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STEPPED SPILLWAY DROP STRUCTURE - LEdcl- 12-May-93 

HYDRAULIC ANALYSIS 

Chamani, M. R. and N. Rajaratnam, "Jet Flow on Stepped Spillways," I Department of Civil Engineering, University of Alberta. Edmonton. Alberta, Canada, 
1 993. 

Rajaratnarn, N., 'Skimming flow in Stepped Spillways," 
Journal of Hydraulic Engineering, 

I Vol. 166 No. 4, April 1990. 

B GIVEN DATk 

DESIGN FLOW 

I 
SPILLWAY WIDTH 
TAILWATER DEPTH 
SPILLWAY CREST ELEVATION 
STILLING BASIN BOITOM ELEV 

I DOWNSTREAM FLOWLINE ELEV 
alpha (if jet flow) 
NUMBER OF STEPS 
STEP HEIGHTILENGTH RATIO 

EOOO CFS need ( IOU~~L)  
250 FT need 

18 FT need 
1152 MSL need 

1135.5 MSL need 
1137.5 MSL need 

0.1 5 need 
5 need 
1 need 



SOLUTION: 

HYDRAULIC PARAMETERS: 

DISCHARGE INTENSIN q = QIW 164 cfslft 

DROP HEIGHT 16.5 ft 

STEP HEIGHT (h) 3.3 f t  

STEP LENGTH (L) 3.3 ft 

Yc=.31 5*qA .667 9.45 ft 

Yc/h 2.86 SKIMMING FLOW 

Vc=q/Yc 17.35 fps 

RELATIVE ENERGY LOSS ACROSS DROP 0.52 fVft 

ENERGY LOSS ACROSS DROP 15.83 ft 

USING assumed trial values of y l  = 
then V1= 
and E l  = 

3.950 need 
41.52 
30.72 

THEREFORE, V1= 41.52 fps 

AND y l  = 

Froude Fr=Vl/(g*yl)" .5 

STILLING BASIN: 

Length of stilling basin 
= 4.5*y2/(Fr 0.76) + 2*yl 

Height of baffle blocks = y l  

Length of baffle blocks = 2*yl 

Width, spacing of baffle blocks = y l  

Location of baffle blocks from last step 
= basin length / 3 



1137.50 downstream flowline elevation 
+ 18.00 f t  (tailwater depth) 

tailwater per channel hydraulics 1155.50 

1135.50 basin bottom elevation 
y2 = yl*0.5*((1 +FRA2) A 0.5-1) 18.68 ft 

tailwater required for hyd jump 1154.18 

ADJUSTMENT REQUIRED TO BASIN BOlTOM ELEVATION: 0.00 ft 

RECOMMENDED ELEVATIONS: 

( BASIN BOlTOM ELEVATION 1 135.50 
TOP OF BANK ELEVATION AT CREST 1166.18 

TOP OF BANK ELEVATION AT STILLING BASIN 1 157.00 I TOP OF BANK ELEVATION AT TAILWATER 1 157.00 

( DESIGN DATA FOR QUANTITY ESTIMATION: 
. \ 

UPSTREAM RIPRAP PROTECTION LENGTH (LO) 
UPSTREAM RIPRAP PROTECTION THICKNESS (T6) I UPSTREAM CUTOFF WALL HEIGHT (HI) 
UPSTREAM CUTOFF WALL THICKNESS (TI) 
CONCRETE LENGTH AT CREST (Ll) 

) CONCRETE THICKNESS AT CREST (T2) 
SPILLWAY CONCRETE THICKNESS (T3) 
BASIN CONCRETE THICKNESS (T4) 

( DOWNSTREAM CUTOFF WALL HEIGHT (H2) 
DOWNSTREAM CUTOFF WALL THICKNESS (T5) 
DOWNSTREAM RIPRAP PROTECTION LENGTH (L2) 

( DOWNSTREAM RIPRAP PROTECTION THICKNESS (l6) 
SIDESLOPES 

need 
need 
need 
need 
need 
need 
need 
need 
need 
need 
need 
need 
need 



STEPPED SPILLWAY DROP STRUCTURE - Codc~t=-k 12-May-93 

I HYDRAULIC ANALYSIS p e s ? s ~ ~ .  LJG I 

- 

Chamani, M. R. and N. Rajaratnam, 'Jet Flow on Stepped Spillways," 
Department of Civil Engineering, University of Alberta, Edmonton, Alberta, Canada, 1 1993. 

I 
Rajaratnam, N., "Skimming flow in Stepped Spillways,' 
Journal of Hydraulic Engineering, 
Vol. 166 No. 4, April 1990. 

DESIGN FLOW 
SPILLWAY WIDTH 
TAILWATER DEPTH 
SPILLWAY CREST ELEVATION 
STILLING BASIN BOTOM ELEV 
DOWNSTREAM FLOWLINE ELEV 
alpha (if jet flow) 
NUMBER OF STEPS 
STEP HEIGHT/LENGTH RATIO 

1 68000 CFS need (JPF)  
250 FT need 
27 FT need 

1152 MSL need 
1135.5 MSL need 
1137.5 MSL need 

0.1 5 need 
5 need 
1 need ", 



HYDRAULIC PARAMETERS: 

DISCHARGE INTENSITY q = QIW 272 cfslft 
DROP HEIGHT 16.5 ft 

STEP HEIGHT (h) 3.3 ft 

STEP LENGTH (L) 3.3 ft 

Yc= .315*q A .667 13.25 ft 

Yc/h 4.01 SKIMMING FLOW 

Vc=qr/c 20.53 fps 

I RELATIVE ENERGY LOSS ACROSS DROP 0.40 ft/ft 

q = v1 * y l  

ENERGY LOSS ACROSS DROP 

USING assumed trial values of y l =  
then V1= 
and E l  = 

THEREFORE, V1= 

AND y l  = 

272 cfslft 

14.55 ft 

6.150 need 
44.23 
36.52 

44.23 fps 

Froude Fr=Vl/(g*yl) A .5 

STILLING BASIN: 

Length of stilling basin 

Height of baffle blocks = y l  

Length of baffle blocks = 2*yl 

Width, spacing of baffle blocks = yl 

Location of baffle blocks from last step 
= basin length / 3 



CHECK TAILWATER REQUIREMENTS: 

1137.50 downstream flowline elevation 
+ 27.00 f t  (tailwater depth) 

tailwater per channel hydraulics 1 164.50 

1135.50 basin bottom elevation 
y2 = yl*0.5*((1 +FR * 2) * 0.5-1) 24.43 ft 

tailwater required for hyd jump 1159.93 

ADJUSTMENT REQUIRED TO BASIN BOlTOM ELEVATION: 0.00 ft 

RECOMMENDED ELEVATIONS: 

) BASIN BOlTOM ELEVATION 1 135.50 
TOP OF BANK ELEVATION AT CREST 1171.87 
TOP OF BANK ELEVATION AT STILLING BASIN 1 166.00 

TOP OF BANK ELEVATION AT TAILWATER 1 166.00 

) DESIGN DATA FOR QUANTITY ESTIMATION: 

UPSTREAM RIPRAP PROTECTION LENGTH (LO) 50 ft 
UPSTREAM RIPRAP PROTECTION THICKNESS (16) 4 ft ( UPSTREAM CUTOFF WALL HEIGHT (HI) 10 ft 
UPSTREAM CUTOFF WALL THICKNESS (ll) 0.8 ft 
CONCRETE LENGTH AT CREST (Ll) 15 ft E CONCRETE THICKNESS AT CREST (l2) 1.5 ft 
SPILLWAY CONCRETE THICKNESS (l3) 3.5 ft 
BASIN CONCRETE THICKNESS (l4) 3 ft ( DOWNSTREAM CUTOFF WALL HEIGHT (H2) 15 ft 
DOWNSTREAM CUTOFF WALL THICKNESS (l5) 0.8 ft 
DOWNSTREAM RIPRAP PROTECTION LENGTH (L2) 100 ft ( DOWNSTREAM RIPRAP PROTECTION THICKNESS (l6) 4 ft 
SIDESLOPES 1 : 1  

need 
need 
need 
need 
need 
need 
need 
need 
need 
need 
need 
need 
need 



Aw : Potentially high cncrgy Jirsilution on slcpped urc~Ruw spillsvays rvclold 
irnplj - ,gnilicanl rcduclbn of  ha size of cluwnslrcarn stilling basins. 'me arnltttnl 
of cncrgy loss on srlch sl,illra s under skirnming.now rnwjitions is cxalnirlcd ex- 
perimcnlatly fo~ I I I ~ L L ~ ~ I ~ C J  i) mode~ate nltntbcr ol steps and s widthlo 11eig)~l 
ratio equal lo 0.7. The cxperinic~~lal ruulls. supported b y  dimensional mruic!cr- 
ations, iadiwte lllat the m a t  imporlrnl parrmetcrs governing cner y c h i  IIIUO 
arc lac ~ l i o  ofthe c t i~iat  depth or now pssing o r c  t l~e  spithsvay to tL stel 
fl, and the number or slcps N. Disstpnlion is higl~est for the snlall values or 
yJ11 tested, ocar unity, anif dccrcaws ui111 increasing y2A; for a ccr~ain y,Ilr the 
diuipalion incruses *ilb N. Thc resulls are cornparul lo llmic of carlicr invcsli- 
gations rettrring 10 a large nun~bcr of srcps. For mntn~only used ranges 01 lllc  SIC^ 
dirncnsions. a general relalion b established bclu.ccn ltle cncrgy l o u  ant\ Ole pa- 
nmclcr y,!!~. ivlaicb may be asciul in pract id applications. 

Usually, tile crcst 'of overflow spillways follows 111e atartdartl slrapes Illat 
were determined afier extensive experiments at the U.S. Waterways EX- 
periment Station (Chow 1959). Tlte flow nccelerates along (lie dow~islrea~n 
face and high velocities are attained at the spillway loe, so thnt slilling basins 
or othcr types of energy dissipalors need to be provided. Some concrete 
gravily dams and the associated spillways are being constructed with a step- 
wise profile by application of rollcrete technology [e.g.. IIollingwortl~ ancl 
Druyts (1986); Bouyge el ol. (1988)j. However, the perlormonce of s1epl)cd 
spillways is not well known. Limited experimental research in tlre pas1 
(Young 1982; Sorcnsen 1985) has suggested that considerable energy dis- 
sipation may take place on the stepped surface of thc spillway, and, con- 
sequently, the stilling basin mighl be severely reduced in size or even clinl- 
inatcd. Hajaratnatn (1990) pro osed a ll~eorctic~l estimate for the enc rg  
loss due to thesteps, assuming1 1 e cstabIishment of unicorn1 skhlti~ing flow.' 
This assumption would imply a l1ig11 spillsvny with many sleps-a require: 
rnerll that may not be typical of stepped slrudure. Peyras el al. (1992) 
presented experimenlal results for snrall gabion weirs with a flat c m l  and 
up to seven steps. According to these results, the relative energy dissipalior~ 
~lecreases with increasitig flowrole ant1 also depends on the stol)c of thc 
downstream face. The objective ofthc prcse~tl paper is to furlhcr assess tile . 
cnetgy loss clraractcristics of stepped spillways by nieans of Ji~b~ratory cx- 
pcriments. 

The experiments were condttcted at the Applied Hydraulics Laboratory 
of the National ?'tcl~nic;ll University of Athens. 1 1 e  spillway tested hat1 llle 
form shown in Fig. 1, in wlticl~ a11 dintcnsions are give11 in ccntimctcrs. 'l'lle 

lAssoc. Prof., Dtpt. Civ. Engrg., Not. Ted,. Univ. of Alhcns, Atl~cns 15773, 
Greece. 

Note. Discussion open until Oclober 1, 1993. li, exrelid ttac ctosir~g dutc oaic 
month, a written request must be iiltd with the ASCE Manager of Journals. Ille 
nlanuscn'pt lor tlils paper was submitted tor review and possi!,lc publiwtion on May 
22, 1992.11is paper is part of the Journal n f  HvJmu/iE m r c d n ~  Vol. 119. No. 

. 5, May, 1W3. OASCE, tSSN 0733.9J29#3KXX~S-0(1.I4flIItKl -t- 9.15 per page. Papcr ; No. 4137. 

FIG. 1. Slde Vlew of SpIlIway Teslod (Dlmenslons Irr cm) 

steps arc desigoctl so that the envelope of their lips, indica~ed by file broken 
liae, follows tlte standard Watenvays Experiment Slation (WES) profile up 
lo a constant slopc of 1:0.7 the horizontal), There are seven 
steps on the curved part 01 face with variable heigbt-to-wiclth 
ratios, and eight steps on the straigl~t par1 with constant wicl~h I = 1.75 cm 
atid height h = 2.50 cni (Ilh = 0.7). The spillrvay was made o t  wood, and 
epoxy coaled to avoid warping. I t  was placed in a 1:iboratory flume 10 nl 
long and (1.5 m wide, which was connected upsr rea~~~ to a 2.0 m x 1.5 m 
sup ly reservoir IhroagJ~ nn elli tical transillon. Beyond the toe of the 
spil P wny, tlie flume I~ad a boltom s P ope 010.04, nnd there tvas no tlownstream 
control, so Iltal supcrcritical flow was rnaintained witllout formation of a 
l~ydraulic jump. 

Eight experi~nenlal runs were carried out, will1 rliscliorges r~nging be- 
tween 10 Us ancl 45 Us. Tlte n~easuret~lent of discllnrgc Q was performed 
by means of a carbon-tetracllloridc differe~~tial nianornetcr instnllecJ on l l~e  
main supply line of tlie laboratory. In each run, the vertical witler dcptl~ 
was measurcd at the brink of tlie 10th and the 13th step by means of a point 
gjlgc olountcd 01) an alu~~iinum franrc so tlrnl iL col~ld be moved longitu- 
dulally and trnnsvcrsely over any point on tlte spillv~ay. Tlie gage was equipped 
vitll a vernier, reatlable lo witl~ia 0.1 mm. However, nlirior irregulnlities 
of tlie water surface, due primarily to llie influence or  the side walls, render 
at1 overall rlacurocy 011 thc order of 0.1 cm. 'Ilic tleptli wss recorded at three 
~~oirrrs across each step (a1 B/4,8/2,38/4, \vl~cre B is the nume width), and 
tlic aritllrnctic mean of the three values was considered as the vertical deptli 
rl over tlre rcspec~ivc s~ep ,  'JIe water level was measured on the fllr~tle axis 
1 rn upstream of Ihe crest. h s e d  on thc preceding rneasuren~cnts, tlre head 
loss w;ls calci~latcd as discussed in the follorving section. 

Rcferrir~g to the nolation showri in I;ig. 2, 1I1e total herd loss up to a 
certain step is cxpressetl by 

wvhcre fI = y cos 0 .b (V2f2g) = [lend on the rtcj, ullc!cr consideration; I{,, 
= Az -I- Y + (C"d29) = head npstre,lln of the sp~llway tek~tive lo the setne 
datun~; I/ = Q / ( y R )  = local nleotl velucity; and V, = Q/(YB) = approach 
velocity. 



I (0) Step No. I5 

10 2.82 1-62 12.1 8.82 38.M 0.768 0.171 1.34 & 
- - - . - . -3L IS 2.77 1.59 188 18.93 39.26 0.518 0 . m  1.75 . 

20 3.20 1.83 218 25.41 40.41 0.372 0.062 2.12 U, 

-.a'- 25 3.65 2.09 239 30.30 41.43 0.268 O.OS9 2.15 '" , 
30 4-57 2.62 229 28.25 42.38 0.333 . 0.DSO 2.78 

j (a ]  ( b )  35 5.M 2.89 242 31.53 43.22 0.270 0.080 3.07 VI .. 
i 40 5.M 3.26 245 32.45 4 4 . 0  0,265 0.087 3.35 w 

FIG. 2 Notallon Skelches 45 6.55 3.76 240 31.46 45-17 0.303 0.105 3.64 $j 
I 3 

Provided B >> y ,  lhc liead loss sl~oulrl he primarily tlependcllt on Itre (I) Step No. 10 n 
nurlltjer of steps N, lfle geonlelry of the stcps (h, I), and tllc discllargc Q; 10 2.67 1.53 132 9.74 30.27 0.678 0.018 1.31 8 . 

. t h ! ? ? n l n y  bc expressed equivalently by tJle critical dcplll y, = 15 2.68 1.51 195 20.30 51.51 0.355 0.065 1.75 
v(@IB)*lg. Simple dimensional analysis leads to [he rclatiorl 20 3.18 1.82 220 25.69 32.66 0.214 0.061 2.12 

I 
i 
I. 

