 1ﬁto
a space whase -croas section ls several fimes the croas section of the nozzle.
The totsl energy loss can Ye computed more or less accurstely, depending
on the design, from the formila of J. C. Borda®3. Borda progosed that
water emerging from the smaller cipe strikes against the retarded flow
in the larger pipe with inelastic lmpact The amount of mechanical
energy converted into heat, u51ng the symbols in figure 166, is computad
from the following ¢ormula.

.‘.'.2_2_ EA?._"'_ 1_;2‘

2z (M )
K. Banningof34 in his experiments, in shich he used ratios of_croés-sec‘
V tioﬁal aress, AZzAl? from 1l:l ﬁo 10, found this rel#tich_to be valid. .

Fassing from the case of a emall pige to » nozzle of ecual
cross-sectionnl aren, Al, we find that the energy loss 1s somewb 2t greater
than that ‘computed ’rom Tormula 90 becruse the jet contr“cts an leev1ﬂg .

the uozzle.
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0. Poeb‘ng35 das1gned &N energy dissip&tor in uhioh he _
- piaced a number of pipe orifices whnse dianeters. ncraaa&d toward thn
end of the pipa, for the Hohrendorf power p]ant (flgurn 16?)

these orifices ure Ilar enough upart, the energy loss at each can be

comrutad from eguation 90. If they lie close to each other, &3 in f

Poebiug's energy digsipator, the jet does not expand to the full Tftﬁf.

cross section of the ripe between the orifices, and the loss of onerxy

_resultlng from each "impact" is smaller then thst computed hy equation o

30.. However, torub—shqped rollers form around the Jet and inersaso
the emount of energy dissipated. The kinetic energy remaining in the
Jet is further dissipated at the exit of the pipe vhere the wzter

digcharges into a concrete tank.

An effective method of dissipating the kinetic energy of the -

watwr isasuing from = plpe, accoroing to experiments by the euthor, is
afforded by the energy dissipetor shown in figure 168.  Furthermore,
the basin can be used &s a wuter rheostat for loading the gensrator
during acceptunce and check tests. 1t can be conﬂfructeﬂ in {he

form of & well. _ _

Another type of energy diséipatof employed in connection’
with the waste water from the relief valve of the pressure regulator
of 4 turbine 1s shern in figure 169. It i3 used at 2n American
2460-foot head, 40,000-horsepower Felton turbine 1nstaliation26

Figure 170 shows a nozzle energy dlssilator cesignad by
J. Heyn. HNo installation of this type is known .
| Flnally, figure 171 shows the energy diss‘pator designed
by F. Kreutera?, the scacalled Krenter-brake. In addition teo. tha o
impuct 155@, enefgy i3 dissipated by thertorua-shaped ground and f-d

surface rollers.

B Ebcher, Wyse and Company's ;plral Eddy
‘ Energy Dlssgtator :

Escher, Wyss and Comp_nj38 5 turbinn mﬁnuracturers, omplny

the rriuneciple of energy dissipation involved dn the large 4:f fference LR
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in velocxty between two adjacent layera of water, as is shown in
igure 172. The water is directsd from two sets of guwae vaues, L~1

and L-2, so that the two jets rotate in orosite 4irect10ns as they

pass down the araft-tube~like pipe. In order to prevent eorrosion

by cavitiation, the fiow i3 aerated by peans of a single iniet at the'

center of the pipe.

h. Enerwy Dissipation in Pipes and Flumes

Water flowing through & pipe or flume at high velocltise
experiences & con51€erable energy loss, fdue to the frictiom along the
wetted perimeter. If this rapld flow 1§ mixed with air, as, fcr
ingtence, in an aer,tei pipe or sluiceway, it is retarded S a
consequence of the 1urge amount of a1r sbsorbed.

