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ERRATA. 

Page 4, line 34: "problems" for" probelms ". 
Page &, line 20 : omit comma after Now. 
Page 6, 8th line from bottom : add comma after 5. 
Page 24, 4th line from bottom: " close " not "closest". 
Page 55: omit " thus" from beginning of 13th line from bottom. 
Page 63, 5 lines from bottom: omit "which". 
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1000. /t. composite photo takcp from. the t.op of the hill above Khndnkvnsla Dnm and shmn the LR.ke Fifo R<.'tl<mreh Station juat doW'Ilatrearn.. 



l' ART J. 

1203. Showing the demonstration models on the Right Bank 
of the llutha Right Bank Canal. 

· 1~05. · Sbo~,·i!lg ~ .canol fall mod(>l in the 18ft.. Left Bnnk channel. 

: # • ~232,; A smaU sc&le fall experiment in the 18 ft. Left Bank channel 
and a large ecale twin fall model diacbarginc 240 ca. .in an 
adjoinirig channel. . 

Sheet 2. 



PART I. heel 3. 

328. Full scale siphon spillway model dischorging · 5:20 c:t. 

)', S.. , - · 

884 .. Tbe samt aipbo~.iJ\ ~ phO~o. 3:1; running with the outlet 
' · Bated clt,t.! rt .. ~ dowDstrcam. 

850. Shows i scale replica o£ the 520 cl18e<8 o!J>boo with glau 
sides. 



P ART I. 

842. Showing the Sukkur Barmge model looking dowootream 
with Bukkur island standing out in the middle foreground. 

Sheet 4. 

521. Showing a 'part' width model of the Sukkur Barrage ahow· 
ing deep scour at the vertical nose of the Divide wall. 

. . 
841. A model of the Ja.mrao Can&l at mile 11 With~arped, conver. 

ging, ailt.e:s:cludiDg head for Dim an4 Khadro minore. 



l'ART l. 

662. Showing heR\oy' scour which would have occurred 
downstream of the Tando Mastikhan Fall 
(Rohri Canal, Sind) with 1 in 10 divergences 
without remodelling. 

826. The same design in photo 662 after baffic and 
deflector had been added. 

Slieet 5. 



PART l. 

~256. A part..witlth martel of Sukkur Bo.rr:1ge before downstream protection 
wasndded. 

1263. The same as 1256, after a. bafHe had been added downstream of the 
eluice gate causing a standing wave to form and a. deflector at the 
end of the pavement which created a bed roller. 

SheetL6_ 



PART I. 

1167, -8howing a fitlling Apron ('X pcrl•cll'llt ll ."~i nJ! diA'l• tPnt c·r.\nnrc:cl J)l'hhl<'~ 
to trn('e. bow '' laum·hing:" tnkro,;; pluc•t.·. 

1012! .Shm\"~n~ profile 9f flow 'in a pier experimen.L 

8hee/. 7. 



PART I. 

1183. A large· scafc. model of the Right Guide Bolllk Qf the H:1 td inge Hriri,!!(', 
looking upst ream, showing ('Ond ition nf fiow lwfore ·s lip of ~ G-th 
September 1U:!3 ot>cuti"ed. 

1187-. Sa me =n:s ll~q. !ihowint; how the slip :oct:llrteU. 

Sheet 8. 



PART I. 

H ead t>f 

C: .H. 

1192, Experiments· with Fnlling Aprons. )ol odel of GuiJe Bunk at 
.Hardinge Brirlg~ showing formation of brt>rt ch (looking 
:d.ownstream towards bridge). 

04:-l . A pnrlion of thC' oi:30 ft-. Iongo ruOI'h·l o{th<' Gun!!t·s Hin•r nbovt- th c.
Ha rdin.;w Bridge. 

Sh eet 9. 

Toe or 
Bnnk. 



PART II. 

1\rakhi Regulator 

:'- lak hi Regula tor 

)fnkhi Hcgulator 

DISTRillUTARY 0 )JODEL OF THE EASTEHX :\'AHA HI\. Eil AT lf.·IKIU. 

838. Experiment No. 2: (Looking downstre~uu , ) .-\. spur ]'m'ij_ccting to 
midstream ·w·as built. nt the downst r<:>am rnd of t he Jhthrno to 
create cun•ed flow to cxdudc bed .silt. 

855. Experiment No. 3: 1 in 5 com·erge-ne.e upstream nncl a spur projecting 
to midstream downstream of·the .Mithrao. (Looking_ downstream.) 

86.) . Expc_rini<'n_t 4 _:· 1 in 5 t·onnrg("nce upstrea m of Uw ::'\[i thrno nnd rt long 

~~:~:~;~,~.:~~)front of the )Jithnw nod Khipro (~a nal~. (Looking 

Sheet 10. 

K hi pro Ca na l 

:'\lithrao Ca na l 

1\. hi pro (';m al 

:'\ l it hrao Cana l 

J\hipro Cn nn l 

.\litiH'<IO Cana l 

Long rn ised :;ill with 
J in 5 cunvorge nce 
up.-; t rca nl. 



PART II. Sheet 11. 

~!ODEL OF THE EASTER;.[ "ARA AT ~1.\KHr. 

