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ABSTRACT 

This paper describes methods of defining the spreading of turbu-

lent flow discharging from hydraulic structures. The required 

area of protection against erosion is determined by calculating 

the location of the point of intersection of the spreading flow 

with the channel banks. Protection should extend to this point. 

The angle of spread is related to the Froude number of the flow 

and the relative width of the downstream channel (ratio of width 

of structure to width of dovmstream channel). Experimental data 

are compared with results of two theoretical investigations. 
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SECTION OF FULL SPREAD OF A TURBULENT FLOW 
WITH A SUDDEN ENLARGEMENT IN THE CHANNEL 

by Engineer G. A. Lilitskii 

Means of protecting the tailrace channels of small manmade struc-

tures from local scour require protection of the channel and an 

arrangement for dissipating energy. The location of the energy 

dissipator, its dimensions, and the area of the required protection 

depend on the position of the full spread section of the turbulent 

flow D-D' (Figure 1). Under the conditions of free spread, the 

position of the section D-D' may be determined by the method 

proposed by G. I. Sukhomel (Reference 4), or on the basis of the 

solution to the two-dimensional problem of spread of turbulent flow 

devised by E. A. Sherenkov (Reference 6). Let us examine the case 

in which the spreading flow is not impeded by the cone or the wing-

wall of the haunch. 

The method of G. I. Sukhomel is used in criteria for protecting 

manmade structures from local scour (References 1 and 3). The 

position of the full spread section depends on the angle of spread. 

The relative width of the doimstream channel does not influence 

the angle of spread. In accordance with the calculated diagram 

(Figure la), the relative distance of the section of full spread 

D D'from the section at the structure outlet A-A' (Reference 1) 

is expressed in the following form: 
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n 
X = 0-50 - 1) ctg 0 (1) 

where 

X = 2 b' 0 
1 = distance between sections D-D' and A-A'; 

B = width of downstream channel; 

b
0 
 = width of the rectangular orifice of the structure; 

= relative width of the downstream,"channel, ~ = b 
• o 

The angle of spread is: 

0=0 -8 (2) 
max 

The theoretical maximum value of the angle of spread 0 max = 650
53'. 

But, considering that the corner eddy zones somewhat restrain the 

spreading zone, G. I. Sukhomel proposed to calculate 8 = 500 max . 

The angle S is defined from the equation 

V 
V° = 1 + 0.0780.6, (3) 
K 

where V0  is the average velocity in the outlet section. Set 

the critical velocity V to be 

R~ 
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Figure 1. Plan of spreading of the turbulent flow: a--from the 
theoretical investigation of G. I. Sukhomel; b--from the theoretical 
investigation of I. A. Sherenkov; c--from experimental data. 
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Figure 2. Graph of a - f(Fro) 

Legend 

— - — - -- from G. I. Sukhomel 

from I. A. Sherenkov 

from author's data 
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where ho 
 is the average depth at section A-A'. 

To simplify the method of determining the position of the full 

spread section and the visual comparison of the results obtained 

from the different methods, we will change Formula (3) so that 

we get the angle S in section A-A' as a function of the Froude 

number 

V-1  
Fr o - gho (5 ) 

The angles are expressed in radians. Thus, by solving 

Equations Ni (4), and (5), we get - 

3 Fr, 5/3  
s-1.x+7( Fr +°~-11 (6) 

o  

Using Equations (2) and (6) we can obtain a suitable approximate 

function ctg 9 = f(Fro) 

ctg e = 0.30 Fro  + 0.54. (7) 

Finally, the position of the full spreading section is defined 

from the solution of (1) and (7) 