25 3.75 215  232 28.74 33.68 0.141 0.063 2.45 5 
I 30 4.34 2.49 241 31.05 34.63 0.1M 0.069 2.78 r 

' 

..-...-...-.........-........_............_ ;i (2) 35 5.12 2.911 239 30.76 35.47 0.133 0 W j  3.07 ,.,, 
.. 
! - 40 5.59 3.21 248 33.21 36.25 0.084 0.084 3.35 

45 7 .  4.01 222 27.35 37.12 0.266 0.133 3.65 
z 

In present experiments, Ilre ratio of I/h was 0.7. W1is value is ctose -. 
to llle practically applied values of 0.78 (Sorensen 1985). 0.6~-0.62 

9 m 
I linW"rlh and Druyls 1988). and 0.75 (nouyge el  al. 1988). Tile inlportn11ce l n ~ l e  1 so~nn~arizes tile present ex erilnenel rerdlr for [he 10th and tile I: 01 the Parameter yJh was suggested esrlicr by Rajaroloam (1990). ~c dc- 13tlt step. Tire experimental range n y,lfr clearly belongs to the skimlning- 

termined Illat for y,lh > 0.8, skirnr~~ing flaw is expected to occur over a 
P 

flow regime. It is seen that for each y,l11 l l ~ e  relative head loss is higher at /j stepped spillsay, d~e rea s  for sn~aller valuer of yCllr, there is n nuli~e-flolv tile 13111 step, close to the spillway toe. There is high energy dissipalion for 
reghe. i.c. the flow from each step hits t l ~ e  step below as falling jet. snlall y,llt, apparently due to the more pronouncecl effect of ihe sleps for 
According to observolions on gabion weirs by Peyras el a]. (1992). isol;lted 

I snlall water deptlrs relalive 10 the step size. In fact, the preserlce of the sleps naPPe flow c ) ~ ~ r s  very small flow rates, in the range of y,.lll < 0.5, ;~nd m:ly be considered as a macroroughness of the boundary. at a scale much 
partial naPPe flow occurs at somewhat trigher discharges. Althougll the lnrger Ihan the usual wall roughness. T l ~ e  values of c, calculated by (3) are 
nappe-flow condilions are evidently most efficient in terms of ellergy dis- also sllown in Table 1; olthougb not strictly uniform, the observed local 
sipalion, tlley are no1 likely lo be sought in l~ractice, due to the anticil,aled dcplll is llsed for sake of comparison. Their average value is 0.089 at 
considerable damage of the stepped structure. tile 13111 stel, arid 0.076 the 10ilb step. These are within tile expecled 

; The tlleoretical description of flow over a spillway is no1 simple, even for rullge, but 1.s~ tllan llalf tho value corresponding to Sonnsenns e x p e r i n n .  ' - 
Ihe con\'en(ional form without tile steps. The flow acceler;l[cs down llrc hccordillg (0 Rajaralnam (19W), for a large number ol idenlical sleps 

. 
1: slope, and a boundary layer develops starting at the crest. After hlllg de- and fr,r a lligll ~ f o u d ~  number, the tlieoretical energy loss at the spillway 
.I. Veloped flow is eslablisbed, tile entrainmen1 of air due to high vclucilies . . floe is 88% ofllle energy present without ttle Steps. Sorensen (1985) reporled : may lead toconsiderable now bulking. In atternpiing to eslimatc tl1c energy a 84% I;inclic energy dissipation IIP lo lhe lot for the ma~ill~unl fliscllarge 

loss due to the steps, Rajarafnarn (1990) adopted the assulllplion of unifolnl p s i n g  over a lnodel spjl]way of 58 steps. However, ~ I I C  present results. 
), skinlnling flow, and derivetl llle following cxprcssion for llie elfcclivt: roup11- c1btailled for a mucll smaller nurnber of slcps, indicate sisnificanll~ lower ness coefficie111 c, of the stepped surface: energy loses. A plot of ;he preseat data of JlllZf~ versus y c l l ~  is shown in 

2y:g sin 0 fig. 3. 0" t]le salne figure the rcs~rective results 0fSorellsen are pmsenled, 
c, = 2 "-"'-.-.--.-..-...-..-..-.,~-..-..~..,..,.... (3) - RS calculated irom his original dara. The effect of tire nr~mher of steps N is 

evillent, since at any speci[ic y,/lt IIle relative energy IOSS illcreases \vi[tl tile 
nulnber of steps; in bc( the imporlorlce oTN is  nlorc pronouncell hig1ler 
y,lh. fig. 4 illustrates dcpcndence of AlI/fIo on the paranlelcr ):lNjl. -O 

wl~ere yo = (unifoml) dept11 normal to tllc flow clirection. Rirjaratllanl Tile poirrtssugge:esl a single expcrin~cntnlcurve, indici~ted by tllc broken 1 ,  reporte(1 values 0 f c  for stepped structures ranging bctrerll O.US and 0.18. line, Clenrly, a stepped spillway is most effective for energy dissil~nlion when 
I For tlle slepped spilfivay teslcd 11p Sorenscn (1985), itrjnmtnas~ cnlcul:l!ed y,lhi)l is sm;dl or when the discliarge is small. For a ccrtnin discltnrgc, the 

m l u ~ s  of cf in the rankc 0.1 1 t 0.20, will, un averngc of (].ls. tlissipolioll clecrcnses rvith incrcasilrg Nit, \vllicll rougllly ~(luals Ihc total 
X 

64 6 647 

f 



FIG. 3. Varlatlon of Relallve Head Loss hflllf, wlUI ycIR and N 

o 1  1 I s I I 8.- 
01 a2 a3 24- 

Nh 
FIG. 4. Dependence' of AH/& on y,lNIt 

11) 1t;c stated linrilalioos tlrc experimcrrlal curve ot Prg. 4 may be used 
d e s i ~ c t i c ~ r a i w a r ~ l n ~ i r i ~ i m ~  

loss. m y  q .-< 

Experiments on a moderately sized stepped spillway indicate that the 
energy dissipation may be significa~~tly lcss thnn suggested by earlier sludies 
basetl on the establishment of uniform flow on liigli spillways. It is found 
tllat the cnergy loss due to tlre steps depends primarily on tlre ratio y , / / ~ ,  
whcrc y, is the critical depth ol now passing over the spillwpy. and 11 is the 
step height, as well a s  on the number of steps N. For small values of y,l11 
tiear unity, i.e., near [Ire limit of skimming flow, the stepped surface is very 
effcctive ia dissipating energy. For Iriglrcr values of y,Jlr, Ille effect of N 
bccon~es appreciable: at a certain y,l/r, the relative energy loss ir~creases 
will1 N. The present and previous experimental rcsults can be conibined in 
a single experin~en~al curve expressing tlrc relative energy loss in terms o l  
the oarameter y,lN11 for the co~n~nonly used values of lih close to 0.7 and 
y,,llr in the range of 1-4. 

P3rlhil finar~cjal support for this sturly was provided by the Public Power 
Corporation of Greece. Experime~ltal nreasurements were taken by the 
str~dcnts I-I. Tsiodrs s r ~ d  G. iIalod. 
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Tfrc jolio~vttg ~yrnbols are rrseti k llrispnyer: 

R = llunle width; 
c, = cffectivc roughness coefficicl~t; 
rl = ver~ical d c p ~ h  o f  flow over briuk of step; 
f' = functioa; 



+ p h y d -  step w i  th I ii II) I 
= nun~ber of steps fro111 crest to cl~osen level; 
= discharge; 
= local mean velocily; 
=-approach velocity; 
= upstream deplh; 
= depth 01 f low no rn~a l  to spillway slope; 
= crilical depth; 
= unilorfn deplk; 
= IIo - H; 
= devalion difference between cltosen step and bot lom o f  flume 

front of spillway; and 
= angle o f  downstream face o f  spil1way t o  hor izo~l ta l  [Fig. 2(ri)J. 

Aesrnacr: The inner layer 01 a turbt~lcnt Imlntlaty laycrconsis~rola lincar laycr 
in which thc velucity Jirlribatior~ is linear, the log-IP~V region having a t ~ ~ p ~ i ~ l ~ n ~ i c  r 
vcluci~y dirttibulion arrd a tt~llfer layer lyirtg in between Ihem. Seprrotc cqustions a 
a r t  available for the lincor lrycr and the log-larvrcgio~~. available illncr region . 
equations pcrtain to flow aver sniooth hun~dary ar,:' 111cy arc uplicit (containing V) 
involved exprcninnr) or in~plicit. No eqtration i s  ur~~hb lc  illat il~cluder tile ckc t  
[I[ roughness. Prcsenlcd llcrcin is a gcnerrlizcJ cquoliun for vclncilg distntution 
in thc inncr Isw rcgion ofa t~lrbulent boundary layer. Tl~c cqr~ation incllldcs linear 
and logarilllnrie vclucily tlistributioor and i t  is valid lor hrtlnulicatly snroolla and 
rough boundaries ant1 the transition range in bcl\vcen. k' 
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G .  
The l low over n srnootli f lal ~ t ln te  is conlposecl o f  trvo regioln: ?'he inner cn 

rcgion, in wliicit the velocity distribrdion is influenced by viscous shear; and 
IIIC outer region, in which llte velocity profiles ore dominnted by turhrilent 7 
sheaf. The inner region is furtlier subdivided into two parls: the viscolts ;-; 
sublayer, i n  vihictt t l~c~iscousstresses aresignificant; and the log-law region, 
i n  v:hich the velicity distribution is logarillunic. Agnin the viscous sublayer f 
consists o f  two parts: the linear sublayer, i n  w l t i c l~  the velociry distribulinn 
ill linear; and tile I ~ u I l c r  layer, wl~icb provides a sn~oot l i  ~ransit iorl  I)elweeri z 
the liltcar srtcl the logarith~nic velocity distribnlions. 

'Ilre akt>rcmentioned classifica~ion is characterized b)r tl le nondiniensionol 
vnriuble y + , defined as 

i n  which y = l l le distmlcc l r o n ~  ttie sr~rfnce; e = kincf~int ic  viscosity or 111c 
fluid; ant1 t r*  = the rvall shear velociry, given by 

i n  wliich ro = the wall shear stress; and p = tnnss density of fluid. T l i e  
vclocily u at y is nondirnensionalized by rr,, i.e.. 

Fur y+ I 5, the velociry clistribution in 111e liriear layer is given by 

- 
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SKI~IMINC FLOIV IN STEPPED SPILI,IVAYS 

Uy N. RaJsretnsm,' Member, ASCE 

I n  a slipped spillway, the spillway facc is provided with a scries o f  stcps, 
from near !be crest to the toe. Thc encrgy dissipation caused by the stcps 
rcduccs the size o f  the cncrgy dissipater, gcncrally providcd at thc toe o f  
the spillway. Slcpped spillways have been built i n  the past but there appears 
to bc rcnewcd intcrest i n  them because o f  significant cost savings. A rccent 
cxamplc is the Monksvillc dam (Sorenscn 1985). 

Bascd on thc cxperimcntal observations o f  Esscry and llorncr (1971) and 
Sorcnsen (1985), thc flow over stepped spillways can be divided inlo nappc 
flow and skimming flow regimes [Figs. [(a) and (b) ] .  I n  the nappe flow 

, rcgimc, the flow from each step hits the step below as a falling jct. with 
thc energy clissipation occurring by jct brcakup in  air, jet mixing on the stcp, 
with or wilhor~t the formation of a partial llydraulic jump on the step. In  the 
skimming flow regime, the water flows down rhe stcppcd face as a cohcrcnt 
strcam, skimming over the steps and cushioned by the rccirculating fluid 
trapped bctween thcrn. Thc encrgy dissipation in the flow appears to bc en- 
hanccd by the momentum transfcr to the rccirculating fluid. In  this notc, a 
mcthod for predicting thc shear strcss, thus frictional cncrgy loss o f  the skim- 
ming flow is prcscntcd. 

For a stcpped spillway o f  constant slope, So = sin a, with a large numbcr 
o f  identical stcps o f  hcight, h ,  and (horizontal) Icngth, I (notc that sin a = 
I , / - ) ,  thc flow is assumcd to becornc fully developed after the first 
fcw stcps. For such a fully devclopcd flow, with a constant mcan vclocity 
o f  Vo and normal dcpth o f  yo, considcring unit width of the spillway, we 
writc 

yoy sin a = T ................................................... (1)  

wllcrc y = the wcight pcr unit volume o f  the fluid (watcr); and T = the 
nvcrngc Rcynolds shear stress that exists between the skimming stream and 
thc rccirculnting fluid undcrncnth. Let us assume 

wl~crc cr = the cocfficicnt o f  fluid friction and would be cqual to f/4, whcre 
f = thc Dnrcy-Wcisbach friction factor; and p = the niass density o f  the 
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- @\ (a) Nappe flow 
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1 . 1  , .  \ (b) Sklmmlng flow 

FIG. 1. Dellnlllon Sketcher for Flow Over Stepped Spillways 

fluid. Combining Eqs. 1 and 2, wc obtain 

2y&j sin a 
c/ = .................................................. ( 3 )  

q2 

whcrc g = thc accclcrafion ditc to gravity; and q = dischargc pcr unit wid111 
of thc spillway. 

Thc idca of Eq. 2 is to rcprcsent the t~~rbulcnt shcar stress bctwccn thc 
main strcam and t l~c  rccirculating fluid, trapped bctwccn the stcps of the 
spillway. For cxamplc, this mcthod has bccn uscd in dcvcloping flow cqua- 
lions for Dcnil, Vcrlical Slot, and olhcr fishways (Rajnmtnam nnd KalopoJis 
1984; Rajaratnam ct al. 1986; Rajaratnam ct al. 1988). For a Dcnil fishway, 
with the dcpth of flow much largcr than its witlth, so that the shear comcs 
mainly from thc sidcs and for subcritical flows, c/ has bccn found to bc equal 
to about 0.09 and for rclativcly smallcr dcpths, valucs of c/ havc bccn fount1 

I D -  

to be as large as 0.6. The Reynolds number R = Voyo/v, with v &ing the 
kinelnntic viscosity of the fluid, was in the range of 10'-lo6 for the prototype 
and equal to about 10' for the 1/3 scale model of Ule Denil fishway. For 
pool and weir fishways, cf has been found to be about 0.09. Ervine and 
Baird (1982) used t l ~ c  same idea to express the apparent shear bctwcen the 
main channel and flood-plain channel flows and found a value of 0.05 for 
c,. The slopes for Denil fishways had a maximum value of about 0.3 whereas 
for the compound channel of Ervine and Baird, they were very small. The 
p i n t  is Illat the idea of Eq. 2 appears to be generally valid for the range of 
slopcs studied so far and is uscd for stcppcd spillway only to attempt to 
estimate its flow characteristics. It should be pointed out that for smooth 
boundaries, the coefficient of skin friction decreases from about 0.0035 to 
0.0025 as R incrcascs from 10' to lo6. 

To  cvaluatc cf for skimming flow in a stepped spillway. the expcrimcntal 
observations of Sorenscn on a 1 :25 scalc model of the ncw Monksville dam 
spillway of approximatc height of 32 m are used. Steps at the crest were 
filtcd to Ihe standard Waterways Expcriment Station (WES) spillway profile. 
But for the small number of steps near the crest, the height h of the re- 
maining stcps was 0.6 m with a spillway slope of I (vertical) on 0.78 (hor- 
izontal). Thc horizonial lengtl~, I, of the steps was 0.47 m, thus giving a 
valuc of 1.28 for h / l .  

For cxpcrimcnts (CI-C8), c/ was found to vary from 0. I I to 0.2 with an 
average value of 0.18. For cxpcrimcnts C9 and CIO, with vcry small flow 
rates, cf was found to bc 0.25 and 0.28, respectively, and it is possible that 
in thcsc cxpcrimcnts the flow was in a transition stale bctwcen nappc and 
skimming regimes. It is rcalized that for the C-scrics, Sorensen mcastrred 
thc flow depths downstream of the toc and on the stepped spillway the flow 
would have becn aerated. Sorenscn also adniits to 10-15% error in dcpth 
mcasurcmcnls bctwecn continuity calculations and stagnation tubc measurc- 
mcnts. Aeration aspects are also important. Ifcnce, calculations of cf and 
encrgy loss on the spillway (presented latcr) would have to be considcred 
vcry approximatc. The avcragc valuc of 0.18 for the skimming flow In the 
stepped spillway studied by Sorensen, is about twice as large as the valuc 
for a Dcnil fishway with a rcla~ively large dcpth of flow. For a vertical slot 
fisl~way, cf was found to be equal to about 0.14 for a 1/16 scalc model with 
R equal to about 5,000. For a pool and weir fishway, cf = 0.09 in the 
strcaniing flow rcgirne (Rajaratnan~ ct al. 1988). Considering all these values 
inclutling 0.05 (Ervine and Baird 1982), c/ is the rangc of 0.05-0. I8 with . 

thc Reynoltls nun~bcr in the approxinlatc range of 5,000-10'. It would be 
inlcrcsting and useful to find cf for skimming flow sfcppcd spillways for a 
rangc of slopcs or h/l. 

For convcnicncc of use, rewrite Eq. 3 as 
r 

For tllc dischargc pcr unir width q,  writc 
P 



An estimate of the cncrgy loss for skimming flow in a stepped spillway 
is prcsented using tlic analysis prcscntcd in the previous scctions. If E is the 
cnergy in the flow at the toe of tlic stcppcd spillway 

v; 
E = yo + - .................................................... (6) 

29 
213 '" q s i n a  ..... :........ .................... (7) 

If yA and VA = thc corresponding dcpth and vclocity at the toe of a smooth 
spillway without steps 

and one can write an equation similar to Eq. 7 with c; replacing c/, where 
c; .= the cocfficicnt of skin friction for the smooth spillway. Sorensen's tests 
(B series) on a smooth spillway give a value of 0.0065 for c;. If AE is 
defined as 

AE gives the cnergy loss caused by the steps over that caused by thc smooth 
spillway face. If thc relative energy loss is dcfined as LZE/E', it can be 
shown tliat 

whcrc A = (cj/c;)"'; and F6 = the Froude numbcr at the toe of thc smooth 
spillway. Taking cj = 0.18 and c; = 0.0065, A 3 3 and for a relatively 
large value of FA, AE/E1 is approximately equal to (A' - 1 ) / ~ ' ,  which 
furthcr rcduccs to 8/9. This indicates the considerable amount of cncrgy loss I 

that can bc produced by sleps, as was found by Sorcnscn. 

Based on their expcrimental observations, Esscry and Horncr (1971) found 
that for horizontal stcps, for thc onset of skimming flow, thc ratio y,/l, 
wliercin y, is the critical depth, incrcascd with h/l from about 0.32 for Ir/l 
= 0.4 to about 0.69 for h/l  = 0.9. By a reanalysis of their data, it was 
founcl that for thc wholc range of h/l from 0.4 to 0.9, at the onset of skim- 
ming flow, y,/h was approximately equal to 0.8. This mcans that for y,/h 
grcatcr than 0.8, skini~ning flow occurs. Thc observations of Sorcnscn for 
11/1 = 1.28 support this criteria. For y,/h less than 0.8, onc would expect 
to get nappe flow and in Sorcnscn's experiments, nappe flow occurred for 
y,/h = 0.16. 

'Illis technical note presents a method of predicting the characteristics of 
skimming flow on stepped spillways. For a stcppcd spillway with a slope 
of I vertical on 0.78 horizontal, the fluid friction coefficient c/ was evaluated 
using thc expcrimental results of Sorensen and found lo be about 0.18. An 
cstimate has becn made of the energy loss on stepped spillways for skimming 
flow. 

Ervine. D. A.. and Baird. J. I. (1982). 'Rating Curves for Rivers wi~h Overbank 
- Flow," Proc. Insm. of Civ. Engrs., Part 2 ,  Instilute of Civil Engineers. 465-472. 
Esscry. I. T. S., and Homer, M. W. (1971). 'The hydraulic design of stepped spill- 

WAYS." Repor1 33, Constr. Industry Rcs. and Information Assoc., London, En- 
3 nland. 
~<aratnarn. N.. and Katopodis, C. (1984). 'I~ydmulics of Dcnil fishways." Proc.. 
ASCE, 110(9), 1219-1233. 