1. “ﬁergy DlSSLU&tLOD in an Unserated
Pipe at High Velocity

oeve*&l exnerwments ooniuctea by the author prove con— ‘
ciusively that the loss of energy in smooth brass-plpes can be nxtra--
ordinarily high} Velocities as- high as 82 feet,pér secand and Reynolds!
numbers as high as 500,000 were reached. The esults of thése*exmar;
iments it 5ést the formuls for the frietisu loss given by H. Bl asius39
namely, ’
. S 2

= —ﬂ__7u (91)

in which V is tha'velqcity, L the length of the plpe, D its dianetpr,

and R Reynolds' number, or:

R oz D e SRR R %

g is & coefiicient. Bla**us glves it a value of 0. 3164, uh*le the
suthor's teate give on average value of O jléﬂ for Reynold‘s numbers
from 2, 200 to 500, DOO and thus veriiy the Blﬂsiun coeff‘cieﬂt.

is the kinematic viscosity or:
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FIGURE 17C - NGZZLE ERFRGY DISSIPATOR
. DESIGNED BY J4.HEYN.

FIGURE 169-PRESSURE REGULATOR
T EMPLOYING A NDZZLE
ENERGY DISSIPATOR.

FIGURE 17 - KREUTER ENERGY DISSIPATOR,




in‘which ¥ is the.d density of water in pounds per cublc Foot, g the
acceleration of grevity 5o feet rer second, nnd n the viscosity of the
water in prounds/seconis Fer square foot, Whlch can be computed from the

follon;ng formila due to J, L. Poiseuille”3:

0.00003716 “ S e (94)
0.4712 + 0.01435 T + 0.0000682 - -

rhere T is the temperature ir degrees Fahrenheit.

If water at 14° ¢, (57.2° F.) flows through a pipe one-tenth

meter (3.94 inches) in diameter and at = velocity of 25 neters per second
{82 feet per second), the friction loss will be 2. 65 meters of water per

meter length of plpe (2.65 feet per foot). &t high velocitiss of flow,

such a pipe is suit=ble for au energy dissipator. However, ir the dia-

meter of the Fire is lncreased to one meter (3. 28 feet), other conditions

remrining the same, the friction loss is only 0.15 meter. per meter
(0.15 foot per foot)-. Therefore, smocth pipes are suited to the purpose
of energy dissipstcirs only if they are small agd the ‘velocity high.

The energy remeining =t the end of the Fipe can be dissipated
in a device of the proper tyre; for exauple, s nozzie or counterflow
eﬁergy dissipator.‘

2. Ineriv Ot i3sipation in Asrated Fipes
il Open—Chaunel Chutes

'Water'in_zn meraten pire fiowing rartiy full or in a steep
chute absorbs & large‘umouut of air at s certain VELO ity. This mixture
of air @h# water rresents o fozmy aopeqrance und t”avels mich more
glinwliy tnén rure water;.;u other words, in accardanrp with diffe"ant”
laws. R. Ehreubergeréo, in tests on motdels, found that the critical
veloci ity st which air 15 absorbed lies between 11.5 gnd 14. 8 fast rer-
second. The mechanics of the ;enptretlﬂn of air into rapidly flowing
water is not yaet fuliy understoss.  The author sucreeded in obtaining
<a the laborstory several rhotogrurhs which show the extent to which
eir has penetrsted into the upper surfuce layars of tha flow. However,_
it is knewn that these ugper layers of fiow will absorb atr only if «a

vacuum sexists in them.
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The maximum veloclity herstofore observed at which 1 water-
air mixture flows in a steep chute is 77.1 feet per seeend; and that
portion of the water-air mixture obcupied by the water (sea tabls
15) amounts to from 20 to 55 percent of the total volume.