X = (P - 1)(0.15 Fro  + 0.27)• (8) 
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Figure 2 shows graphs of X = f(Fr0
), obtained on the basis of 

the investigations of G. I. Sukhomel to determine the angle of 

spread ©, the size of which for a given Froude number in the 

outlet section remains a constant independent of the relative 

width of the downstream channel ~ . The position of the section 

of maximum spreading D-D' may also be found by using the method 

of I. A. Sherenkov. Along the coordinates of the flow boundaries 

(Reference 6) dependent on Fro 
 and D, are defined the positions 

of the points D and D', where the flow boundaries reach the wall 

of the channel (Figure lb). In this case, the angle of spread 

is assumed to be the angle between the axis of the flow in the 

plane of spreading and the tangent to the flow boundaries at 

point D or D'. The lines of flow are curved; therefore, the size 

of the angle of spreading depends not only on Fro, but also on 

the size of P. The curves of X = f(Fro), obtained on the 

basis of the solution of I.A. Sherenkov, are given on Figure 2. 

In comparing the results of the data obtained from the tests, it 

is necessary to observe that the zone of free spreading in the 

initial section is limited not by the flow boundaries, but by the 

oblique jumps A D and A'-D' (Figure lc), which divide the spread-

ing zone from the corner eddy zones and interfere with part of 

the spreading zones. The water, which crosses the line of the 

oblique jump to the eddy zone, flows in the region next to the 
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wall near the points D and D', the width of the spreading zone is 

restricted, and section D-D' is similar to section A-A'. At the 

same time, the tests (Reference 2) showed that the degree of 

spreading of the turbulent flow is greater than it should be from 

theoretical considerations (Reference 6). 

This is explained by the effect of the error in describing the 

conditions of the outlet flow from the structure on the conditions 

of the two-dimensional problem. Near the outlet, the velocity 

vectors at different vertical points are not in the same plane. 

The lower layer of the liquid would be forced toward the upper 

layer. This brings a decrease in the size of %. When certain 

conditions are present in the channel, it is possible to obtain 

a value for the angle of spread greater than the theoretical 

maximum (Reference 5) which can be reached only for extremely 

expanding flow, according to the investigations of I. A. Sherenkov. 

The results of my tests performed to define the position of the 

full spreading section of the turbulent flow are depicted in 

Figure 2. The section in which the width of the zone of spreading 

is the largest, is assumed to be the section of full spreading. 

The tests were made in a brick flume lined with plaster. The 

length of the flume was 8.60 m, the width was 0.90 m. The supply 

was a model of a rectangular water conduit 0.15 m wide. The 

0 
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change of channel width in the downstream channel was obtained 

by placing additional walls in the flume. The inclination of 

the flume is i = 0. The discharges varied from 8 to 14 liters 

per second. The tests were accomplished in a range of Froude 

numbers from 1.5 to 16.8 at the structure outlet for a symmetrical 

jet outflow to the downstream channel. 

Good agreement of the test data with the theoretical results tress 

observed for small Froude numbers (from 1.5 to 2.5). For increas-

ing Froude numbers at the structure outlet, the distance to the 

full spread section increased in the tests considerably slower 

than according to the theoretical calculations. This is explained 

by the somewhat greater actual size of the angle of spread as 

compared with the theoretical and by the fact that the boundary 

of the jet actually does not reach the wall of the channel. Thus, 

the smaller the angle of spread the more noticeable is the effect 

of shortening the distance .e to the section D-DI in comparison 

to the theoretical calculations. 

The results of the investigations may be used to determine the 

dimensions for protecting downstream channels more accurately in 

the field, taking into account the scale effect. The minimum 

possible length of apron in the eroded channel is determined by 

the location of the section of full spread. With the magnitude 

C) 
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f'. A. .7f/.7lfffl:ff fl, rr,,.irr. 

C(:nrmm, rio,-, mOT'0 PACTT: AITIDT nyPTIOI'0 1i0TORA 
1111il 1311G:3,111110dI PAC111111'E111111 11YU11i .. 