Rajnratnam, N., Katopdis, C., and Mainali, A. (1988). 'Plunging and streaming 
flows in pool and weir fishways." Proc., ASCE. 114(8). 939-944. 

Rajaratnarn; N.. Van der Vinne. G.. and Kalopodis. C. (1986). 'Ilydraulics of Verti- 
cal Slot fishways." Proc., ASCE, 112(10), 909-927. 

Sorenscn, R. M. (1985). 'Stepped spillway hydraulic model investigalion.' Proc.. 
ASCE, 11  1(12), 1461-1472. . 



I I I I I I I I , ' I I=  
'6.. 
I t .  I VOL. 11 6 NO. 4 APR. 1990 

ISSN 0733-9429 
CODEN: JHENDB 

Jmoriliarl mff 

1 

AMERICAN SOCIETY OF CIVIL ENGINEERS 

1: 

I 

HYDRAULICS DIVISION 



Gill, M. (1977). ' 
Ilcggen, R. (1984 

B~ill . ,  20(1), If 
O'Donncll, T. (I 

ing lateral inflc 

Vordic flydr., 8, 163- 170. 
flood routing." Water Res. I By N. Rajaratnam,' Member, ASCE 

lgum procedure incorporat- i ~NTRODUCTION 

I In a steppcd spillway, the spillway face is provided with a series of steps, 
from ncar the crest to- the toe.  he energy dissipation caused by the steps 
reduces the size of the energy dissipator, generally provided at the toe of 
the spillway. Stepped spillways have been built in the past but there appcars 
to be renewcd interest in tllem because of significant cost savings. A recent 
exanlple is the Monksville dam (Sorensen 1985). 

Based on the experimental observations of Essery and Homer (I97 1) and 
Sorensen (1985), the flow over stepped spillways can be divided into nappe 
flow and skimming flow regimes [Figs. I(a) and (b)]. In the nappe flow 
regime, the flow from each step hits the step below as a falling jet, with 

I 
I the energy dissipation occuning by jct breakup in air, jet mixing on the step, 

with or without the formation of a partial hydraulic jump on the step. In the 

i skimming flow regime, the water flows down the stepped face as a coherent 
stream, skimming over the steps and cushioned by the recirculating fluid 

I trapped between them. Tllc energy dissipation in the flow appears to be en- 
hanccd by the momentum transfer to the recirculating fluid. In this note, a 
method for predicting the shear stress, thus frictional energy loss of the skim- 
ming flow is presen~ed. 

For a steppctl spillway of constant slope, So = sin a, with a large number 
of identical steps of height, h, and (liorizontal) length, I (note that sin a = 
I I / @ T P ) ,  the flow is assumed to become fully developed after the first 
fcw steps. For such a fi~lly developed flow, with a constant mean vclocity 
of Vo and normal depth of yo, considering unit width of the spillway, we 
write 

yfl sin a = 7 .................................................. . . ( I )  

where y = the weight per unit volume of the fluid (water); and T = the 
average Reynolds shear stress that exists between the skimming stream and 
the recirculating fluid underneath. Let us assume 

whcrc c, = the coefficient of fluid friction and wot~ld be equal to f/4, where 
f = the Darcy-Weisbach friction factor; and p = the mass density of the 
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An estimatc of the energy loss for skimming flow in a stepped spillway 
is presented using the analysis presented in the previous sections. If E is the 
energy in the flow' at the toe of the stepped spillway 

v: 
E = yo + - .................................................... (6)  

29 
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q sin a .................................. (7) 

If yA and VA = the corresponding depth and velocity at the toe of a smooth 
spillway without stcps 

and one can write an equation similar to Eq. 7 with c; replacing c,, where 
c j  = the coefficient of skin friction for the smooth spillway. Sorensen's tests 
(B series) on a smooth spillway give,a value of 0.0065 for c;. If AE is. - 
dcfined as 

AE gives the energy loss caused by the steps over that caused by the smooth 
spillway face. If the relative energy loss is defined as AE/Ef, it can be 
shown that 

where A = (cJ/c;)'"; and FL = the Froude nuniber at the toe of the smooth 
spillway. Taking c, = 0.18 and c j  =. 0.0065, A = 3 and for a relatively 
large value of FA, AE/Ef is approximately equal to (A' - I)/A', which 
further reduces to 8/9. This indicates the considerable amount of energy loss 
that can be produced by steps, as was found by Sorensen. 

Bascd on their experimental observations, Essery and Homer (1971) found 
that for horizontal steps, for the onset of skimming flow, the ratio y,/l, 
wherein y, is the crilrcal depth, increased with h/l from about 0.32 for h/l 
= 0.4 to about 0.69 for i i / l  = 0.9. By a reanalysis of their data, it was 
found that for the whole range of h/l from 0.4 to 0.9, at the onset of skini- 
ming flow. y,/k was approximately equal to 0.8. This means that for y,/b 
greater than 0.8, skimming flow occurs. The observations o f  Sorensen for 
h / l  = 1.28 support this criteria. For ? ; / / I  less than 0.8, one would expect 
c g e t  nappe flow and in Sorensen's experiments, nappe flow occurred for 
yc/h = 0.16. 

This technical note presents a method of predicting the characteristics of 
skimming flow on stepped spillways. For a stepped spillway with a slope 
of 1 vertical on 0.78 horizontal, the fluid friction coefficient CJ was evaluated 
using the experimental results of Sorensen and found to be about 0.18. An 
estimate has been made of the energy loss on stepped spillways for skimming 
flow. 
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b,SSOClATFS 
ABSTRACT: A physical hydrat~lic model investigation was c~~ndt~ctcd to evalu- 
ate the pcrformancc of a slepl>cd overflow spillway. The slrillway has a stan- 
dard ogcc profile with contincn>us steps c111 into tlic spill\vay face from just 
bclow the crest, to the toe. Thc steps significantly increase the rate of energy 
dissipation on the spillway face, thus eliminating or greatly reducing the need 
for a large energy dissipation basin at  the spillway toe. Primary objectives of 
thc invcstigalion wcre to cvnlualc Ihe cffcclivcncss of thc flow transition from 
tllc smmtli crcst profile lo t h u  slcps, to quanlily Ihc cncrgy dissiyation on thc 
spillway face, and to dcfinc tlic flow characlcristics on thc steps. The invcsti- 
gation clcmonstratcd that ~liis stcppcd spillway is 1111itc cffcclivc at dissipating 
cncrgy and that smootl~ flow tra~isition fmm thc spillway crcst to the stcppctl 
face is easily achieved. 

~NTRODUCTION 

A s tepped  spillway h a s  been  designed for  t h e  n e w  Monksville Dam,  
wl i ic l~  is to  b e  par t  of t h e  W a n a q u e  S o u t h  Project being deve loped  b y  
the Nor th  Jersey District Water  S u p p l y  Commission a n d  t h e  Hackensack 
Water  Company.  This  spillway will b e  a modification of t h e  Waterways  
Experiment Station (WES) s tandard  profile for a n  ~ tncont ro l led  ogee  
spillway. A t  a po in t  just d o w n s t r e a m  of t h e  spi l lway crest, s t e p s  a r e  
designed in to  t h e  profile s o  that  t h e  enve lope  of their tips follows t h e  
s tandard  profile d o w n  t o  t h e  toe of t h e  spillway. T h e  s t e p s  significantly 
increase the  rate of energy  dissipation taking place o n  t l i e~sp i l lway  face 
a n d  eliminate o r  greatly reduce t h e  need  for  a large e n e r g y  dissipat ion 
basin a t  t h e  toe of t h e  spillway. T h e  performance of this t y p e  of spi l lway 
has  not  been  extensively investigated so the  designers, O'Brien a n d  G e r e  
Engineers, lnc., contracted w i t h  t h e  Hydraitlics Division, Fritz Engi- 
neering Laboratory, Lehigh University, to  conduc t  h ~ d r a u l i c  model  in- 
vestigations of t h e  p roposed  design.  

T h e  s t e p p e d  spillway concept  is  n o t  new; a s t e p p e d  spi l lway w a s  u s e d  
o n  the  N e w  Cro ton  D a m  built i n  1892-1906 (8). However ,  t h e  wri ter  i s  
not a w a r e  of a n y  model  o r  prototypical hydraul ic  investigations d o n e  o n  
this type  of spillway prior  t o  1982. I n  1982, resul ts  of a Bureau of Re- 
clamation model  s t u d y  of a s t e p p e d  spillway for  t h e  U p p e r  Stillwater 
Dam (to b e  constructed in  Utah)  w e r e  publ ished (9). T h e  des ign  cross  
section for t h e  U p p e r  Stillwater D a m  spillway is significantly different 
from that p roposed  for t h e  Monksville D a m  spillway. Results from t h e  
Bureau of Reclamation model  s t i tdy a r e  generally ttseful for t h e  des ign  
of s tepped  spillways a n d  provided incentive for t h e  u s e  of this concept  
a t  'Monksville Dam. - 
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I I I R  
The Mc .ille Dam spillway will have a crest elevation of 400 f t  (121.9 

m) and a . elevation that will vary irregularly between 280 f t  (85.3 m) 
and 310 ft (94.5 m). Its crest width will be 200 ft (61 m). The design 
discharge per foot of spillway crest for energy dissipation considerations 

6 is 65 sb ft/sec (6 m2/s) and the probable maximum flood discharge, used 
to determine the spillway profile, is 100 sq ft/sec (9.3 m2/s). For these 
two flow rates, the reservoir heads above the spillway crests are 6.3 f t  
(1.9 m) and 8.6 f t  (2.6 m), respectively. 
.During the preliminary design phase, alternate means of providing 

energy dissipation for these spillway flows were considered. They in- 
clude: 

1. A standard hydraulic jump stilling basin, which would dissipate a 
sufficient percentage of the flow energy. However, since the water sur- 
face elevation at the spillway toe commonly will fluctuate by 20 ft (6.1 
m) or more, extensive rock excavation would be required to set the basin 
floor at the proper elevation or a large basin end sill would have to be 
constructed. 

2. A 50 f t  (15.2 m) wide flip bucket at the toe to deflect the flow suf- 
ficiently far from the toe. A resulting jet velocity of about 75 ft/sec (22.9 
m/s) would develop a significant scour hole. Design of a successful spill- 
way chute that converges from 200 ft (61 m) to 50 ft (15.2 m) in width 
and conveys highly super-critical flow would be difficult. 

3. A properly designed and constructed stepped ogee spillway should 
dissipate sufficient energy to not require a stilling basin. It would allow 
full aeration of spillway flows and should be aesthetically pleasing for 
typical flow rates over the spillway. The estimated construction cost for 
this third alternative offers substantial savings over the first two alter- 
. natives. 

The objective of this study was to investigate the specific stepped spill- 
way design proposed by the design engineers. Primary concerns in- 
cluded: 

1. The effectiveness of flow transition from the smooth surface profile 
at and below the spillway crest, to the first few steps on the spillway 
face. 

2. The amount of energy dissipation in the flow over the stepped 
spillway and resulting flow velocities at the spillway toe. 

3. Training wall heights required to contain the flow along the stepped 
spillway face. 

The specific spillway design being investigated is basic in that it is a 
straightforward modification of a standard ogee spillway profile. Results 
of this investigation, which addrtess the aforementioned concerns and 
indicate that this stepped spillway design is effective, are thus of general 
value to spillway designers. 

The WES standard spillway profile (see Ref. 2, p. 364) was determined 
for the design flow conditions (probable maximum flood) and then steps 

xl.15 
12.46 WES Stondord 1 l>k&-j ' \- Profile 

2.0' by 1.56' 

To Toe 
Steps Continue 

FIG. 1.-WES Standard Proflle and Stepped Profile, Upper Portlon of Spillway 
(Prototypical Dimensions) 

were fitted to this profile. The standard profile from the upstream face 
to the point of tangency on the spillway face, which depends on both 
the design head and the upstream face slope, is shown in Fig. 1. Below 
the point of tangency the spillway profile has a 0.78 H:lV slope. 

Owing to construction techniques for the concrete dam and spillway, .' the designers decided to use 2 ft (0.61 m) vertical steps below the initial 
few transition steps. Fig. 1 also shows the resulting step geometry on: 
the face of the upper portion of the spillway. Below the point of tan-' 
gency, 2 f t  by 1.56 ft (0.61 m by 0.48 m) steps continue down to the toe. 
Above the point of tangency, step sizes decrease in transition to the 
standard nonstepped ogee profile. 

The experimental phase of this study consisted of tests on three two- 
dimensional sectional models of the proposed spillway. Model scales of 
1 : 10 and 1 :25 were used. 

Similitude Requirements.-Flow over a spillway involves significant 
horizontal and vertical components of velocity and acceleration. Thus, 
a spillway model should be built to undistorted scale. Since gravity forces 
dominate, Froilde similarity criteria define model/prototype scale rela- 
tionships. 

Bureau of Reclamation (3) spillway models for large dams have typi- 
cally been constructed to scale ratios between 1 :30 and 1 : 100. The Bu- ' 

reau recommends that medium-size spillway models not be smaller than 
a 1:60 scale. Sharp (7) concurs with this recommendation. Thus, the 
1:10 and 1:25 scale models used in this study quite well satisfy these 
recommended minimum scale requirements. The surface roughness of 
a concrete spillway is relatively small so the models were built of plex- 
iglas. 



I J  
The Bul of Reclanlation recommends that the flow depth over the 

crest of a sp111way model be at least 75 mill (0.246 ft) at the design nor- 
mal operating range to reduce effects of viscosity and surface tension. 
They also recommend, for two-dimensional spillway models, that the 
model crest width be at least 150 mm (0.492 ft). Thesc recommendations 
have been satisfied in this study. 

For Froude similarity, the following sczle rclationsllips must hold: 

where L, is the model/prototype length ratio; q, is the discharge per unit 
width of spillway ratio; and vr is the velocity ratio. For the 1:10 and 1:25 
scale ratios used in this study, this yields discharge ratios of 1:31.6 and 
1: 125, respectively, and velocity ratios of 1 :3.16 and 1 :5, respectively. 

Flume.-Fig. 2 shows schematic plan and profile sections of the test 
flume. An 8-in. (20.3-cm) pipe with a butterfly valve for adjusting the 
flow rate provided flow to the head box. Flow from the tailbox dropped 
into a 5-ft (1.52-111) diam, 6-ft (1.83-m) high steel cylindrical volumetric 
tank on the floor below. A flexible pipe from the tailbox allowed direc- 
tion of the flow into the tank for a flow rate measurement or directly 
into the sump for recirculation by the pump. The maximum discharge 
through the flume was limited by the capacity of the tailbox to just under 
3 cfs (0.085 m3/s). Flow in the head box passed two baffles before en- 
tering the narrower (1-ft wide) test section. The first head box baffle, 
made of plywood drilled with 1-112-in. (38.1-cm) diam holes, smoothed 
the flow. The second and shorter baffle consisting of a thin aluminum 
,plate with fine holes was installed primarily to dampen surface waves. 

There were two model test bays, each having a plywood back wall 
painted white and a clear plexiglas front wall. The clear viewing sec- 
tions of each were 45 in. by 70 in. (114 cm by 178 cm) and 42 in. by 52 
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FIG. 2.-Schematic Plan and Profile of Model Test Flume 

in. (107 cm by 132 cm), respectively. The first and smaller model was - 
illstalled in model bay 2; the larger second and third models were placed 
primarily in bay 1 and extended into bay 2. 

Spillway Models.-Three cross-sectional plexiglas spillway models were - 
tested. Specifically, they were: 

1. Model A-A 1:10 scale model of the upper 22.75 ft  (6.9 m) of the 
spillway. The model extended down to seven steps be- , 
low the point of tangency. Model A was used to eval- 
uate the flow transition from the spillway crest to the 
first scveral steps and the nalurc of flow over the steps, . 
for the range of spillway discharges of interest. 

2. Model B-A 1:25 scale model of the standard WES ogee spillway 
profile used as the basis for the stepped spillway. It was . 
a model of the entire 120 ft (36.6 m) spillway profile. 
This model was briefly tested to provide comparison data 
for the full stepped spillway profile model (model C). 

3. Model C-A 1:25 scale model of the entire stepped spillway pro- 
file. Tests with model C were primarily to evaluate en- 
ergy dissipation in the flow over the stepped spillway 
and anticipated flow depths along the spillway, to es- 
tablish training wall dimensions. 

Measurements.-The water surface elevation upstream of the spillway 
crest was measured by a point gage that could be read to the nearest , 
thousandth of a foot. The gage was located 1 f t  (0.30 m) upstream of . 
the crest for model A and 0.4 f t  (0.12 m) upstream of the crest for models 
I3 and C. 

The volumetric tank used to measure the flow rate in the system had 
a capacity of over 115 cu ft (3.26 m3) and could be read to the nearest 
half cubic foot. Flow rate measurements were probably accurate to within 
t2%. A few repeat flow rate measurements ~ilade during the testing 
program were within these limits. 

During each tcst run with moclcls A and C, color pl~olographs of flow 
conditions were taken. Also, for models A and C, flow conditions be- 
tween zero flow and the peak flow at which the model was run, were 
recorded on video tape. 

A scale was used to measure the vertical water depth on the spillway 
in model C, at the spillway crest and at the tips of steps 6, 15, 24, 33, 
42, 51 and 59 (toe). When air-entrained flow was encountered, a con- 
servative flow depth that included the bulk of the flow was recorded. 

During the tests with models B and C, at least six depth measure- 
ments were made at equally spaced intervals across the toe of the struc- 
ture. In model B, these measurements were made right at the toe while 
in model C they were made on the horizontal slope downstream of the 
lot where air entrainment had significantly diminishcd. With the mea- 
sured flow rate and the dcpth measurements, avcrage flow vclocilies 
could be calculated from continuity. As a check on this method of de- 
termining flow velocities, some velocity measurements were made with 
a stagnation tube. These measurements yielded results within 10-15% 
of the values calculated from continuity. 