R. EhrenbergerAO has 1nva=tigated the motion of a water-air
mixture in the labcratory and has derived the following formula, based
on hig measurements, which is in pgood agreement‘wiyh observations on

perated censtocks and chutes at water-power planis: ‘
V. 97 RO-3? (sinag) 9% . lfyﬁ' ..o {g5)

in shich V is the avnrabe velocity in feﬂt per second of the mixture
in a smooth chute; R the hydraul ¢ raalus, in feet, for the entire flow
(cross-sectional RTeG, Al, divided by the wetted perimeter, P); and
the angle between the chute ind the hari:onta]. The proportion: of the
whole volume, p, in percent, occupied b" the «ater exrressinb R in
feet is 28 follows:

if sin g 4\ 0.476, then p = ~_Q_ 4 | R‘G 05 (sj_nn) 6 .(96)

AV

) . ‘ | - - _0.05 =0.74 R

if sin '5“7 0.476, then <. = 0.30 R ° (sin a) .o (em
/ © AV : :

The ﬂischarge;‘q,'ix sacondi-feet cun be calculnteu fron the following

Pmp;rlcaW ey uation

1f sin a/ 0A76 then @ = 41.3 ab'47 (:in a)o 34,
L p0aT

47

PO.A?'

if sin 57*_07476, then .

Chutes for'bypéssiug water have besn bullt with smooth

conecrete surfaces or havp been lined with wood ,

1
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TABLE 16. OBSERVATIONS ON THE FLOW IN PIPE CHUTES .

/

Location
_and

"Matarial
of Chute

Length of

' Fipe Chute, L
Diameter, D
Maximum
Dischurge,

0 .
Average
‘Velocity

v

]
e
bid
K
0

Sec.-Fest

=
®
a

Lontzch
Power Flant : _
Felded Steel 282

Le Derniere L ' - ' '
Iron 3.53 . ' —
Alz : : 1060 - ‘ Wasserkraft-Jabfhuch

Power Plant ‘ .- » : )
Iran ' ' _E%n ' 1925,~-p. 39D

i

Toging - ' o Wasserkraft-Jahrbuch -

Three Iron ;
Pipe.s 2550 : 1925; pP. 395 5




Pipe chutes may be constructed of either iron or wood. An
examgle of an iron-pipe chute i shown in figure 178. Air can be intro-
duced into the ripe through serstion pipes. The high veloclty flow-

can be yrevented from entering an aeration pire by mesns of a metal’

baffle plate such as that shown in the upper right hano corner of
Tigure 178.

Fhen water lseues from the end of a pipe or open chaninel chute

at & .high veiocity, it wmll produce a deep-scaur'unless some fﬁfthéf‘maﬁné
of ﬂ“otect‘on is provided Figure 179 shows measurements of the scour
*roduced 4t the end of & pirpe chuteA - 'In order to prevent this scour,

the wat:r emerglng froa ithe chute should be conuuuted through & nozzle

or counterflow energy dissi;etion or any other device for Azss*pating

energy, such es these shown in figures 146 and 1B0.

i. MNiscellaneous Energy Digsipatora

_ The energy dissipators nlreaﬁy described are designed to
prevent dangerous scour. There are, however, other energy dissipators
designed to dissipate the kinetic eneryy of the water mere or less

completely with no reference to scour.

1. Energy Digsigators for Filiing and
Emptying Lock Chambers

Culverts with luterals were at one time almost exclusively
uged for f-l‘ing locks. If the lock ficor was paved, the sudden incraaéeﬂ
in eross SPCtIOﬂ from the culvert to the lock chamber served to dissipate
tha kinetie energy of the inflow. ;n particulsr 1nstances, if the found—
ation of the lock wag- %usLcien+1y 1mpermaable, it wes attempted to
spare the cost’ of concreting the chambeyr Iloor- in such cases consid~,4
erable scouring of the bottom occurred near the exit?cf‘each'inle£ =
latersl. This necessitsted concreting of the floor. _

ln recent times, i nrier to spare the cost of cu]verts ﬂnd
lat’ru,a, the tendeqny hus been to eliminute them altogather ani to use
siile sates for both flll*ng dnﬁ emIty ng the lock chambpr. whep slide
gates are use?, some meANs pust be adojted to prevent dangerous fLQW

couditions both 1n the lock chumber itseif and slso st the cutlet.

il
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Figures 182a to c, and s, ;how axamples of energy d;vslpators daaignsd
by E. Burkhardt®® for this purpose, and-figure lB?d shows ano ther
"axamyle des*gneﬁ by Van Rinsum“a Both d591gns are bared on model
‘tests. Their main featuraconslstsof the use of 5ills snd baff;es.