~1 1 FPOF1P1 iSITI i;1 no 3anuvre pycm it nmi(nmm 6i,r`Ilt, 
ata.n,IX HCKt TCHWIIH dx 00011)')i(Ci111ii OT MCCIIIl,lx 

✓V 1 pa3MIABOB npCJlycnMTpnnalOT yl(perlJienim pycan it 
yCTpOIICTBO racllTC!lell mepr1111. Pa3mentenne racilTCJIH 311Ci3r1111, Cl'O 
pa:imupbl, a iam mw wiontam, iICO6xoJinmoi'O Itpen.liouns1 mmicsil-  (a 
uo:i ;ItCniisi cc'iciniH no.Tinoro paCTCKaMM 6ypnoro HOTol(a D — D'  
(pnc. i ). B ye.nomisix ci3o6oltnoro pacrcl(amm no.nosKeln a cc'icinisl 
D — D' momwT 61ATi, OnpeRe.ne110 no CHOCOf)y, npeJt.nowennoMy 1'. I t. Cy-
xome.Tin t 141, i 7m na ocnoua11nn I)CUIC111151 n.nanOBOR 3,lAa'nl paCTOK;l-
inlsi fvpnoro HOT01(a, B6110,111len1oro 11. A. fltepeni((mai 161. Pac-
CntO'r1111ni c:1)" mii, I(ol'J1a pwreiiainno Iiarma HC IipCt ITUBy10T K011yCM 
iIJTII (ITItilbl.111(11 Of'O.n011K011. 

Cmoco(t 1', fl. Cyxo-mcna I(CrtO.n63yeTC51 R pCKOMCllR,1ll.111lX 110 3a-
11u1TC ncKyccriwnn,lx CooppKC11101 OT NIM-MAX pa3nlbiBOB 11, :11. 110-
JloiKe111iC Cetieni sl tlomioro paUeicaIIHH 3aBiiCHT OT yrAa paCTCltallliH. 
OTHOCHTeAbiian Hinptina pyCJia B Hit)KneM 61,e(j)c ne i3,nnsleT Ha yroJl 
paCTCKamm. B COOTBCTCTBnn c paCtICT1100i cxCM01{ (pnc. 1,a) OT110-
CnTeJi3nOe paCCTOHtme cewnim noAtioro paCTeKamm D — D' OT CC-
tiemin tla Bblxo;ie 113 COOpy)KeHii3i A —A' (II Bbipa3HTCR CJiegyioMiiM 
o6pa30M: 

= 0,5 (13 — 1) ctg  

rAe 
 , 

n 

l — paCCTOsixiie Me)KAy. ceueHHHMH D — D' ii A -- A'; 
B — wtipiiHa pycJia B HHH(HeM 6be(pe; 
bo — mpmia OTBepCTHH COOpy)KCHiM, nnieloln,er0 npmoyrOJibHOe 

Ce4eHHe; 
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— OTHOCHTe: 1,13251 al­, ':'Ha p\ C.ia B Hli m;eM 6i:e~.e, = b YrOJ1 
0 

r.acTcl:al;11A 
(2) 

Tv0peTwlecKOe is cH'','..Ibuce 313a4eHlie yr.ia P.-CTCKaiiHA 6nlax = -

= 65' 53'. HO, C~3TbIP:L51, --!TO ) r.10Bb;e BC:!OBOpGTHhle 3OHbl HeCKO.IbKo 
C-eCHAIOT 3oHy paCTeKaHHA, 

1--  I P' F. 11. Cv xOme.-i npei.imii l 

_ Cyl;T2Tb 1,n;sx  = 50o. 
] C , Yro.-I 011peae.islOT 133 

)'paBHemi 

1 + 0,M0.6, (3) i V' 
D ' 

Q 
r,ae 1 0 — CpeaHAA CKOPOCTb 

B CeyeHHH Ha Bbl-
xoae. 