Test Conditions 
Table 1 lists the discharge and related upstream head (upstream sur- 

face elevation minus spillway crest elevation) for each test run for the 
three spillway section models. The head-discharge data are plotted in 
Fig. 3. The rating curve for the line f i t  by eye to model A (the larger 
scale model) data is 

TABLE 1.-Model Test Data-Dlscharge, Upstr 

Model 0 
Model A Toe 

Run Dls- Run Dls- veloc- 
num- charge Head num- charge Head ity 
ber (cls/ll) (ft) ber (cls/ll) (H) (Ips) 
(1) (2) (3) (4) (5) (6) (7) 

A-I 2.53 0.710 8-1 1.56 0.432 21.3 
A-2 2.27 0.658 B-2 1.14 0.398 17.6 
A-3 1.96 0.626 8-3 0.78 0.321 16.7 
A-4 1.90 0.621 8-4 0.77 0.315 16.9 
A-5 1.83 0.586 8-5 0.70 0.300 16.5 
A-6 1.30 0.476 8-6 0.57 0.267 15.7 
A-7 0.96 0.399 8-7 0.47 0.240 17.9 
A-8 0.55 0.275 8-8 0.33 0.195 15.5 
A-9 0.38 0.217 B-9 0.16 0.115 15.2 
A-10 0.056 0.063 B-10 0.071 0.071 10.3 

sm Head and Toe Veloclty 

Model C 

Run 
num- 
ber 
(8) - 

C-1 
c-2 
C-3 
C-4 
C-5 
C-6 
c-7 
C-8 
C-9 
C-10 - - 

Toe 
veloc- 

iQ 
(IPS) 
(11) 

7.5 
6.6 
7.4 
6.7 
5.9 

::: 
3.8 
2.7 

1 2.5 

HEAD. f l .  MYWRGE CC€fnClENT 

FIG. 3cHead versus Dlscharge for FIG. 4.-Dlmenslonless Head versus 
each Model Discharge Coefflclent for each Model 

.................................................. Q = 4.1 LH'," (3) 
where Q is the discharge in cubic feet per second, for a crest width L 
and upstream head H in feet. The smaller scale models (B and C) have - 
a head-discharge relationship that yields a slightly higher discharge for 
a given head. 

Fig. 4 is a plot of the discharge coefficient, C (from Q = CLH'.'), eval- 
uated for each test run, versus the dimenSionless head (head/spillway , 

design discharge head). The data very approximately f i t  a straight-line 
relationship with a discharge coefficient that varies from 3.5 to over 5. 
At the design head the discharge coefficient is approximately 4.4. This 
range of discharge coefficient values is typical (see Ref. 2, Fig. 14-4), but 
commonly the discharge coefficient increases at a decreasing rate rather 
than increasing linearly with increasing head. This suggests that the head 
measuring station might not have been located far enough from the 
spillway crest. 

Results 
Test results are presented in three sections as  they address, in order, 

the three study objectives listed in the introduction. 
Flow Transition from Crest to Initial Steps.-The 10 test runs with 

model A were conducted specifically to determine whether any unde- 
, sirable disturbance of flow developed in the flow transition from the 

crest to the stepped portion of the spillway profile. For the range of 
discharges from the highest model discharge of 2.53 cfs/ft (0.233 
m3/s/m) down to Run A-9 with a discharge of 0.38 cfs/ft (0.035 m3/s/ , ' 

m), there was a smooth transition of flow onto the steps. The free sur- 
face was smooth down to the point of initiation of air entrainment. This 
point of air entrainment was located past the end of the spillway section 
for Runs A-1 to A-6 and moved progressively up  from step 10 in Run 
A-7 to step 4 in Run A-9. For flow rates less than the flow rate in A-9, 

Model A 
Scale - fl. 
u 
0 0.1 0.2 0.3 

FIG. 5.-Flow Condltlons, Run A-8 
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the air en, ,merit worked its way up to step 1. 
For test runs A-1 to A-9, the typical flow conditions over the,.steps 

were as demonstrated in Fig. 5 for Run A-8. At each step, whether air 
entrainment was occurring or not, a stable rolling vortex developed in 
the step. The overlying flow moved down the spillway supported by 
the vortices and tips of the steps. Injection of dye indicated that flow 
erilcrs a vortex, rolatcs in the vortex for a brief period and then returns 
to the main flow to proceed on down the spillway face. At the steps 
where air entrainment occurs, air bubbles penetrated the vortices and 
could be seen rotating with the vortex flow. 

For Run A-10, which had a very low flow rate of 0.056 cfs/ft (0.0052 
m3/s/m), a thin film of water approximately 0.014 (0.3-cm) thick flowed 
off the spillway crest, hit the top of the first step, and deflected out- 
ward/downward hitting the spillway face again several steps further down 
the spillway. The model flow rate in Run A-10 represents a prototypical 
flow rate of 1.8 cfs/ft (0.16 m3/s/m), which is typical of normal daily 
summertime flows at the site. 

The spillway designers wanted to eliminate this deflecting jet of water 
so that modifications in the model A profile were made and tested for 
low model rates of 0.2 cfs/ft (0.019 m3/s/m) and less. These tests in- 
dicated that the best way to eliminate the deflecting jet of water was to 
add a few smaller steps on up the face of the spillway. Fig. 6 shows the 

FIG. 6.-Original and Modified Spillway Crest Profiles 
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FIG. 7.-Toe Velocities for Models B and C 
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original and final modified spillway profiles near the crest. Three steps, 
- 

each having a vertical rise of 0.75 f t  (0.23 m) and one step with a rise 
of 0.5 ft (0.15 m) were added. The worst jet from the new first step only 
deflected to the new third step, a vertical distance of 1.5 f t  (0.46 m) in 

* 

the prototype. 
With extremely low flows in the model of the order of 0.03 cfs/ft (0.0028 

m3/s/m), the flow cascades over the steps, falling from step to step in 
a thin choppy layer that clings to the face of each step. 

Thus, with the modified profile, for flow rates from zero up  to the 
probable maximum flood, there is effectively a smooth flow transition 
from the crest to the spillway steps. 

Energy Dissipation.-Table 1 also lists the flow velocities at the spill- 
way toe for models B and C. Fig. 7 is a plot of toe velocity versus dis- 
charge for both models. Data scatter is somewhat greater for model B, 
owing to the smaller depths being measured at the Loe. However, the 
expected trend of increasing toe velocity with increasing discharge is 
clear and the general amount of velocity reduction caused by the ad- 
dition of steps is well defined. 

I For the model probable maximum flood discharge of 0.80 cfs/ft (0.074 
m3/s/m), the toe velocity was reduced from approximately 18 fps (5.5 
m/s) for the standard spillway to 6.5 fps (2.0 m/s) for the stepped spill- 
way. At the model energy dissipation design discharge of 0.52 cfs/ft 
(0.048 m3/s/m), the toe velocity was reduced from approximately 16.5 
fps (5.0 m/s) to 5.5 fps (1.7 m/s). The model B to model C toe velocity 
ratios thus were 2.8 and 3.0, respectively, and increased to just over 4 ,' 
for a low model discharge of 0.1 cfs/ft (0.009 m3/s/m). Consequently, 
the kinetic energy in the flow at the stepped spillway toe varies from ; 
about 12 to 6% of the'energy at the standard spillway toe for this range 
of model discharges. 

Training Wall Heights.-Vertical water depth measurements made at 

I the crest and at the tips of selected steps along the spillway for model 

TABLE 2.-Deoth Measurements and Step at whlch Air Entrainment Com- 
menct - - 

Run 
(1) 
c-1 
C-2 
C-3 
C-4 
c-5 1 C-6 
C-7 
C-8 
C-9 
C-10 - 

I-Mot - 
Crest 

(2) 
0.318 
0.289 
0.249 
0.213 
0.190 
0.157 
0.119 

Step 
42 
(7) - 

0.279 
0.262 
0.213 
0.180 
0.197 
0.180 
0.164 
0.092 
0.066 
0.049 

Step 
51 
(8) - 

0.279 
0.279 
0.213 
0.180 
0.197 
0.197 
0.164 
0.098 
0.066 
0.049 - 

- - 
Step 
59 
(9) - 

0.295 
0.295 
0.230 
0.196 
0.213 
0.197 
0.180 
0.115 
0.069 
0.049 - 

Air entrain- 
ment step 

(1 0) 
36 
31 

25-26 
22-23 

19 
15 
11 

8-9 
6 
4 

Note: Depths measured vertically, in feet, from tip of step to water surface. 
Step at which air entrainment starts is listed in last column. 



C are listed I I I  Table 2. Also listed for each run is the step at which air 
entrainment commenced. Typically, the depth decreased as flow de- 
scends from the crest to the point at which air entrainment commences. 
Beyond this point, owing to bulking of the flow by the air entrainment, 
the depth continually increased toward the spillway toe. 

The toe velocity and discharge data for the stepped and unstepped 
spillway models (C and 13, respectively) was scaled up  to prototypical 
conditions using the scale ratios given in a previous section. These data 
are plotted in Fig. 8. 

Bradley and Peterka (1) present a chart based on "experience, com- 
putation; and a limited amount of experimental information obtained 
from prototype tests on Shasta and Grand Coulee Dams," that yields a 
preliminary design estimate of toe velocities for ogee spillways with slopes 
between 0.6H: 1 V and 0.8H: 1 V. Toe velocities calculated using this chart 
are also plotted in Fig. 8. Velocities scaled from model B test results for 
the unstepped spillway typically exceed velocities calculated from Ref. 
1 by 15-20%. Even at discharges exceeding the probable maximum flood 
in model B, there was no air entrainment on the spillway face. In the 
prototype, air entrainment would be expected. This scale effect is likely 
to be the primary.cause for the unstepped spillway velocity differences 
in Fig. 8. In other words, the model surface roughness and resulting 
turbulent boundary layer growth and air entrainment were not sufficient 
to exactly simulate the prototypical conditions. 

.For the stepped spillway, the scaled steps form the dominant "surface 
roughness." So with typical model spillway face depth Reynolds num- 
bers in the order of lo5, scale effects should be less and predicted pro- 
totypical toe velocities should be closer (but still probably a bit higher) 
to true prototypical values. 

Thus (see Fig. 7), the prototype stepped spillway designed for Monks- 
ville Dam will typically have toe velocities of 30 fps (9.2 m/s) at the 
probable maximum flood discharge, compared to toe velocities of 75 fps 
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FIG. 8.-Prototypical Toe Velocltlos for Stepped and Unstepped Spillways 

- - - a - m ~ m  
(22.9 m/s) for a prototypical unstepped spillway. This represents a ki- 
netic energy dissipation of 84%, which is as good as or superior to the 
energy dissipation achieved in a typical well-developed hydraulic jump 
(see Ref. 2, p. 396). 

Morris (5,6) investigated flow past surfaces with large uniformly spaced 
surface roughness elements and defined three regimes: (1) Isolated 
roughness flow in which each element generates a wake that diffuses 
into the main flow before reaching the next element; (2) wake interfcr- 

a 

ence flow where the elements are sufficiently close together that the wake 
exlends to the following element; and (3) skimming or quasi-smooth flow 
in which surface elements are spaced so close as to form a "pseudo- 
wall' that flow skims over and between which stable depression vortices 
form. In skimming flow, the vortices are maintained through transmis- 
sion of shear stress from the fluid flowing past the tips of the elements. 
In addition, small-scale vorticity will be generated continuously at the 
tips of the elements. Energy is expended to generate the tip vorticities 
and to maintain the stable depression vortices. Quasi-smooth flow well 
defines the conditions observed on the stepped spillway. 

Knight and MacDonald (4) investigated subcritical open channel flow 
resistance caused by roughness elements with square cross sections at 
10 uniform spacings including one that caused quasi-smooth flow. Their 
results, and their evaluation of data from other authors, shed further 
insight into the rectangular cross section depression dimensions for which 
quasi-smooth flow will develop, and they recommend an improved form 
of bed resistance equation for quasi-smooth flow. They also demonstrate 
that the maximum bed resistance for square resistance elements will oc- ,' 
cur for the wake interference flow regime. 

Much fruitful research can still be done to develop useful information ,. 
to guide the design of steps for spillway faces, designs that will optimize 
response to construction and energy dissipation requirements. Specifi- 
cally, the optimum depression shapes, sizes and spacings for supercrit- 
ical flow need to be determincd. 

An ogee spillway with a stepped face can be designed to perform sat- 
isfactorily for the full range of discharges encountered by the spillway. 
A stepped spillway's energy dissipation characteristics are comparable 
to those of an unstepped spillway with a hydraulic jump stilling basin 
at the toe. 

Research should be conducted to provide additional information nec- 
essary to optimize the step geometry for a given spillway discharge, face 
slope, and crest elevation. 

This study was funded through a contract with O'Brien and Gere En- 
gineers, Inc., Blue Bell, PA. 
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TURBIDITY CURRENT WITH EROSION 
AND DEPOSITION 

By J. Akiyama' and 14. Stefan2 

AB~TRACT: Tire eqtcalions which govern the movement of two-dimensional 
grad~cally varied turbidity currents in reservoirs and over beaches are deriver1 
and solved numerically. Turbidity currents are sediment-laden gravity currents 
that exchange sediment with the bed by erosion or deposition as the flow trav- 
els over the downslope. Turbidity currents derive this driving force from the 
sediment in suspension. They experience a resisting shear force on the bed and 
entrain water from above. Turbidity currents can be eroding or deposilive, ac- 
celerating or decelerating, dependent on Ihe combination of initial conditions, 
bed slope, and size of sediment particles. They can be controlled from upslrearn 
(supercritical) or downstream (subcritical). Gravity currents with and without 
erosion and deposition are examined in order to understand the effects of sed- . 
iment exchange on the flow. 

Turbidity currents are gravity currents consisting of a sediment-water 
mixture flowing over a sloping bottom (Fig. I). Similar gravity currents 
can be produced by salinity or temperature differences and  have then 
been referred to a s  inclined plumes o r  underflows (8,17,18,19,26). In  tur- 
bidity currents, suspended sediment makes the density of the mixture 
greater than the density of the ambient water,and provides the  driving 
force; the sediment laden flow must generate enough turbulence to hold , 
the sediment in suspension. Uniform o r  gradually varied turbidity cur- . 
rents with very fine sediment a n d  therefore without erosion o r  depo- , 

sition of sediment have been studied by Ashida a n d  Egashira (3), Bon- ; 
nefille and  Goddet (5), and  Stefan (25) among others. . 

Turbidity currents have been observed where inflows carrying a rel- 
atively high concentration of suspended material enter lakes (20), res- 
ervoirs ( l l ) ,  or  the ocean (16). Two types of turbidity currents can be 
distinguished: (1) Low velocity, low density (5); and  (2) high velocity, 
high density (16). High velocity, high density turbidity currents often 
carry suspended materials introduced near the shore to tlie deep sea, 
and-eve; have enough erosive power to produce submarine canyons 
(13). 

Turbidity currents can be originated by various processes. Discharges 
of large amounts of sediments, e.g., mine tailings (Silver Bay in Lake 
Superior), underwater landslides caused by earthquakes (the Grand 
Banks), and resuspension of suspended materials by waves during storms 
are three possibilities. Turbidity currents can be erosive or  depositional. 

'Grad. Student, St. Anthony Falls Hydraulic Lab., Dept. of Civ. & Mineral 
Engrg., Univ. of Minnesota, Minneapolis, MN 55414. 

'Prof. and Assoc. Dir., St. Anthony Falls Hydraulic Lab., Dept. of Civ. & Min- 
eral Engrg., Univ. of Minnesota, Minneapolis, MN 55414. 
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script for this paper was submitted for review and possible publication on Au- 
gust 20, 1984. This paper is part of the Jorrntnl of Hydrnrrlic Orgineering, Vol. 
111, No. 12, December, 1985. OASCE, ISSN 0733-9429/85/0012-1473/$01.00. Pa- 
per No. 20216. 
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Flow and energy dissipation in gabion stepped weirs 

L. Peyras, P. Royet, G. Deqoutte 

ABSTRACT. Gabions are commonly used for building small dams in the 
Sahel region of ~frica; gabion weir technology is widespread in 
flood spillways. In addition to good mechanical stability and a 
high level of resistance to flood flows, a gabion weir dissipates 
large amounts of energy above the stilling basin. Nevertheless, 

I the optimum dimensions for this type of structure are not yet well 
defined. In order to quantify the energy dissipated on the steps 
of such structures, a systematic study of standard spillways 3 to 

I S m high, with f lowrates up to 3 m3.s".ml", has been carried out on 
a 1:5 scale model. 

The energy dissipation has been quantified and the 

I 
dimensioning parameters of the stilling basin have been determined. 
The test results led to a 10 to 30 % reduction of the stilling 
basin length compared to the methods previously used. The study 
also attempted to characterize flow over steps and define the 

I phenomena observed during the different hydraulic regimes. 

Introduct ion  

I Gabions remain the preferred material for buiding hydraulic 
structures. Especially in the Sahel region of Africa, the social, 

i economic and technical contexts are such that gabions are commonly 
used for building small earth dams. The design of these dams is 
relatively standard; in particular, gabions are commonly used in 
flood spillways. As a matter of fact, gabion spillways offer a 

I .  solution which is often selected. These weirs are characterized by 
good mechanical stability, high resistance to flood flows and 
relative ease of construction. 

I Nevertheless, the rules for dimensioning this type of weir are 
not well established, especially the length of the stilling basin. 

I 
The existing literature on gabion structures at best proposes 
methods similar to those applied to smooth inclined weirs [3] or to 
straight drop weirs [I]. The analytic methods provided do not take 
into account the energy dissipation due to the stepped profile, and 

I lead to oversized stilling basins. Only STEPHENSON has run tests on 
gabion stepped sills at the 1:10 scale [93. However, the scale 
models were less than 4 m in height and involved inf'iltration 

I through the upstream facing, thus restricting the application of 
the test results to perneable sills in streams. 

Because of the complexity of flow over stepped surfaces and 
within the gabions themselves, analytic methods such as numerical ( modelling are hard to apply and scale models remain the preferred 
method of investigation. Many stepped weirs have been tested, 

I' 



mainly i n  connect ion with  l a r g e  c o n c r e t e  dams f o r  which 
i n f i l t r a t i o n  phenomena a r e  excluded and t r a n s i e n t  hyd rau l i c  
regimes,  b a s i c  t o  our  s tudy ,  a r e  n e g l i g i b l e  [ 4 ] ,  [8]. 