2. Enargy Dias;pators in Flumes

The slope of o fiume for a g;ven heud shoulﬂ be mnde 8s large =
as posa,ble in order to reducs the length of ths flume and hence thﬁ cost
of constructiean. E. Bq21k544_has placed berringpone r;bs aqroas‘tha floor

of the flume (figure 183). These :&uselgrounﬁ‘rollé:s tb_form along.

the entire length of the flume. These ribs are constructed of granite

or concrete and hive proved entlre;y wut;afuctony on curtaln reachee

_of the Elbe in Bohemie. Even w;th very hizh h94ds, Lthe use of tbeme R
Bazika ribs hqs ;eru;t.ed channel s;ope of 1:10. in ordes to prevent.
‘;oatina objects from adherlng tc tha rlbs; waod sfidé about ‘30 4inches
wide were lmid on tOp of the ribg longitudine] 1ly a;cng the fluae through~
out its entire lenguh ' S

3. Energy Disslpation ia C01crﬂtP F¢umes hy
¥sans of the 3So-Called
"Ramghorn Waisr-Brake"

The low-water flow in & concfate ’lume shﬁuld heve a tractive

' fn“ce of at least 0.08 pound per square foot in oroer to prQVant a‘lting
of the flume, and durlng periods of hig gh water, accordiﬂg to the exne*ience
at the power plant ut Essen, the tractive force should not increzse

above O{S pound “per sguare Loot in‘order.to prevént daﬁage Lo the éorqrete_

Liniug of the flume. In orcer to retard the flow durln flood. tim&s

459 on thQ

_w;thcut ret;rd;ng it Hurﬂug per“oﬂb of: ]ow watﬂr, A. Ramshorn
basis of nodel teatps_PFcposeﬂ ,hE'use of thﬂ-"watnr-urake“ whdse*édnn.;

‘ struc*irﬁ ia-shown in figures’ 185 Theee water-brakes “aduce the vel~- ‘
ocity of flood flow bv LD to 75 ;eroent of thdt oi &n Laob“t ctaﬁ‘ flow.
To Lrnvant large waves, thej &hou;d be plaCed_°Very 65 fa&t fnr sibps"‘
of 3. 0“5, every 130, Ieetdfor &S ope of 0-003,'hnd-avery lés reet for'a

- slope of 0.0C2. ;hey‘ﬁre Lonatrun¥ed ir om re;nforrﬂd bOﬁﬂretG or, n
CsoaLier ﬂhaﬁLeL-, f“0m woo 1 They Lat "oved ent Lrelj butib achory'"

at the Emacher Compdny B yl;nv &t bagen.




Furthermore, the_fiow At droys-iﬂ‘uniined conmls o -ba

cnntfolled hy‘watef—brakes,"ﬂamsﬁofn even nlaced g water—br&ke up»
stream from u dro; in omier te reduce the head ctherwise saour
might'develoﬁ.' Imméd;at91y balow'tﬁé drop 8 aouble br&ke wam placed,
nd sevaral‘s‘mwge Hrakes were placed farther uownSure&m.‘ With such
an arrungesent, dumage to ‘the concrete linlng, oftan occu“fing at
unprctectﬂi drops, can be prevented.

4. The Enatgy Dissipator at the Emacher Compsny's
flant 8t Graz

Speclial types of energy dlSSlp&torS have baen conﬁtructed
by the Emscher CampaqyéS at peversl drops in an inlet flume in order
\to‘nrotect’thé lining._'The actxon of these dissipators.iSHSLBilar to
thau of - th« Ramshorn wﬁter—bruke, they do not “atara low-water flow,

“but - nur;ng f;oon inﬂ tnny cruse a’ ﬂogloub deveiopment of rollers.
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