I1p1iBe~iemiwi KpHTiiqe- 
CKa51 CKOPOCTb V,s 6yAeT 

2 I v 
 s 
p 

v 11, = j -3 1,r I\lto -f- 2g , (4) 

D r,ae lio  — cpeamm r.'iy6ima 

`
i
- 

B CeyeHHii A —A'. 
i .4 )Z.I - ~' _ I C 11 A )'npOiileHllA meTO- _ —_ --- 

© aiimi onpe,ae,IcHHA nonme- 
l`\ `~ I IiHA CetieHiin no.IHoro pac- 

D 
+ TeK IHI1A H Har.1AAHOro co- 

nOCTaB.IeHHA pe3371bTaTOB, 

P,iC. 1. CXe::a paCTCK3!.:1151 6yporo noroxa: nonvliCHllux pa3.7HLlHblMH 

c— no Tec;cilPlc uv uccr c. cl,•= ''l!.  r H. Cyxome• CHnco6amn, npeo6pa3yeM 
va. i — ne ICCpOTU9,eK11?' 1. cc.::c r_ :::a» Ii. A. We- ~'oP \i\'.1)' (3) T2KMM o6pa- 

Ko13: B — ❑O A31111M11. 
30',I, LIT06bl noapl1lTb B ce- 

lic-imn A —A' yra: :Kai; ylyxxuHlo yHc.1a (Dpyaa 

Fro  = (5) 
B1io 

Be-Ilili11Hb1 y1%10;_ BI:7 ,1.311'•: B pa,maHax. Tor;-,a 133 P3BeHCTB (3), 

(Q) H (5) nonylum 

a= 1.47 li Fro 
 F+2— 11s (6) 

HCno.Ib3)•A ypaBHeHHA (2) 11 (6), MO1-,:, 'i0 I0CT:i:C,-':`O TOtIHO n0'Iy-
91iTb annpoxciiMHppoluylo cpy13Kulllo ctg 0 = f (Fr„) 

ctg 0 = 0,30 Fro  =, 0,5.1. - (7) 

0KOHyaTe.lbx0 noamemie Ce9eH133i n0:l:i0TO r,-CTeiiaHHA OnpeAe-
JIAeM 113 PaBeHCTB (1) H (7) 

1) (0,15 Fro —, 0,27). (8) 

rpa(~HKH ), = f (Fro), noJiyqea13bie Ha ocHOBc':HH HCC.IeAOBaHHA 
r. M. CyxoaieJia n0 onpeAe.neHM10 yma P~;Ueicaiimn 0, BC.IHqHHa Ko-
TOpOrO AAA 3aAaHHoro ynciia OpyAa B Ceziemm F3 BblXoae OCTaeT.A 
nOCTOAHHON He3aBHCHMO OT OTHOCHTeJIbHoli L1HpliHbl PyC.1a B HimHeM 
6becpe N, H3o6paN{eHbI Ha pHC. 2. I-I0J10)KeHHe CctleiiHA nO.iHOro paCTe-
KaHim D — D' MO)KHO TmKe Ha NTH, 11C7107b3V51  %-eTOa H. A. Me-
peHKOBa. rIO KOOPAHHaTam - KpaNHeN JIB IIH TOKa 16] B 3aB1iCHMOCTH 
OT Fro  H N  OnpeAedlAeTCA nOJIO- 
)KeHHe TOyeK D H D', B KOTOpblX Jl 
KpaNHHe JIHHHH TOKa AOCTH- yC006.~t%P c~o3Hc4EHUA j- 

-- — r,•;, rKCyrcueny ralOT CTeHOK pycoa (plic.l, 6). —_ no ti.Ri:lep ~xr6u 
B 3TOM c]iyyae noA yrJioM pac- no YCHH.10 cr- ~o 
T2K21iliA noApa3yMeBaeTC51 yrOJI 10 
iiie)KAy OCbIO rIOTOKa B' niiaHe I j 6, 
paCTeKaHHA H KacaTeJlbHOK K  
lipaNHeli rlHHHH TOKa B TO'4Ke li p  
D HJIH D'. AHHHH TOKa 33BJIA Sri 3 
IOTCA KPIIBbIM13, n09TOAly Beim- 5 _l/I T—
tIllHa yrJia paCTeKaHHA 3aBH-  