For t h e s e  reasons ,  we c a r r i e d  o u t  s c a l e  model t e s t i n g  i n  o rde r  
t o  observe  f low over smal l  weirs w i t h  s t e p s  of uniform h e i g h t ,  i n  
o r d e r  t o  q u a n t i f y  t h e  energy d i s s i p a t i o n  over  l*standardlt gabion 
s tepped  w e i r s  and t o  e s t a b l i s h  t h e  dimensioning parameters  f o r  the 
s t i l l i n g  b a s i n .  F i n a l l y ,  we a t tempted t o  a n a l y s e  gabion deformation 
and some problems r e l a t e d  t o  t h e  d u r a b i l i t y  of s t r u c t u r e s  dur ing  
f loods .  

Scale model testing 

Scale  models 

The 1:s s c a l e  used was s u f f i c i e n t l y  l a r g e  t o  approximate 
c l o s e l y  t h e  a c t u a l  hyd rau l i c  phenomena and minimize s i m i l i t u d e  and 
measurement e r r o r s .  The gabions used i n  t h e  model were e x a c t l y  a t  
t h e  1:5 scale, i . e .  geometric dimensions o f  20  c m  x 20 c m  x 60 cm 
( a c t u a l  gab ions  of 1 m x l m  x 3m), hexagonal  wire  mesh of 20 mm x 
30 mm ( a c t u a l  100 x 1 2 0  mesh type)  and  0.7 mm wi re  diameter  (3.5 mm 
a c t u a l  d i a m e t e r ) ,  and f i l l i n g  agg rega t e  (30 t o  40  mm b a l l a s t ) .  The 
te rminology  and u n i t s  used i n  t h i s  paper  a r e  descr ibed  i n  the 
appendix. 

T e s t i n g  was c a r r i e d  ou t  i n  t h e  80  c m  w i d e  g lass-enclosed cana l  
of t h e  SocitZtG du Canal de Provence. The s imu la t ed  f l o w r a t e s  (10 
p e r  t e s t )  ranged from 0.5 t o  3 m3.s-' .ml". Only t h e  downstream dam 
f a c i n g  w a s  reproduced; t h e  upstream f a c i n g  was rep laced  w i t h  a 
waterproof  membrane. I 

We t e s t e d  energy d i s s i p a t i o n  on weirs having t h e  fol lowing 
c h a r a c t e r i s t i c s  (fig.1) : 

- downstream f a c i n g  s lopes  of 1:1, 1 : 2  and 1:3; 
- w e i r  h e i g h t s  of 3 ,  4 and 5 m,  i .e .  3 ,  4 and 5 s t e p s  

r e s p e c t i v e l y  ( s tandard  s t e p  h e i g h t  of 1 m ) .  

D i f f e r e n t  s tepped p r o f i l e s  were reproduced (fig.  2) :  

- gabion  s t e p s  o r  lvbare" gabions;  
- s t e p s  w i t h  a t r e a d  pro tec ted  by a h o r i z o n t a l  conc re t e  

s l a b ;  the  Ifconcrete  s lab"  technique  is recornended when 
f l o o d w a t e r s  a r e  loaded wi th  sed iments ;  - s t e p s  w i t h  a t r e a d  p r o t e c t e d  by a wcounter-sloped" 
c o n c r e t e  s l a b ;  - s t e p s  w i t h  a nose  having a w c o u n t e r - s i l 1 8 ~  made of a f l a t  
g a b i o n s  . 



The flow of water over surface weirs is characterized by high 
velocities. The gravitational force dominates all other external 
forces, allowing Froudefs similitude to be used. ~ l l  results 
correspond to the 1:l scale. 

Instruments 

The specific loads at the weir toe were measured with a Pitot 
ramp, i.e. a series of Pitot tubes placed along a cross-section and 
connected to the same reading tube. This ramp, a copper tube with 
small openings facing the flow lines, integrates the specific load 
(H,) over a weir section. As opposed to a Pitot tube which would 
record all flow variations at a specific point of the section, the 
P i t o t  ramp gives stable readings of (H,). An accurate calibration 
of the ramp gave a default error between 6 and 10 % depending on 
the flowrate; the test results were correspondingly increased. 

The flowrate of the water entering the glass-enclosed canal 
was measured with a standard thin-walled triangular weir. Volume 
measurements have shown the flowrate error to be less than 3 %, 

Testing methodology 

The total initial head of the flow over the sill (E,) is 
calculated in the critical section, from the flowrate : 

[Formula] 

H : weir height ! 

Yc : critical depth; Y, = (q2 /28 ) " ' ,  with q the flow rate per unit of 
sill length (in m3.s-'.ml-I). 

\ 

The residual head (E,)  at the weir toe (at the stilling basin 
entrance, upstream of the jump) is measured with the Pitot ramp. 
The head loss E, - E, can then be calculated. 
Flow over steps 

Testing has shown two flow types: nappe flow and skimming flow. 

Rappe f l o w  

Nappe flow is observed for low to medium f lowrates. The overflowing 
sheet of water strikes the tread of the next lower step, totally 
first (free nappe) and then partially (partial nappe), 

Free nappe flow 

Two hydraulic regimes are possible, one characterized by the 
alternation of fluvial and torrential regimes, and the other. 



exclusively torrential. 

a. A l t e r n a t i o n  o f  f l u v i a l  and t o r r e n t i a l  regimes:  an hydraulic 
jump begins just downstream of the striking point of the 
overflowing sheet of water. This type of flow has been observed 
only for counter-sloped or counter-silled profiles and for low 
f lowrates ( lower than 1 m3. s" . ml-I) . 

A simple model can be proposed for this particular case, which 
correlates well with our test results (fig. 3): 

- at the striking point of the overflowing sheet of water, 
the flow has a minimal depth Y,. Under the sheet of 
water, at the foot of the step, a water cushion forms, 
with a depth Y,,; 

- the jump starts in section 1; 
- just downstream of the jump in section 2, the flow 
becomes fluvial, with the depth Y,; 

- between section 2 and section 3, the flow speeds up 
because of the drop, becomes torrential again and takes 
the critical depth Y, in section 3. 

The hydraulic conditions are identical from one step to the 
next; for each step, the flow dissipates an amount of energy 
equivalent to its height. We can then propose an energy dissipation 
formula for stepped weirs and free nappe flow: 

I 1. Example of a do-mstream stepped facing made of gabions 
(height 4 m and slope 1 :  with the gabion-lined 

I stilling basin at the weir toe. 

I 2. Stepped profiles included in the tests 



3. Free nappe flow with alternation of fluvial and 
torrential regimes. 

- weir crest energy: 
E, = n .  h + 312 Y,, for a weir with n steps, each h meters 

high (nh = H) . 
- weir toe energy: 

RAND has investigated the hydraulic behavior of water falling 
onto a concrete step h meters high; he proposes a set of empirical 
equations defining the parameters: [7] 

with q the f lowrate (m3.s-'.ml-') of the sheet of water and (Y,, 
Y2, Yp) the depths defined above. 

By combining equations (1) and ( 2 ) ,  we can calculate the head 
loss over stepped weirs, and check the validity of these formulas 
for gabion structures by using h = 1 m. The test results for free 
nappe flow, but also for all types of nappe flow, are close to 
those from modelling: the actual energy dissipation is at most 10 
% greater than that calculated from the model. This difference 
between !testing and modelling can be attributed to the fact that 
some parameters such as infiltration into the gabions, roughness 
difference between gabions and concrete and weir slope, are not 
taken into account in the analytical model. 







A. Free nappe flow over a weir of slope 1:3 and height 4  m; 
counter-sloped steps; a1 ternation of fluvial and torrential 
regimes; flowrate of 0.60 d.se' .ml'*. 

B.  Free nappe flow over a weir of slope 1:l and height 5 m; steps 
with concrete slab protection; torrential regime; flowrate of 1.03 
d . s-I . ml-I . 
C. Skimming flow over a weir of slope 1:1 and height 5 m; steps of 
"bare1, gabions; torrential regime; flowrate of 2.17 m'.~".rnl'~. 

D. Skimming flow over a weir of slope 1:l and height 5 m; steps of 
"baren gabions; torrential regime; flowrate of 2.45 mf.~-~.ml". 

b. Torrential regime: Without a counter-sill or a counter- 
slope, water velocity remains high and the hydraulic jump is forced 
downstream of the step. Intense bubbling can be observed downstream 
of the striking zone of the overflowing sheet of water, but the 
flow remains torrential over the entire weir (fig. 4 ) .  

The nappe flow regime over horizontal steps ("bare gabiont1 or 
ttconcrete slabtt profiles) is always torrential. For "counter- 
slopedmt or "counter-silled" weirs, the regime becomes torrential 
above a certain flowrate. 

Partial nappe flow 
. \ 

The overflowing sheet of water partially strikes the tread of 
the next lower step and the jet bursting at each step generates 
intense bubbling. The regime remains torrential over all theisteps 
(fig. 5). 

Nappe flow energy dissipation 

Nappe flow energy dissipation occurs in two phases: when the 
sheet of water strikes the step, then in the zone of intense 
bubbling after the jet has burst, with or without formation of an 
hydraulic jump. 

As a first approximation, we can evaluate the energy 
dissipation over gabion weirs by extrapolating the modelling of 
free nappe flow to all types of nappe' flow, Our results show that 
this extrapolation of formulas (1) and (2) is valid within 1'0 %. 



~ I 4 .  Free nappe f low with cons tant  t o r r e n t i a l  regime 

5 .  Partial nappe flow 

6 .  Skimming f low 

7 .  Limit u n i t  f l owra t e  q ( m ' / s / m l )  between nappe and skimming f lows,  
a s  a f u n c t i o n  of s l o p e  i (m/m) f o r  s t epped  w e i r s  made o f  "bareM 
gabions  . 

. . 



flow was observed for average to high flowrates; the 
s not visible and the weir is totally submerged in 
ively smooth current. 

t earn to downstream, two zones can be identified (fig. I Ii 
ransient zone over the first two steps; the flow 

il it reaches the maximum limit velocity V,, for 
inment begins; there is no bubbling during this 

Id-up phase and the upper surface of the flow is 
ted over the weir. 

aRes the limit velocity v,, for which air entrainment 
particles mix with the stream of water and intense 

down to the weir toe. The water cushion at the 
tep is replaced by a ground roller showing the 

ntrained air bubbles; the stream of water moving along 
uported by the ground rollers and the noses of steps. 
I 

et velocity of air entrainment depends only on the weir 
, especially step height (h = 1 m in this case) and 
atever the flowrate of the simulated flood (up to 3 
measured values of V, ranged from 5.5 to 6 m/s 

I weir slope. When V,, was attained, the water velocity 
in addition to losing h meters of potential 

s .,the flow also dissipated some of its kinetic 

N proposes a skimming flow model based on tests 
by SORENSEN 161, 181. t E  
&#n nappe and skimming f l o w s  

w develops for flowrates higher than those of nappe 
trical characteristics of the steps are definitely 

onset of air entrainment: a steep slope and 
are condusive to skimming flow. Figure 7 shows the 
the two flow regimes. 
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The best-fit coefficients are provided in tables I and 11. 

Table I 
Relationship between Y1 = (E, - E,)/H and X = $/(Q.H~) in the form 
I - Y = a .  ; best-f it coefficients a, and b,; coefficient of 
determination 9. 

Table I1 
Relationship between Y2 = Yl/H and X = $ / (g . I l 3 )  in the form 
y, = . f l ;  best-f it coefficients a, and b,; coefficient of 
determination 9. 

r 

Slope 1:3 (16 pairs) 
Slope 1:2 (25 pairs) 
Slope 1:l (28 pairs) 

& 

Domain of v a l i d i t y  of the  graphs 

L 

Slope 1:3 (15 pairs) 
Slope 1:2 (25 pairs) 
Slope 1:l (28 pairs) 

Only f lowrates of less than 3 m3.s-'.ml" are considered, since 
the weir could be damaged by higher flowrates (see the "gabion 
def ormation1Ii section) . 

d 

Ln (a,) 

-1.568 
-1.778 
-1.434 

The graphs (figs. 8 and 9) represent tests carried out on 
weirs 3, 4 and 5 rn high. The dimensionless representation allows us 
to extrapolate these results. We nevertheless reconmend restricting 
extrapolation to heights between 2 and 7 m, in order not to deviate 
too much from our test range. 

Ln (a21 

-1.074 
-1.157 
-1.163 

The results can nevertheless be interpolated for weirs with 
slopes between those we experimented with, 1:1.5 or 1:2.5 for 
example. 

b 1 

-0.647 
-0.654 
-0.526 

Methodology for dimensioning the  s t i l l i n g  basin 

9 (Coef. of 
determination) 

0.904 
0.964 
0.874 

b, 

0.248 
0.247 
0.263 

Knowing the weir geometry (slope, height and spilling length) 
and the flood parameters of the project, this study allows us to 
determine the. depth Y, corresponding to Isbaren gabion steps (graph 
of fig. 9) 

9 (Coef. of 
determination) 

0.974 
0.941 
0.888 



8. Unit head loss over a stepped weir made of ttbare8t gabions 

0 Slog. 1:1 A slope 183 + llw l r l  

9. Depth Y, a t  the  t o e  of a weir made of  "bareB1 gabions 



I I n  o r d e r  t o  dimension t h e  s t i l l i n g  basin,  w e  need t o  c a l c u l a t e  
(fig. 10): 

- t h e  Froudels  number a t  t h e  weir toe:  

F, = y (g . Y:)' '? 

10. Dimensioning of t h e  s t i l l i n g  basin 

- t h e  conjugate  depth Y2 at t h e  jump end: 

- t h e  l e n g t h  L of t h e ' s t i l l i n g  basin,  using the empir ica l  for&la 
( 1 1 1 :  L = 6 Y2 . \ 

- t h e  depth  D of t h e  s t i l l i n g  basin in  order  t o  reach  t h e  noraal 
dep th  Y, of t h e  stream; Y, depends only on downstream conditions: 

I 

D =  Y,- Y,. 

The t y p e  of s t e p  determines t h e  energy d i s s i p a t i o n :  

- t h e  concre te  s l a b s  on t h e  s t e p  t r eads  p a r t i a l l y  s e a l  t h e  weir and 
energy d i s s i p a t i o n  is reduced; t o  accurately d inens ion  t h e  s t i l l i n g  
b a s i n ,  t e s t i n g  has  shown t h a t  t h e  length L c a l c u l a t e d  by using t h e  
above method f o r  "bareN gabion s t e p s  should be increased  by 15 %, 
8 % and 0 % r e s p e c t i v e l y  f o r  t h e  s lopes 1:3, 1 :2  and 1:l. 

- conter -s lopes  and c o u n t e r - s i l l s  c r e a t e  v a t e r  pockets which 
cushion t h e  overflowing s h e e t s  of water and l e a d  t o  t h e  formation 
of  h y d r a u l i c  jumps, t h u s  improving energy d i s s i p a t i o n .  Depending on 
t h e  s l o p e  of t h e  w e i r ,  t h e  length of t h e  s t i l l i n g  basin can be 
reduced by up t o  10 % (53.  



Discussion 

The head loss per unit of height (E, - E,)/H decreases sharply 
when $1 (g .d) increases and thus, for H constant, when the f lowrate 
increases. This phenomenon is explained by the change of regime 
(from nappe flow to skimming flow) which occurs when $/ (g.~~) 
increases. The energy dissipated by skimming flow is much lower 
than that of nappe flow. 

We also see that the graphs of variables ( E ,  - E,)/H and Y,/H 
for various slopes tend to merge when $1 (g.) (and thus q) 
decreases. As was shown for the modelling of free nappe flow, the 
same hydraulic conditions exist for each step, independently of the 
weir slope. 

Gabion deformation 

Scale model testing has shown some deformation of the gabions 
used for building the weirs. Gabions are subject to shifting of 
their filling material, and thus should be constructed with great 
care, as described in [ 2 ] :  

- quality and placement of the stones in the upper portion of.the 
gabions ; 

- strict conformity with granulometric rules (size .of material more 
than 1.5 times the mesh size). 

11. Counter-sl oped weir 

If the gabions are exposed to high floods (above 1.5 m3. s''.rnl- 
) ,  the wire mesh and the ties must be reinforced. It is also 
recommended to increase the rigidity of the wire cage with a third 
row of additional tie-rods and to increase the number of diaphragms 
in the gabions. 

The solid particles transported by the stream may abrade or 

I -even break the wire mesh of the gabions. When such a risk is 
present, each step tread can be protected by pouring a concrete 
slab, 5 to 10 cm thick. 



I The gabions can be counter-sloped simply by tilting the entire 
weir in the upstream direction (fig. 11). In that case, the step 
treads can also be protected by concrete slabs. 

I In addition to increasing energy dissipation, this type of 
facing increases the overall stability of the structure. It 

I nevertheless requires more sophisticated technical means to place 
the tilted gabions. 

I 
Conclusion 

Provided the construction rules are respected, weirs with a 
stepped downstream facing made of gabions can withstand floods up 
to 3 m3. s".ml" without noticeable damage. This is without any doubt 
the only gabion spilling structure capable of withstanding such 
floods; on the other hand, sloped downstream facings made of 

m gabions cannot withstand floods in excess of 1 II?. s".ml'l [ 2 ] ,  [ 5 ] .  
m 

Moreover, stepped weirs induce a high level of energy 
dissipation above the stilling basin. This study has shown how to 
quantify this dissipation over the steps and to establish the 
parameters of the basin. 

I The final results lead to a 10 to 30 % reduction of the 
stilling basin length in comparison with traditional methods. 
Knowing the cost of the flood spillway on this type of dam, the 
savings amount to 5 to 10 % of the project cost. 
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APPENDIX 

1. Units 

ml linear meter 
m3 .s-'. ml-' flowrate per unit length of sill 
m/m weir slope 

2. Notation 

Critical depth 
Weir toe depth 
Conjugate depth of Y,. downstream of the jump 
Water cushion depth under the overflowing sheet of water 
Total load of the flow on the weir sill 
Total load of the flow on the weir toe 
Flowrate per unit length of sill 
Gravitational acceleration 
Weir height 
Step height 
Number of steps of the weir 
Weir slope 
Flow velocity in section m 
Specific load: H, = Y + v2/2g 

Terminology for steps 
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ABSTRACT: This paper presents an estimate of the energy loss on stepped 

spillways for the jet flow regime, which occurs when the ratio of the critical depth 

I yc to the height of the step h is approximatly less than 0.8. Using the extensive 

experimental results of Homer, the proportion of the energy loss per step a was 

evaluated and found to be a function of yc / h and h 1 1, where 1 is the length of 

the step. It was also found that the energy loss on a stepped spillway with a large 

number of steps can be very significant in the jet flow regime. 

- 

INTRODUCTION 

In a stepped spillway, the provision of steps can produce significant energy 

I dissipation. Based on the experimental observations of Essery and Homer (1971) 

1 
and Sorensen (1985), the flow on stepped spillways can be in either the skimming 

or jet (or nappe) flow regimes. It also appears that for a wide range of slopes, that 

I the transition from the (lower) jet flow to the (higher) skimming flow occurs when 

y, / h is approximately equal to 0.8, where y, is the critical depth and h is the 

I height of the steps (Rajaratnam, 1990). Rajaratnam (1 990) presented a method of 

I 
analyzing skimming flow by introducing a Reynolds stress at the bottom of the 

skimming flow. This note presents a method of estimating the energy loss for the 

jet flow regime. 

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

I 1 .Grad. student, Dept. of Civil Engrg., Univ. of Alberta, Edmonton, Alberta, 
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ANALYSIS OF JET FLOW 

On the basis of the experimental observations of Essery and Homer (1971) 

on stepped spillways and Moore (1943) on a single step, it appears that the energy 

loss in the jet flow regime (Fig. l(a)) is mostly due to jet mixing with the 

recirculating backwater and perhaps additional dissipation due the formation of a 

partial hydraulic jump on the deflected jet. With reference to Fig.l(b), let h and 1 
be the height and (horizontal) length of a step and let N be the total number of 

steps so that the total height H of the spillway is equal to N h .  Let a be the 

proportion of head lost on each step. The energy loss on the first step is then equal 

to a (h+l .5 y,) and the remaining energy i s  (1- a ) ( h + i  .5 y,). The remaining 

energy at the base of the second step will be'equal to 

Following this argument further, at the bottom of the spillway with N steps, the 

remaining energy E can be shown to be 

If is the energy loss over the spillway and Eo is the total energy at the base 

without any loss, it can be shown that 

N-1 

AE 
[(I- a)' (1 +l.5(yc l h)) + x(l- a)' 

- = I -  i=l I 



In his doctoral thesis, Horner (1969) has presented experimental results, 

from which the value of a can be calculated for stepped spillways, with 

h / 1=0.421 (8, 10, 20 & 30 steps), 0.526 (10 & 30 steps), 0.736(10 & 30 steps), 

and 0.842(10 &30 steps). The results of these calculations are shown in Fig. 2(a-d). 

The results for all the four values of h 1 2 are collected together in Fig. 3. A study 

of Figures 2 and 3 shows that a varies mainly with yc 1 h and decreases 

continuously with yc / h ,  with the maximum values of yc / h being about 0.8. At 

this stage, the flow regime might change to skimming flow. For any given value of 

y, 1 h ,  a decreases as h 1 2 increases, thereby indicating that the formation of a 

partial jump might be responsible for a portion of the energy loss. This point is 

further supported by Fig. 4, wherein the results of Horner are shown along with 

those of Moore for a single step, with a supercritical downstream flow. Fig. 5(a-d) 

show the variation of a with yc 1 h for four values of h / 2, for several values of 

8 ,  where 8 is the reverse angle of the originally horizontal step. Fig. 5(a-d) shows 

that for smaller values of h / 2, a increases with the increment of 8 for a given 

value of yc / h. For larger values of h 1 l ,  the increase in a is relatively small, 

which supports the argument of additional energy loss from a partial jump on the 

step. 

Returning to the relative energy loss equation (Eq. 2), let us develop an 

asymptotic value for small values of yc 1 h. For relatively smaller values of yc I h,  

a is large and (1 - a)N becomes negligible when the number of steps N is large. 

Under such conditions, Eq. 2 can be further reduced to show that the relative 
. . 

energy loss AE I Eo approaches unity. This approximation is supported by Fig. 6 

for h 1 1=0.421 from the observations of Homer, where for the case with 30 steps 

and yc / h approximately equal to 0.3, the relative energy loss is about 0.97. 



Going back to the horizontal steps, it was found that the variation of a with 

h / 1 was described well by the equation 

wherein the coefficients a and b are described by the following equations 

It appears that for skimming flow, which occurs for yc / h larger than about 0.8, an 

analysis of the observations of Sorensen indicate that the average energy loss per 

step would be less than that for jet flow. 
! 

This paper presents a method of estimating the energy loss in a stepped 
spillway, for the jet flow regime, which occurs for yc 1 h less than about 0.8, 

wherein yc is the critical depth and h is the height of the step. Using the extensive 

experimental observations of Horner, the proportion a of the average energy loss 

per step was found to vary with yc 1 h and h 11 and equations have been 

developed to describe this variation. It was also possible to develop an asymptotic 

expression to show that the energy loss in the jet flow regime could be significant, 

especially with a large number of steps. The energy loss in the jet flow regime 

appears to be due to jet mixing aided by the formation of a partial jump on the step. 
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APPENDIX 2. NOTATION . . 

I The following symbols are used in this paper: 

I b = coefficient 

E = specific energy 

I Eo = specific energy at the bottom of the spillway 

I 
H = total height of spillway 



I 
h = height of step 

1 = length of step 

N = number of steps 

yc = critical depth 

I a: = proportion of energy lost per step 

= energy lost on the spillway 

I 6 = reverse angle of 'the steps. 
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This investigation was concerned with the analysis by model study of the complex flow 
behaviour down stepped spillways, and with categorising the various types of flow which occur. 
The tests covered a wide range of step parameters and flow conditions, and included both 
horizontal steps and those of adverse slope; possible scale effects on models of various sizes were 
also investigated. By recognising factors which influence the flows, a basis for predicting 
prototype behaviour was established. The results of the study are presented in a series of 
dimensionless plots which readily yield the energy and force of flows leaving the spillway. 

Normally at the base of the spillway it is necessary to incorporate a stilling basin, and the 
investigation was extended to include the stilling basin design appropriate to the flow from the 
spillway. 

Design procedures were developed so that the engineer, knowing the overall requirements 
of spillway flow, may design the most acceptable type of stepped spillway and associated stilling 
basin. 

Introduction 
DESCRIPTION 

. \ When water passes over a dam spillway, dissipation of the kinetic energy of the flow is essential 
if dangerous scour in the natural channel below the structure is to be avoided. One method of 
dissipating the energy of the falling flow is to allow the stream to pass down a stepped spillway. 

I 

A stepped spillway consists of an open channel with a series of drops in the invert. Hence, 
the total fall is divided into a number of smaller falls. At each fall, retarding forcesare derived 
from the reaction of the steps to the descending flow. 

In this investigation, an attempt was made to overcome any objections to stepped spill- 
ways (which may be based on high prototype construction cost) by considering the use of 
simple geometry steps (see Figure 1). When designing the spillage arrangements for a dam, the 
optimum solution can only be found by economic analysis of all the feasible schzmes that 
provide satisfactory energy dissipation. A main objective of the present investigation was, there- 
fore, the provision of basic information to allow the inclusion of cascades in lists of feasible 
schemes without recourse to model studies. 

Figure 1 

Various types of stepped 
spillway f a )  Horizorltal steps ( 6 )  lnclirled steps f C) Pooled steps 



. . . . 
PREVIOUS RESEARCH 

I .  

' w  j 

Although numerous model studies of  projects incorporating spillways have been made, o i ly  the . ! . 
research of poggi(l* 2, has been devoted to  the provision of basic design information applicable 
to any structure of this type. 

Poggi's work involved extensive experimental studies of flow behaviour on a cascade of 
pooled steps (Figure lc). However, the objective of his investigations was to provide subcritical ! ! 
approach flow to every drop by creating a hydraulic jump. Thus, complete dissipation of the I 

energy attained by the change in level was achieved on all steps. The consequent design consists 
of large pools and small drops, inherently a costly structure. 

OBJECTIVES OF INVEST1 GATION e 
The basic objectives of this investigation were the solution, by model study, of ;he complex 
problem of flow behaviour on a cascade of  constant geometry steps, and the provision of 
fundamental information for the analytical design of such structures as energy dissipating 
devices. Scale effects were also examined. 

HYDRAULIC SIMILITUDE 

Dimensional analysis has been used to determine a concise method of presenting experimental 
data. The specific energy (Es) and specific force (Fs) were chosen to represent the character of 
flows entering a horizontal channel at the base of a cascade. 

The specific energy is fhe energy of an open channel flow at a section relative to the bed 
and is defined by 

where d and U are depth and mean velocity, respectively, and g is gravitational acceleration. 
The specific force at a section is defined as the total force per unit weight of water exerted by  
unit width of flow, where total force is the sum of the momentum flow rate through the 
sention and the hydrostatic force on the section. Specific force is given by 

The specific energy and force are at  a minimum at the 'critical' depth. F!ow at depths 
greater than critical is termed 'subcritical', flow at depths less than critical is termed 'super- 
critical'. 

The factors influencing the specific energy and specific force of flows entering a 
horizontal channel at the base of a cascade, are the number of steps in the cascade (Ns), the 
overall slope (HIL), the step size (L), the inclination of the tread portion of the step (0). the 
discharge perunit width (q) and the gravity effect (g). The symbols used :o define step shape 
and size are shown in Figure 1. Thus 

and 



and by dimensional analysis it can be shown that 

and 
H F, = @ X E  ,~,NS*LN) 

Es 
where the energy number EN = 

force number 
~ F S  F N =  - L 

213 d 
and flow number Q, = " - 2  

g ' 1 3 ~  L 

where d, is the critical depth of the flow = ($ ) ' I3  

The flow number is a form of  Froude number. 

The possible influence of surface tension and viscosity, and the resultant scale effect 
when predicting prototype performance by application of the Froude criterion alone, is 
considered later in the text. 

1 b Flow behaviour 
CLASS1 FICATION 

The behaviour of water flows on a stepped spillw&'is both complex and varied. T o  describe 
flow conditions concisely it has therefore, been convenient t o  classify behaviour in the following 
three ways: flow type, flow category, and flow transition zones. The following general 
description is based on observations made during the tests. 

FLOW TYPE 

Visual comparison indicated that two types of flow existed: 

Nappe flow which is distinguished by the formation of a nappe at each drop.This type of 
flow had two aspects: 

(1) isolated nappe flow, in which all the efflux from a step struck the tread portion 
of the step below. 

(2) nappe interference flow, in which part of the efflux overshot the step below. 

Skimming flow which is typified by both the complete submergence of the steps. no  
nappes being formed as such, and the high air content in the flow. 

These characteristic flows appear at progressively ii~creasi~lg discharges and 
photographs showing these classificatiol~s appeJr in ~ i g u r e s  2.3,  and 4. 
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&solated nappe flow 

I Name interference flow 



FLOW CATEGORY 

Nappe flow on cascades falls into two main categories: that in which the approach flow to each 
drop is subcrirical, and that in which the flow over the entire step is stipercritical. A mixed flow 
category exists when the two categories occur on one cascade. The flow categories are illustrated 
in Figure 5 and described below. 

Subcritical categories Flow down stepped cascades is said to be in the subcritical category when at any section (but not 
at all sections) the depth is greater than the critical depth. 

The subcritical category was obsexved at relatively low discharges and it was distinguished 
by subcritical pools on all the step surfaces. The flows leaving the steps passed from the 
subcritical state through critical depth and into the supercritical nappes. As the flow changes 
from a supercritical t o  a subcritical state on each step the hydraulic jump is clearly a feature of 
the phenomenon. This flow category cannot exist on horizontally stepped cascades. 

Mixed category A mixed flow category exists in which supercritical flow occurs in the transition zone and 
subcritical flow in the uniform zone. 

SuPercritical category Flow down stepped cascades is said to be in the supercritical category when at  all sections the 
depth is less than critical. 

The following observations of supercritical category flow were made during a preliminary 
study: 

1. After the first drop, the flow is supercritical. 
2. Over the initial portion of a cascade the flow accelerates and becomes fragmented in a 

transition zone. 
3. On the 1ower.portion of a cascade flow, conditions are constant and the flow pattern is 

uniform. 
4. The flow is extremely agitated in the uniform zone and nappes are spray-like in appearance. 
5. Considerable disturbance of the atmosphere by the descending stream is indicated by a strong 

draught above the flow leaving the final step of the cascade. 

FLOW TRANSITION ZONES 
When a flow enters a cascade of constant geometry steps it accelerates in the initial reach of 
the structure. This section of the cascade is described as the 'transition' zone. On steps lower 
down the cascade, equilibrium is established and flow geometry is the same at each step 
although the depth varies across each step. This section is referred to as 'uniform' zone. 

Tests 

The length of the transition zone is influenced by the physical characteristics ot  the 
cascade and by the discharge per unit width. On prototype cascades the length of the transition 
zone is generall~small in comparison with the length of the cascade. In order to provide 
design information, it has only, therefore, been necessary to make energy and force measure- 
ments on flows in the uniform zones. 

APPARATUS 

Details of  the various step configurations used in the study and the number of tests made, are 
given in Table 1.  

At tlle Ileads of a11 models. stilling reservoirs were located for calming the flows from the 
laboratory pipework. From these reservoirs, the flows passed to tlie cascades via short 
llorizo~ltal cllannels with the same widtlls as the models they served. With the exception o f  the . 

3-step model, all tlle cascades terminated with horizontal channels incorporatir~g equipment 



I, igure 5 

(a)  Subcritical category 

(b l  Nixed category 

1 /OW categories on 
,inched steps ( c )  S~~percritical category 

for flow a~ialysis and, in thecase of the inclined step models, a sectio~i o f  cliannel with an 
adverse slope arid length equal to tlie co1istalit geometry steps precerded the liorizo~ital cl~nanel. 
Figure 6 s l~ows a typical layout. 



TABLE 1 Details of rests nude air the model cascades 

Number of Number of 
(degrees) steps tests 
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I 
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1 Figure 6 

I The 8-step model 

Pitot tubes were used to determine velocity and,  hence, compute values of specific 
energy and force. For  each test flow, 3 6  measurements were made in the flow at a distance 
downstream of the last step which was free of the air e ~ t r a i n e d  by  the descendine streams (This - .- - 
distance varied from 3-step lengths for the largest cascade t o  9-step lengths for the smallest). Air 
did not,  therefore, interfere with velocity measurements. 

The flows t o  the  10-step, 20-step and 30-step models were measured by installing orifice 
plates in the various supply lines feeding water from the laboratory constant-head'tank: The 
discharge t o  the 3-step and &step models was measured by  Venturimeter. 

MEASUREMENT O F  SPECIFIC ENERGY AND FORCE 

Determination of velocity The  specific energy and the specific force of flows leaving the  base of  the cascades were 

I 
computed from measured velocity distributions, by use o f  the  relationships given below. 
Velocities were found from the pitot traverse results by the subtraction of the static head at  a 
section from the total head at  points within that section. 

Determination of specific Considering the cross-sectional area of flow, A, t o  be composed of  a number of streamtubes, 
energy and specific force each o f  area AA, and moving at velocity U,  it may be shown that the specific energy 

- 

E,= x [(u2) 3'Z AA] - 
2gQ + d - - 

where u2 is the mean value of velocity squared. (The term U' is introduced because this is the 
form of velocity reading secured by pitot measurement). 

- 
Similarly. the specific force per unit width of  rccta~~gular  cl~annel pctr unit weigllr is 



INFORMATION FROM TESTS 

As previously explained, the approach flow to each drop on an inclined step cascade can be 
subcritical or supercritical depending on the discharge. The objective of the first series of tests 
on inclined step cascades was, therefore, the determination of the maximum discharge in the 
subcritical category on steps of various shape and size. 

In the investigation of supercritical flows on horizontal and inclined steps, the specific 
energy and specific force of flows in the horizontal channels at the bases of a number of 
cascades have been calculated from Equations (7) and (8). 

With all the inclined step models, the agitated and unsteady nature of flows in the 
mixed category prevented the accurate assessment of the discharge a t  which the change 
from the mixed to the supercritical category occurred. No attempt has, therefore, been 
made to provide this information in dimensionless form. 

Results 

I DIMENSIONLESS PRESENTATION OF EXPERIMENTAL RESULTS 

Subcritical category flow The factors influencing the maximum value of discharge per unit width at which subcritical 
I category conditions can exist are overall spillway slope, step size and shape, and gravity. 

Hence the following functional equation may be written . . 

where q' is the maximum value of discharge per unit width in the subcritical category. 
Dimensional analysis of Equation (9) reveals that 

where Q;J is the maximum value of the flow number in the subcritical category. Thus experi- 
mental data may be consolidated into a single set of dimensionless curves. Figure 7 shows the 
experimental relationship between Q h ,  HIL and 8 established by this study. 

Supercritical category flow Normally, the results of investigations into supercritical category flows are used to establish 

I" dimensionless relationships yielding the depth, the specific energy and the specific force o f  
flows on stepped spillways. However, in this case attempts at plotting the ratio of mean depth 
to step length against d,/L for flows on geometrically identical models have yielded poor 

I correlations. The explanation for this is the inaccuracy of  depth measurement. For example, 
with the highly agitated supercritical flows characteristic of this study, errors of up t o  k1.3 mm 
must be expected in the values of static and total head. In a typical test on a 30-step cascade 

I 
this would result in depth, total head, specific energy and specific force errors of approximately 
+ 10, 1-5 ,45  and 3.0%. respectively. 

Because the values of the energy and momentum coefficients cannot be assumed to  be 
either constant or close to unity, it is not possible accurately to derive depth from the specific 
energy or specific force measurements. For the same reason the computation of Froude number 
from the data yielded by the dimensionless plots is precluded. 
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Figure 7 
Flow number (o;=~,/L) 

' F l o w  number plotted Legend 

against slope of cascade for 
x Results obtoined on 

maximum flow in subcritical models with steps 
category at various step + ' 2 4 0  rnrn long 

inclinations 
Results obtained on 
models with steps 
1065mm long 

The dimensionless functional equations given in Equations (3) and (4) have been used t o  
determine a suitable method of  presenting the experimental data pertaining t o  the supercritical 
category flows. As measurements were only made on flows forming a uniform zone. Ns is 
neglected. Hence, Equations (3) and (4) reduce to  

and 



Figure 8 

Flow number plotted 
against slope of cascade 
various values of force 

I 
number (0 = 0") 

Plots of flow number, QN,  against energy (or force) number, EN(or FN), with cascade 
slope, H/L, as the parameter could have been presented, each for a particular value of step 
inclination, 8. These would have been very congested, however, and for clarity and conciseness 
the data have been presented in plots of QN against H/L, with selected values of EN (or FN) as 
the parameter. If necessary, the user can prepare plots of QN against EN (or FN) for any 
particular value of H/L and 8. 