CHT He TOJIbKO OT Fro, HO H OT 3 ~-`  Be.zHunHbl P0. KPIiBbie ), =f (Fro), 
noiiy,4eHHbie Ha OCHOBaHHH pe- o 
lueHHA M. A. lUepeHKOBa, 5 10 15 Fr, 

AaHbl Ha pHC. 2. 
I1PH ConOCTaaneHHH noJly= P,+c. _ rpac~,i,;,l ), = f (Fro). 

l4eHHbIX pe3yJlhTaTOB C AaHHbIMH 
ripomC eliHbIX OnblTOB Hy)KHO HMeTb B BHa\', LITO30Ha CE060AHOrO paCTe-
KaH119 B Ha9a.nbHOM ytiaCTKe OFPaHliyeHa He I~pailiimili .IIIH1133MIl TOKa, 
a JI11HH51MH KOCbix npumuioB A — D H A' — D' (pHC. 1 , 6), OTAe.13K)-
IlMiX 30Hy paCTeKaHHA OT yrJIOBbIX BOACBOPOTHblX 30P 11 nOr 71OLj210-
Lj13x 9aCTb 30Hb1 paCTei(aHH51. BoAa, nonaaalou;an 11epe3.I)iHlilO KOCOr0 
npbl)KKa B yrJIOBYIO 30Hy, rIPOTeKaeT B npliCTE1101MCii 06.7aCTH B6.IH31i 
To4eK D H D', CTeCH51A LIHPHHy 30Hb1 P2C7CIiaii i2 H' npn6miH ;a2 
ce9eHHe D — D' K CeueH13lo A — A'. B.m.eUe c Tem, HZK nOKa3b1BaK)T 
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I~i:i Tbl 12]. Ii1iTe]iC1:31?C;Ti: ]'?, C;~".:?ii;: 6\'p 1i i0 r.OTG;ia _,_...:C, Ne`d 
-0 C ;C',1\'CT n3 TCOpeT;?':,C:.;iX CC".-i'~ ';;CC;i;lii ~~]. Orb :~L';;eTCA 3T0 

5.1;1'e\1 OTE.1011eHIM \'l' :';:11 H''. BLiX0, e nuT0Xa 113 U( Opyi;mijf'I 
07 VC.-1031M n.IIH0B011 .. :3411. 86.111311 BUXO, 3 Bel- 'TOI i . CKOPOCTH 
B p33.T?411hiX T04x3X D[1)T He ❑ pI11ic' L'.eiH2`r OIHUH i..~OCKOCTII - 
]i;'.i;il?;:H C.101i :NlI IEOCT;1 1 i3}i OLI B CTOPCHILA Bep.mimm 
C1 ,e:a. 9To npl1B IHT 1; \'SC'ii^ilic]?;i10 Ee.i1141.l?bl X. llpli o:ipeaeleH- 
Hb1X \'C.IOBi12X B P\ -CAC ii1;0 110.1\'4HTb Bell?41:K\' yrla PaCTexamuq. 
nj)eBLi UMOMu 10 TeopeT;1L;rC'.V10 M21;C;"\1a.1bH\'10 (5], NOTOpaA B COOT-
BeTCTB"H c HCC1ei0B3Hl12',ili 11. A. llIepeHxoi'•a Aio.ReT 6biTb aOCTIir-
H\Ta TO.Ibxo npii 6eciicue4xom paculiipeHlili noroxa. Pe3,,'.,lbTaTbl 
0;':.ITOB, BLIII0111eHmix 2BT0p0',i, no onpeae.1eH11io no.-ImKeHHA ce4eHlim 
r1o:IHOrO p3CTeKaimm 6\'pi?Or0 nOTO1:a H306pa;iieHbl Ha plic. 2. l7pH 
9T0'+i noA Ce4ernem no.,HOro paCTexaHH51 no~Ip33yMeaaemi ce4exne, 
B KOTOPOM U1Hpinia 30HBi pacTeKaHHA - HaH60.IbUla.9. 