The design procedure recommended by the Authors in 'Stilling basin design' uses only the 
force number, and so the force number results only are given in Figures 8,9, 10, 11 and 12, a t  
step inclinations of o", So, lo0, 15" and 20". For completeness, the energy number data sre 
shown on  similar plots in Appendix 3 (Figures 19 to  23). 

I Force number ( FN) 

for 

Flow number (aN= d c / ~ )  



Figure 9 

Flow number plotted 
against slope of cascade for 
various values of force 
number (8 = 5") 

Figure 10 

Flow number plotted 
ainst slope of cascade 

various values o f  force 
nun:>cr (0 .. 70") 

for 
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Figure 11 

Flow number plotted 
against slope of  cascade 
various values o f  force 
number (d = 1 5 O )  

for 
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SCALE EFFECT 

Subcritical category flow In the case of subcritical category flow the only likely cause of scale effecr is excessive surface 
' 

I 
drag in the model, resulting from low Reynolds number and/or inequality of relative roughness 
in model and prototype. However, the close agreement exhibited in Figure 7 by data obtained 
on models with a scalar relationship of 1: 4.42 and different values of relative roughness, since 
the same material was used in both, indicates that scale has little influence. In view of this lack 

I of scale effect, the dimensionless relationships presented in Figure 7 should provide accurate 
predictions of the performance of prototype cascades with steps up to  20 times larger than those 
on the 10-step model (this is a conservative scalar relationship for a spillway model). Hence the 

I relationships may be safely applied to steps with lengths of up to about 5 m. 

Supercritical category flow By neglecting surface tension, viscosity and surface roughness in the derivation of the 

I 
dimensionless functional Equations (5) and (6), the influences of Weber number, Reynolds 
number and relative roughness (i.e. ratio of roughness height to  hydraulic radius) on cascade 
flow behaviour, have been assumed to be negligible. If these assumptions are invalid, the effect 
of scale would be apparent when the results of tests made on models identical in all but size are 

I used to  establish dimensionless correlations based on the Froude criterion. 

The close agreement e.xhibited by the dimensionless experimental relationships shown in 
Figures 13 and 14 and established on four cascades identical in all but size, confirms the 
validity of applying the Froude criterion alone. However, there is a tendency for the experi- 
mental relationships to  shift slightly to the right as step size increases. Consequently, use of the 
curves presented in Figures 8 to 12 and 19 to 23 inclusive to predict the performance of 
cascades with steps larger than those on any of the models, may be expected to yield values of  
energy and force slightly greater than those actually occurring on such cascades and so designs 
based on these data will be slightly conservative. 

1 LIMIT OF TRANSITION ZONE 

To provide a guide t o  the minimum length of a cascade for safe application of the energy and 
force relationships given above, tests were made on four 30-step models with overall slopes 
covering the range of slope used in the energy and force experiments. The objectives of this", 
investigation were to establish a dimensionless relationship yielding the approximate maximum 
prototype transition zone lengths that could be created by a nappe flow on an u~gated cascade, 
and to determine the effect of gates on this relationship. To ensure that the transition zoni , 

lengths obtained for the various values of overall slope were maxima, horizontal steps were 
used and the discharge intensity was just less than the minimum for skimming conditions 
(i.e. nappe flow was in supercritical category). The relation established between the number 
of steps in the transition zone and H/L is shown in Figure 15. At any discharge, the number of 
steps on an inclined step cascade over which the transition zone forms is less than the number 
on a horizontal step cascade with the same overall slope and step size. Tests with sluice gates 
inserted at the heads of the model cascades revealed that they had negligible effect on maximum 
transition zone lengths. 

LIMIT OF NAPPE FLOW 

Figure 16 shows the relationship established on 30-step cascades between H/L and the value of 
flow number at  the boundary between nappe and skimming flow. Because skimming flow could 
not be created on models with steps larger than those on 30-step cascades, estimates of prototype 
performance based on the relationships given in Figure 16 can only be regarded as approximate. 

INFLUENCE OF NAPPE VENT1 LATION 

When a flow passes over a weir or a straight drop spillway, a pocket of air is trapped between 
the downstream side of the structure, the descending stream and the elevated pool. Some of the 
air in the pocket is entrained in the nappe flow and if this loss is not fully replenished through 
ventilation the pressure becomes sub-atmosp!leric and the depth of the elevated pool increases. 
With complete lack of  ventilation the pressure difference across the nappe eventually beconies 
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I Legend 

+ Results obto~ned on 8-step model 
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Figure 13 The relationship between flow number 
and energy number established on 
four models of different size 

Slope of coscode (H/L) = 0 .421  

Step inclination 8 = o0 

Figure 14 The relationship between flow number 
and force number established on 
four models of different size 

so great that either the flow clings to the downstream face of the sthcture or a replenishing 
supply of air breaks through the nappe. In both of these cases, flow behaviour is unsteady. 

To  assess the influence of nappe aeration on the flow conditions formed on a series of 
steps, a short visual investigation was made on an inclined step cascade. In this investigation 
the flow pattern created by a flow with ventilated nappes was compared with the pattern 
created by the same flow without ventilation. Such comparisons were made over a wide range 
of discharges in o:der to determine the influence of aeration on both the subcritical and the 
supercritical categories of flow behaviour. 

In the case of flows in the subcritical category the investigation revealed that the effect 
of aeration on flow behaviour at each step on a cascade was similar to the influence at a single 
drop. That is to say, on a cascade with no air vents the pressure beneath the nappes became sub- 
atmospheric. 





SKIMMING FLOW 

- . .  With flows in the supercritical category, however, there was no marked difference 
between the uniform zone flow patterns created on cascades with and without ventilation. I t - ,  . .  . Observation of the flow characteristics suggested that the reason for this was the highly frag- 

Initial tests on a 30-step cascade revealed that air entrainment was a dominant feature of the 
skimming flow developed on the model. In fact, this type of flow could not be created without 
air entrainment. The phenomenon of self-aeration is a common characteristic of high velocity 
spillway flows. It involves the entrainment of air by the flow from the atmosphere above the 
stream and the diffusion of this air through the flow t o  create a violently agitated stream with 
an ill-defined free surface. The following observations were made of skimming flow on a 30-step 
model: 

P 

1. A 'clear water' reach occurred at the head of the cascade. Tine decreasing depth(and hence 
increasing velocity) of the flow in this reach indicated that it formed a part of the transitory 
zone. 

mented nature of the stream after the first few steps, and the consequent provision of  an ade- 
quate supply of air through the nappes. The insignificance of nappe ventilation on the uniform 
zone conditions of this category of flow behaviour has been confirmed by a number of tests. In 
these tests the energy and force number of a supercritical flow leaving the base of a cascade was 
determined for steps with and without air vents. Identical values were obtained. 

2. At a clearly de f i ed  section some distance down the cascade, slugs of water were violently 
ejected from the surface and below this a 'white water' reach in which the flow was a 
mixture of air and water extended to the base of the model. 

3. After a short initial reach in which air concentra on was obviously increasing, the conditions 
in the 'white water' reach a ~ ~ e a r e d  to be uniform. 

.A 

! Experiments revealed that boundary layer develops in the 'clear water' reach and aeration 
commences when boundary layer thickness equals flow depth. 

I No attempt has been made to provide a basis for quantitatively predicting prototype 
performance from the results of the model studies of skimming flow for two reasons. Firstly, 
with air entrained flows no reliable method is at present available. Secondly, the effect of scale, 
which would undoubtedly result from prediction of prototype performance by application of 
the Froude criterion alone, could not be estimated. Unfortunately, the larger models used in 
the study of nappe flow could not be used to assess such scale effects because of the practical 
difficulties involved in providing the large discharges required to create 'drowned' conditions. 

( 1 Stilling basin design 
. tr - . .- - 

I '  ----- -. . - ! GENERAL 
In general, only subcritical flows are acceptable for discharge into the natural watercourses at 
the-base of the spillway. With spillway fldws in the supercritical category it is, therefore, 
necessary t o  provide a stilling basin. The hydraulic jump type of basin is undoubtedly the most 
suitable for use in conjunction with a cascade. This is because the large reduction in the 'specific 
energy of flows leaving the base of a stepped spillway compared with the specific energy of 
flows leaving a similar smooth chute results in a relatively small tailwater depths being required 
for the creation of a jump. Consequently, simple and inexpensive structures suffice. 

Comparison of the specific energy of a flow leaving the base of a high cascade with the 
specific energy attained by the same flow on a smooth rectangular chute of equal width. 
illustrates the effectiveness of tile stepped spillway as an energy dissipator. For example, the 
specific energy of a flow of 42 m3/s leaving a llorizontal step cascade 55 m wide with an 



overall slope of 1: 2, a total height of 37 m and a step length of 1.1 m would be about 1.7 m. . 
On a smooth chute this flow would attain the same specific energy value at a section only 1-2m 
vertically below the crest of the spillway. Entrainment of air at the surface of the supercritic'al . - 
flow on the smooth chute will cause some dissipation of energy, but it would still be consider- 
ably greater at the base of the chute than in the case of the stepped spillway. 

The design of standing wave energy dissipators by the commonly used procedures requires 
a knowledge of supercritical depth and Froude number. Because it has not been possible to 
provide correlations which yield these flow parameters accurately, design procedures have been 
evolved which enable basin sizes to be determined from data obtained from the dimensionless 
relationships between flow number, slope and force number established by the study of 
nappe tlow. The three types of stilling basin considered are shown in Figure 17. Two of these 
basins are of the sill variety and are, therefore, for use in situations where the jump rating 
curve lies above the tailwater rating curve. The third basin is of the abrupt drop type, and, 
hence, is for use in situations where the tailwater curve is above the jump curve. By providing 
design procedures for assessing the leading dimensions of standing wave structures for use in 
locations where tailwater depth is either insufficient or excessive, a basin can be designed for 
the situations most frequently met in practice. 
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TYPE 1 BASIN 

By applying the momentum principle and assuming the momentum coefficient 0 for the 
subcritical flow is unity, the following relationship between force number, flow number and the 
ratio of weir height Z to step length L may be obtained 

where Fs is the specific force of the supercritical flow and CD is the discharge coefficient for the 
broad crested weir in the equation 

Equation (13) is derived in Appendix 2. In Figure 18,Z/L has been taken as a parameter 
and force number plotted against flow number, CD has been assumed to be a constant with a 
value of 0.475 (a commonly accepted value in approximate calculations). 

With the aid of Figure 18, the weir height required in a Type 1 basin at the base of a 
cascade of steps of specified geometry may be readily assessed for a stated flow rate. The 
following procedure is suggested: 

1. Calculate d, for the design flood [d, = q ( ~ ' / ~ b ~ ) ]  

2. Using the specified value of step length, calculate d,/L 

3. From the appropriate force number-flow number plot (Figures 8 to 12 inclusive) 
read o f f G / ~  for this value of d,/L 

4. Using the design curves shown in Figure 18 read off or interpolate the Z/L value of the 
curve that passes through the point 

5. Calculate Z. 

Any form of weir may, of course, be used to terminate the Type 1 basin. However, if a 
broad crested weir block is not used a CD value of 0.475 is inappropriate and the design curves 
given in Figure 18 are not applicable . In such cases, use of the following procedure yields weir 
height more rapidly because new design curves would be necessary for the use of the above 
procedure: 

1. evaluate dc/L and as described above 

2. calculate a 
3. using the relationship obtained by simplifying Equation (13) 

z evaluate - 
dc 

4. Calculate Z. 

By energy considerations it can be shown that for negligible influence by downstream 
conditions on the headdischarge relationship. for a broad crested weir d, must not exceed 
+(2d, + Z). The above equatior~s are, therefore. only applicable to situations where 



Figure 1 8 Desig11 curves for type 1 sti//il~g basin 



Ideally, the length of the stilling basin must be sufficient for complete formation of the 
jump. This length cannot be determined theoretically but it has been the subject of numerous 
experimental studies. Unfortunately, because of the effects of scale and the use of different 
criteria for assessing jump length, the results of these studies show little agreement. However, a 
feature common to all the relationships established between supercritical Froude number and 
the ratio of jump length to subcritical depth is the lack of influence of Froude number on the 
length-depth ratio. 

At the risk of slightly overestimating the jump lengths of flows close to the critical state, 
the ratio LJ/d2 may therefore be taken as a constant, CJ,  the vdue of which depends on the 
experimental relationship being used. Hence, to fully accommo&te the jump in the stilling 
basin 

where LJB is the length of the portion of the basin in which the jump occurs. 

If the total length of the basin, LBlr is made to equal the length of the jump then the 
supercritical stream leaving the penultimate step of the cascade compresses the jump into a 
length L, minus the throw of the nappe, and this may result in stilling less satisfactory than that 

I achieved when the full length of the jump is allowed for. Hence, by assuming the nappe throw 
equals the step length L, the following approximate expression for total basin lengh is obtained 

As previously indicated, the spread of CJ values reported by the various investigators is 
considerable. 

The value adopted for a particular location should reflect the tolerance of the downstream 
channel to  both waves and high velocity jets within the subcritial flow. If the natural channel 
cannot tolerate turbulent conditions then a CJ value of 6.1 is appropriate. For channels with 

rock beds and protected banks, basin lengths computed with a C, value as low as 3 will prove 
satisfactory. The use of baffle blocks and other devices that reduce jump length enable values of 
between 3 and 4 to be used in channels which are susceptible to  erosion. 

TYPE 2 BASIN 

By assuming the pressure diagram for the rise illustrated in Figure 23b, applying the momentum 
equation between section 1 and 3, and assuming 0, is unity*, the following equation may be 
derived: 

Equation (1 6) is derived in Appendix 2. 

The number of variables in Equation (1  6)  prevents a worthwfiile simplification of design 
procedure by the use of a grapilical method. The following procedure for evaluating Z is, 
therefore, recommended: 

1. Calculate d, for the design flood. 

2. Using the assumed value of step length, calculate d,/L. 

3. From the force number-flow number curve appropriate to the step shape under 
consideratio11 (Figures 8 to J 1  inclusive, read off the \%/L value applicable to the 
above value of d,/L. 

4. Calculate Fs. 



1 .  

5. Evaluate the subcritical depth d2 by substituting in the relationship obtained by ,. ( 1 .  
equating supercritical specific force to subcritical specific force and taking 0, as unity.*. '". 

size and shape of the channel at the rise is the same as thesize and shape of the natural 
channel, d3 may be taken as normal depth. If size and shape change, d3 must be 
assessed from normal depth by energy considerations. 

7. Substitute in Equation (16) and evaluate Z. 

The arguments and assumptions made in deriving an equation yielding the length of a 
Type 1 basin are equally applicable to the Type 2 basin. The following relationship for the 
Type 2 basin is, therefore, suggested: 

WPE 3 BASIN 

The equation 

may be derived by assuming the pressure diagram for the rise shown in Figure 17c, applying the 
momentum equation between sections 1 and 3 and assuming P3 is unity. 

Equation (17) is derived in Appendix 2. 

The dimensionless relationships that can be derived from Equation (17) do not, so far as 
this study is concerned, form the basis of a worthwhile graphical procedure for evaluating drop 
height. The following procedure is, therefore, suggested: 

1. Calculate d, and determine Fs in the manner described, for the Type 2 basin. 

2. Evaluate d3 from the normal depth for the natural channel when carrying the design 
flood in a manner similar to that described for the Type 2 basin. 

3. Substitute in Equation (17) and evaluate Z. 

The relationships yielding the lengths of the Types 1 and 2 basins may be used for the 
Type 3 basin. Hence 

where d2 is obtained from the relationship 

MODEL STUDY 

A number of model basins were used in conjunction with a 30-step cascade to test the validity of 
the suggested design criteria. With each basin the jump was observed to form at the toe of the 
nappe developed a t  the final drop and the jump was fully accommodated within the basin. (C, 
values of 6.1 were used to calculate basin length.) 

FLOOD FLOW CAPACITY 

With natural phenomenon such as floods, there are relationships between magnitude and 
probability of occurrence which can only be accurately established from long and reliable 



records. Hence, when dealing with floods no discharge intensity can be described as a maximum 
since there is always some probability of it being equalled or exceeded. 

It is not economic to design dam spillage arrangements to pass floods which have an almost 
negligible probability of being equalled or exceeded, even supposing it were possible to assess 
very low probability flows from the records available. Thus it is prudent to adopt energy 
dissipation devices which are capable of giving reasonable performance at  flows in excess of 
those for which the structures were designed. 

Because the criterion used in developing the basin equations has been adequate stilling 
and not merely the provision of subcritical conditions, basins designed in accordance with the 
design procedures recommended in this study will perform as standing wave basins at flows 
considerably in excess of the discharges used to determine basin dimensions. To  illustrate this, 
the approximate maximum discharges for the formation of subcritical conditions in the model 
basins have been found. With the Type 1 and 2 basins the criterion used to assess maximum 
flow has been the formation of a jump prior to the abrupt rise, and with the Type 3 basin the 
formation of a jump prior to the abrvpt drop. 

In the case of the Type 1 basin models, the ratios of maximum flow to design flow, which 
I are described as 'factors of safety', were all close to  a mean value of about 1.9. For the Types 2 

and 3 basins mean factor of safety values of 2.0 and 1.7, respectively, were indicated. The 
generally higher values of factors of safety for the Types 1 and 2 basins reflect the-ability of 
sills t o  exert retarding forces considerably in excess of the hydrostatic forces assumed in 
deriving the design equations. However, in some situations the criterion for defining factor of 
safety for a Type 3 basin need not be the creation of a jump prior to the drop, and in these cases 
safety factors would be comparable with those for the Types 1 and 2 basins. 

Design of prototype cascades and stilling basins for 
nappe f lows  

GENERAL CONSIDERATIONS 

Spillage arrangements incorporating stepped spillways may be divided into two types: those in 
which cascades and stilling basins are used, and those in which adequate stilling is achieved 
with cascades of inclined steps alone. Design procedures are outlined for both cases and these 
procedures have been formulated with the objective of providing subcritical flow at natural 
channel level. In formulating the design procedure set out below, it has been assumed that 
spillway overall slope, total height, and width are fixed, and that the optimum spillage arrange- 
ment incorporating a. cascade is to  be found for a flood, the intensity of which has been deter- 
mined by consideration of hydrological factors. 