OnblTbi npOBOIH.-IHcb B IMpnH4H0\i TIOTKe, OWT)'KaTypeiiH011 ue-
ASeHTO\I. ~Tvi11Ha .'IOTK2 8.60 M. LuHpHHa - 0,90 m. 110,jB0,19LUHH AOTOK 
npe,IMB:1591 C060ri A002e.-Ib np5TMOyr0.1LHOA BOaonpon)'CKHOA Tpy6b1 
ill;iP11H01i 0,15.11. H3\ir;len;:e LUHpimbi pycaa B HWKHem 6bec)e AOCTH-
ra.10Cb )'CT3HOBK01i B .IOTiie aon0.-IH11TeablIbIX BH)'TpeHHHX CTeHOK. 

KAOH AOTiia 1 = 0. PaCXOXbI 113\leHq.1HCb OT 8 ao 14 Alceh. OnblTbI 
L'b1110.1H;I.11ICb B HHTepB3.ie 4Hce1 Ha Bblxoae H3 coop)'-mmu A 
OT 1,5 ao 16,8 npii Cli`,;`.:eTnH4H0V HCTe4emm CTP)'H B HIDEHHli 6b4. 

XOPOi]l('e COBIlaaeive 01lbITHU1X a3HHbIX C TeOpeTH4eCKHNIH pe3)'1b-
TaT3:.IH nj6.iioia.iocb 1:Pii ,..a.iL1X 4110.1X (DP )'tea (OT 11 5 Sao 2,5). npH 
ync.i1111emm Inium (Dp~•;!a Ha BbiX01e 113 COopyAi eHHA p2CCTO51Hme p.0 
CC4CNI151 nO.IHOrO PXTeEaHIiA B OnblTax )'Be.1H911Ba.10Cb 3Ha4HTe1bno 
alei.iennce, 4e\1 110 TOOPeTH4OCKHV paC4e'ra\i. 3TO 06bscHneTCA He-
cico.ib;:o 60.ibIDeli ae1:CTB1iTe.1bli011. Be.1;1411HOrl yrla PaCTeKaHHq no 
Cp3BHCIlHlO C TcopeTH4tCN01i H Te\I, 4TO xparlH, CTP)'IiKa nOTOKa 
( l,'IKTIMCKH He AOX0211 T -10 CTelilill py C1a. rlpH BT01i, 4e\i meHbLue 
yr0.i ]IaCTCXi 111119, Te`. --mee -4#KT CO;ipaU1emin P3CCTORHHA 1 ,40 
,cewim9 D-D' n0 Cp.i:.:l?:;'.i0 C TeOpeTHIleCKH\IH plc4eTa1,IH. 

PC3\'1bTaTbl npC'Be.a;?:'bix HCC.iewBaliiili moryT 6biTb liCnOdIb30-
B31ibI j:m 6o.ice TOyHCrO onpeae.-iemm B H3T)'Pe (C ygeTO\1 npaB1i11 
1,I0;1e.-MPOBamm) pa3\;CpO ;iC1l.IeHllli OTBOa,ALI.UIX pyce1. ;MHHHlda.IbH0 
B03\fOiii11a9 ~L1nHa p;1Cl?r]';;LI B P33\IblB3e'd0\i pycae onpe;je.ueTCA 
lio.lo;iieHHe\I Ce4eHl19 70.1h'070 iiaCTexaHli9. IIO Be.-m.li  He Fro H OTHO- 
CHTe.ibHO{i 1Unp;IHe :,e( a B COOTB?TCTBHH c 3KCnepHAleH- 
13.1blILI.'d;i aaiilibi'.ii! (:`:IC. ) MIOiKHO H21ITH n0.'ImKeHHe Ce4eHI51 
D - D'. 
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