The immediate use of the results of the present investigation limits prototype design to 
spillways and stilling basins of constant width. 

Briefly, the design procedure is: 

( 1  ) Assess the design flood. 

( 2 )  Assess spillway overall slope, total height, and width. 

(3) Overall slope suggests H/L ratio for cascade. 

(3) Determine dirncnsions of a number of cascades with given H/L ratio to give sub- 
criticd flow. 

( 5 )  Determine the dimensions of a number of cascades [having the H/L value specified 
in (3) that give supcrcritical category flow at the design flood]. 
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(6) For each cascade assess the dimensions of a stilling basin to provide sufficient 
energy dissipation and fit into the topography. 

I 

(7) Select the optimum arrangement. 

The numerical example in Appendix 1 illustrates these procedures. 

CASCADES GIVING SUBCRITICAL CATEGORY FLOW 

The following procedure may be used to determine the length of steps with inclinations of 5, 
10, 15 and 20 degrees which give subcritical category flow at  discharges up to and including 
the design flood: 

(1.) Calculate the critical depth of the design flood. 

(2) Using Figure 7, read off the d,/L (flow number) values appropriate to the 
specified H/L value and step inclinations of 5, 10, 15  and 20 degrees. 

(3) For each of the four step inclinations divide critical depth by the appropriate flow 
number value to determine the minimum step length. 

(4) Assess wing wall heights and design the approaches from the reservoir to the heads 
of the cascades (see 'Wing wall height', page 31, and 'Approach to cascade', page 31). 

( 5 )  Establish suitable arrangements of steps within the specified total height and length 
of the proposed cascades (see 'Arrangement of steps ', page 32). 

(6) Design nappe aeration and step surface draingage facilities (see 'Aeration and 
drainage', page 32). 

Subcritical flow occurs after the firid drop providing the nappe formed at this drop 
strikes a section of channel with an adverse slope equal to that of the preceding steps. The 
length of this section of channel should ke the same as the length of the last step. Beyond the 
adverse slope, a channel with zero or mild'slope ensures that subcritical flow is maintained. 

CASCADES GIVING SUPERCRITICAL CATEGORY FLOW 

The procedure set out below may be used to  design cascades which give supercritical category 
flow at  the design flood. Because of the supercritical state of the streams leaving the bases of 
these cascades, stilling basin design is also considered. 

(1) Using Figures 8 to 12, inclusive, read off the force numbers at the specified 
value of H/L for steps with 0, 5, 10, 15 and 20 degrees inclination, respectively 

(2) Divide the critical depth by the flow number values found in ( I )  to determine 
the step lengths of the proposed cascades. 

(3) From the force number values and the step lengths, compute specific force and 
then, by assuming Pis unity, subcritical depth. 

I 

(4) Determine normal depth in the natural channel at  the design flood and by I 

assuming constant energy predict the depth of flow in a horizontal rectangular 
channel with the same width as the cascades. i 

(5) By a comparison of the depths computed in (3) and (4), assess the most suitable 
i 

form of bash for use with each cascade. ! 



( 6 )  Following procedures of the type given in 'Stilling basin design',design a basin for 
each cascade. 

(7) From Figure 15, determine the maximum number of steps in the transitory zone 
at the specified H/L value. 

(8) Calculate the numbers of steps on the proposed cascades and reject any structure 
which has less than the number found in (7). Rejection is essential because the 
values of specific energy and force for a flow on a cascade with insufficient steps 
for the formation of a uniform zone are uncertain. 

(9) Establish suitable arrangements of steps within the specified total height and length 
of the proposed cascades (see 'Arrangement of steps', page 32). 

(10) Assess wing wall heights and design the approaches from the resevoir to the heads 
of the cascades (see 'Wing wall height', page 3 1, and 'Approach to cascade', page 
page 3 1). 

(1 1) With incline step cascades design nappe aeration and step surface drainage facilities 
(see 'Aeration and drainage', page 32). 

OPTIMUM SPILLAGE ARRANGEMENT 

All the spillage arrangements incorporating cascades and designed in accordance with the fore- 
going recommended procedures possess similar energy dissipating characteristics when operating 
at the design flood. In most situations the optimum arrangement consists, therefore, of the 
structure which costs least. However, in some cases other crireria for determining the optimum 
arrangement may be desirable. For example, if the probability of the design flood can not be 
accurately established for a scheme, the ability of the feasible arrangements to provide a s u b  
critical efflux to the natural channel at flow rates in excess of the design flood must b i  con- 
sidered when selecting the optimum arrangement. 

WING WALL HEIGHT 

Wing walls on cascades must not only contain the descending tvater streams but should also 
,confine the bulk of the spray created above these streams to the cascades. Spray formation is a 
phenomenon dominated by surface tension and, because the \Veber and Froude criteria cannot 
be satisfied simultaneously, the spray formed above a prototype structure cannot be accurately 
predicted from observations of a model which possesses the same ratio of inertial to gravity 
forces as the prototype. However, because it is rarely necessary to confine all spray to  a cascade, 
it is sufficient to be able to estimate the wall heights which contain the heavy spray immed- 
iately above the main flow. As the spray heights above cascades were found to be both insensi- 
tive to changes in discharge and many times greater than the depth of water flow, wing wall 
height may be regarded as a function of the state of flow (i.e. subcritical or supercritical) and 
the step projection alone. 

Observation of model conditions indicated that with subcritical category flow, adequate 
protection from spray was obtained if the normal distance from the line joining the step apexes 
to  the top of the wing wall equalled the step projection measured normal to thisline. In the 
case of supercritical category flow the normal distance between the step apexes and the top of 
the wing wall needed to be about three times the step projection. 

APP.ROACH TO CASCADE 

For the proper application of the results of the model studies presented in this report, the 
prototype and model should be identical in all but size. Hence, the approach from a reservoir 
to a prototype cascade should consist of a rectangular open channel, at least onestep length 
long, with the same width as the cascade and with an adverse slope equal to that of  the step 
surt'nces. 
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The uniform zone conditions created with supercritical category flow are not influenced , ,, 
by boundary geometry at the head of the cascade. However, to avoid unduly long transitory . 
zones, approach channel width should equal cascade width. 

- 
ARRANGEMENT OF STEPS 

By following the procedures set out on pages 30 and 3 1, the designer obtains the size, shape and 
minimum number of steps which produce flows with the characteristics given by the dimen- 
sionless correlations presented earlier. 

However, the specified values of spillway overall slope and total height may not allow 
cascades to consist of a series of identical steps. I 

When this difficulty arises with cascades designed to carry subcritical category flows i t  is 
recommended that all steps should have identical shape (i.e. the same values of H/L and 8 )  but 
the initial or final step should be larger than the other constant geometry steps. Figure 9 
indicates that on the larger step the maximum discharge for the formation of a jump is greater 
than on other steps (i.e. the initial or final step is capable of giving subcritical conditions at 
flow rates in excess of  the design flood). The above solution is recommended because the 
altemalive arrangement using a smaller initial or final step would result in supercritical flow on 
this step. If the two sizes of steps differ greatly, a number of steps smaller than the single 
step but larger than the constant size steps may be preferred. These initial or final steps need 
not be equal in size, providing their shape is identical to that of the other constant geometry 
steps. 

In the case of supercritical category flows, a change in the size or geometry of steps at 
the head of a cascade only causes the transition zone flow pattern to differ from that created 
on a cascade of identical steps. Because uniform zone flow characteristics are the same in both 
cases, the designer is free to select any size or shape of step or steps at  the head of a cascade 
giving supercritical category flows. However, for the data derived from the dimensionless corre- 
lations to apply, the cascades must terminate with the constant size steps. 

AERATION AND DRAINAGE 

Aeration of the nappe created at each step of an inclined step cascade designed for subcritical 
category flow is essential if unsteady conditions resulting from nappe oscillation are to be 
avoided. Lack of aeration leads to a general increase in surface disturbance on and below a cas- 
cade, and at flow rates in the proximity of the design flood there is a tendency for fluctuating 
discharge to temporarily sweep jumps off steps. With subcritical category flow, aeration is, 
therefore, most desirable. 

In the case of supercritical category flow, the results of the present study have shown 
aeration to be unnecessary. However, if inclined steps are used subcritical category flows occur 
a t  low discharges and air vents should be provided. With horizontal steps there is no necessity 
for nappe ventilation. 

In general, the most convenient method of providing nappe aeration is by small ducts 
feeding air from beyond the wing walls to near the top of each drop. 

Failure to provide drainage on an inclined step cascade'may result in the stagnant pools ! 
on step surfaces becoming frozen during cold weather. If spillage should occur with the cascade i 
in this condition the structure would tend to behave as a horizontal step cascade and the energy 1 
dissipating efficiency of the spillway would be less than under normal circumstances. Con- 
sequently, there would be a possibility of the efflux from the spillage arrangement becoming I 
supercritical. I 

In view of the above, drainage of 311 inclined step cascades which are likely to be sub- 
jected to freezing temperatures is recommended. 
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knergy of cascade flows 
With cascades carrying subcritical category flow, the energy of  the stream leaving each step is 
approximately the minimum vilue for  the discharge intensity in question. In the caseof super- 
critical category flows, the energy o f  the stream leaving each step in the uniform zone may be  
assessed from Appendix 3,  Figures 19 t o  23,inclusive. 

Conclusions 

I FLOW BEHAVlOUR 

1. Three distinct types of flow (isolated nappe, nappe interference and skimming) can be ,I recognised on a stepped spillway, and the energy dissipating and retarding characteristics o f  

I 
I 
I 

a cascade differ with each of  these flow types. 

1. With all types of flow on  cascades of  horizontal steps the descending stream is everywhere 
! supercritical after the initial drop. On the upper portion of the cascade the flow passes 

through a transition zone. 

3. Isolated nappe flows form on inclined step cascades a t  relatively low discharges per unit 
width. The supercritical nappes formed at  each drop pass into subcritical pools on the s tep  
surfaces and a uniform flow pattern zone extends over the whole cascade. At discharges 
above the maximum for subcritical category flow, behaviour o n  inclined steps is similar t o  
that o n  horizontal steps. 

I l l  
4. Air entrainment is an important feature o f  skimming flow on cascades and the mechanism 

of aeration is the same as that observed with flows in smooth channels by previous invest- 
igators. 

I 
I 
I 
I 

5. A qualitative understanding o f  the influence of discharge, overall spillway slope,step 
size and  step shape o n  the energy and force o f  flows on  a cascade may be obtained by 
comparison of the steps to  roughness projections in an open channel. Hence, energy and 
force increase with discharge and  overall spillway slope, and decrease with step size and the 
adverse slope of  the step surfaces. The transition zone length is similarly affected by  these 
factors. 

NAPPE VENT1 LATI ON 

6 .  Nappe ventilation should be provided on cascades which carry subcritical category flow s o  
that unsteady conditions are avoided. With supercritical category flow, adequate aeration 
occurs through the fragmented flow and the provision of nappe ventilation facilities is, 
therefore, unnecessary. Hence nappe aeration is generally requiredon inclined step cascades 
but i t  is not needed with horizontal steps. :f DIMENSIONLESS PRESENTATION OF EXPERIMENTAL RESULTS 

7. The plot of slope of cascade against flow number for steps with inclinations o f  5 ,  10, 15  and 

I ,  10 degrees (Figure 7) readily yields the maximum discharges a t  which subcritical pools can 
form on every step o f  a constant geometry cascade. 

8. The dimensionless correlations shown in Figures 8 t o  19- and 19 to 73 i~~clusiveenable the 
speciric force and specific energy of supercritical streams leavi~ig cascades of constant 
geometry steps to be est~mated.  

I 

I -% . -% . 



SCALE EFFECT 

9 .  With the model sizes used in the study of subcritical category flow, the effects of scale were . . 
not apparent. Hence, the assumption that gravity is the dominating influence and viscosity i 
and surface tension have negligible effect is confirmed. 

10. In the case of supercritical category flows, slight overestimates of the specific energy and i 
and the specific force of flows leaving the base of a cascade of large steps are obtained when 
the Froude criterion is applied to measurements made on small steps. Thus designs will be 
slightly conservative. 

STILLING BASIN 
11. The design procedures set out earlier, together with the dimensionless force correlations, 

enable the leading dimensions of three common types of  basin to be assessed. 

PROTOTYPE DESIGN . 
12. By following the procedures and recommendations set out earlier, all the hydraulic aspects 

of spillage arrangements consisting of either cascades alone or cascades and stilling basins, 
may be designed. 

1. POGGI, B 2. POGGI, B 
Sopra gli scaricatori a scala di stramavi Lo scaricatore a scala di stramazzi 
L 'energia elettrica (Milan) Oct. 1949 26 L 'etzergia elettrica (Milan) Jan. 1956 33 

Application of design procedures 

An example of the use of the design procedures outlined in the main body of the Report is given 
below. 

THE PROBLEM I 
The basic relevant information for the reservoir project for which spillage facilities are required 
is as follows: 

1. A design flood of 42.5 m3/s. 
2. An overall spillway slope of 1 : 2 (i.e. H/L = 0.50) 
3. A spillway width of 54.8 m 
4. A total spillway height of 36.6 m 
5. A flow depth at  the design flood of 0.457 m imposed by the natural watercourse on a 

horizontal, rectangular channel located at the base of the proposed cascade. The 
channel is equal in width to the cascade. T 

To illustrate the application of the suggested design procedure, two feasible spillage 
arrangements are designed. The first of these consists of a cascade of steps with inclinations of 
20 degrees which is designed to carry subcritical category flow. Secondly, the dimensions of 
both a series of steps with 1 S degrees inclination carrying supercritical category flow and 3 Type 
1 basin are assessed. 

CASCADE GIVING SUBCRITICAL CATEGORY FLOW a I 

The procedure set out on page 30 is used to determine step geometry. ! : 
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1. Calculate critical depth: 

dc = F= gb2 g54.g2 =O-394m 

2, Determine dc/L from Figure 8: 

dc H - value appropriate to - = 0.5 and 0 = 20°is 0.092 
L L 

3. Calculate step length: 

say 4-29m 

4. Assess wing wall height and design approach thannel: 

, Using the criterion of wing wall height equals step projection, walls 3-35 m high are 
' 

required. The approach channel must be 54.8 m wide and have a 20-degree adverse slope. 

5. Arrange steps: 

An initial step 8-23 m long and 4-1 1 m high followed by  15  steps 4.33 m in length and 
2.16 m high is a suitable arrangement (see page 32). 

6 .  Aeration and drainage facilities: 

Because the cost of nappe aeration and step surface drainage facilities is negligible in com- 
parisop with the total costs of the proposed structures, these features need not be con- 
sidere'd in the initial stages of design. 

CASCADES GIVING SUPERCRITICAL CATEGORY FLOW AND TYPE 1 BASIN 

The method used to compute cascade dimensions is basically that given in pages 3 0  and 31. 

1. Calculate the flow number dc/L for specified value of force number, The step 
geometry of a cascade giving a force number value of 0.6 is found (in practice the 
optimum arrangement would be found by trying a range of values). From Figure 
11 the appropriate dc/L value is 0.3 17. 

2. Calculate step length: 

and 

3. Compute specific force and subcritical depth. 

but 
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4. Determine d3: 

d, is specified as 0.457 m 

5. Select suitable form of stilling basin: 
For a Type 1 basin 

This form of basin is, therefore, appropriate. 

6. Design basin: 
The first of the procedures set out on page 25 is followed. 

. \ 
From Figure 18,ZlL = 0-29 

:. Z = 0-29 x 1.24=0-359 m (say 0.36 m) 

7. Determine the minimum number of steps: 
From Figure 15 the minumum number of steps on the proposed cascade is 16. 

8. Calculate the number of steps on the proposed cascade. 

9. There will be 58 identical steps 1.24 m long and 0.625 m high with an initial step 
0-67 m in length. 

10. Assess wing wall height and design approach channel. 

Using the criterion of three times the step ?projection. a wing wall height of 2.59 m 
is required. 
The approach from the reservoir to the head of the mscade flould preferably have 
a width equal to that of the cascade. (see pages 3 1 and 32). 

1 1 .  For the reasons previously given. aeration and drainage facilities need not be 
considered at this stage. 



'':nppendix 2 Derivation of equations for design of 

I [ * *  stilling basins 

TYPE 1 BASIN EQUATION 

For a hydraulic jump to form on the horizontal bed of a rectangular channel specif3 forces 
forces of the supercritical and subcritical flows must be equal. That is 

dividing by b and substituting q for Q/b 

: But 

and 

P1q2 d: 
F, = - 

gd, +? 

Therefore assuming P2 is unity 
d3 d2 F ='+2 

s d, 2 

Now from energy considerations the discharge across unit width of a broad crested weir can be 
shown to be given by 

q ' c D 4  (d, - z)" 
I 

9 where CD is the coefficient of discharge. Dividing by G a n d  substituting d:I2 for - 
4 

Hence 

Combining equations 

Therefore 

Dividing by L~ and rearranging 

d 3 = ET), dFs - / L ( + ~ + L ~ ) ( L ) +  +(tr 
'_cz3 c2/3 I) L L 
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TYPE 2 BASIN EQUATION 

Consider the illllstration of the Type 2 basin shown in Figure 17. Applying the momentum 
equation between sections 1 and 3 and assuming the illustrated pressure diagram for the rise, 

that is, the force on the rise is equal to the difference between the specific force of the super- 
critical flow and the specific force of the subcritical flow just downstream of the rise. Dividing 
by b and substituting q for Q/b 

But 

and 

Therefore, assuming P3 is unity F~ -(e+T)-T- d3 d i  -d: (d2 -z)~ 2 

and simplifying 

TYPE 3 BASIN EQUATION 

Consider the illustration of the Type 3 basin shown in Figure 17. Applying the momentum 
equation between sections 1 and 3 and assuming the illustrated pressure diagram for the drop, 

that is, the force on the drop is equal to  the difference between the specific force of the sub- 
critical flow just downstream of the drop and the specific force of the supercritical flow. 
Dividing by b and substituting q for Q/b 

But 

P,q2 d: F, =- gd, +2 

and 

Therefore, assuming P3 is unity 

Simplifying 
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