EXPERD1 E:ST 7 (a): Kn;o 's VA:SES orrosiTE ::lfrrl:lRAo A.XD KarrRo C.\.:H.r.s. 

~lakbi Regulator Khipro Cnnnl 

King's vane:! 

Nara Hinr 

ExPERDl-ENT S(n): Dn·mE WALL m•POSlTE MITH RAO A~Ll A L,\ma: H;\DIUS S INOLE 
VANE IX CON1'INIJ,_.,TroX OF TH E D IVIDE WALL A't' THE DOWS~TltEA:\1 E!\D TO 
EXC!X DE nr::n S ILT PROll KHJPRO ('A::>O.:\L. 

Divide wall with a. 
large r:nlius single 
van<' d/s 

888. Looking down ... tream. 

Kh ipru Cnnn.ljH<'ad 

.\lithrno Canal 

Xara Hivcr 



NARA . kHtPRO M!TNRAO 

J40B. Showing the Euslcrn NitT!l nn 1hc 1eft nncl t:hc iq)pronC'h channel to the ~'lit.hrn:o on UriJ rig_ht, ~ lwrtly after 
(!onstructio·n. (Lookin~ downstrcnm.) 

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



PaRT Ill. Sheet 13. 

MODEL OF MULA RII"ER ASD CAUSEW.-IY AT RAHUHI ( DISTIUCT AHl!IIDXAGAR). 

1534. Looking i:lownstn.~~un (lfl:!6 rontlitions) with maximum flr;rul of the 
2nd st'ason. showing the high \•dn(' it.~· jet impingin)! un h·ft hank 
(marked I in photo) upstream of landing: stage. 

1539. Experiment 17 (1936 conditions). Looking downstream. Showing 
_heav-y scour of left bnnk upstream of fe-lT)' after l flood !'!CA30n!!. 

-Forry 
1.-ino. 



PART III. Sheet 14. 

MOD EL Of )IOU RIVER AND CAUSEWAY AT RAUURt (0IST. Auln:D!\AG"-R) H Oltl lUKTAI. SCA LE R.\TIO = !_; 
80 

1538. 

1517. 

VERTICAL SCA L E RATIO = 1•
1
.
1
•1 _ • 

•' "'--' 

,Looking dowilstre.nnl . .<:h owi'ng th~· prnposf:'d Rtl'rmn type spur on. the· 
connx bnnk w1th h\'0. tr:tpezoicla_l notdtf':<: in the· s tem oft he spur. 

Looking downstream. Th~ spur in :n·t" I • r .. . 
('LIHCC'S ( = 3:.!_,fi0(J t~s. with 4 I , I ~ t n,. )JJ•wharge m modd=6·28 

• - t. t ('pt 1 on·r t:<H.J.~c-wa,y). 



PART III. Sheet 15. 

1/ 10 SCA LE OI:Oli ETRICALLY S I.\IILAH I'AitT•WIIJTII :\l l)D £ 1. 0 1' ~J U L.\ Hl \' l:R C ,\ US t-: WAY. 

OP ENING 

i300. P rt'Sent d~ign with fnccs of slnh.!l at right nnglcs to flow. 
Looking upstream. 

1389. 'Vitb curved bellmouth added to sJobs upstream and downstream. 
Rodiua of bottom arc=l·5 X depth of slab and of top nre=dcptb 
of slab, Looking upstream. 

1394. With semi-circular bellmouths upst.ream and downstream. Looking 
np3tream. 



PART Ill. 
Sheet 16. 

FIG:29. 

\~ 

15:24. 



PART III. Sheet 17. 

I/5TB ScALE MODEL oF 700 cFsEcs (6·63 rr.) PaoPoRTIOXA.L STA:s:DI:s:o WAYE FLtt~tE :\IF.TER F&LL wrrn DA.F~'L& 
C'l~Tt:R:S: A S U DEFLECTORS. 

16S5. Looking downstream, showing the condition of flow with F. S. Q.=12·5 
cnscc~ ( =:100 cusccs), H = l ·33' ( := 6·63') nnd d 3 =1·02 ft. ( := :J·l ft..); 
with bafllc:; 1·96 ft. high without sloping ends. The ht'ic;ht of WR\'t'S 

near bnnks=O·lO ft. ( :;:: O<iO ft.)-Expcrimcnt 2. 

1686. Same as 1685, except that baffle height increased to:= 2·6 ft. 
Standing \\'n,·e downstream of the bnffie ~M clear nnd 
height of wans near bnnks=0·07 ft: { =: 0·3a ft.) 



PART III. 
Sheet 18. 

GEO)I ET it iCALL\' SDILLAR ) IODEL . 

~ l /9TH SCALE) OF TJIE B£LL~lOOTH S LUICE OF TH E GoD.H'AIU Hl G II T R\S K C A:.'AL HEA D REGULATOR , 

Side s I o pe 
pi tching of 
f:ltoncs . 

1548. 

1550. 

LookingUownstrca m. Q =384 cusccs. t:pstrcam \V. L . ~5:10· 1 0and 
downstrea m W. L. ~ 3:!8· -1 .). Conditio ns of flow with ba fll c, cistern 
a nd I in 10 di n rgente . 

Loofking. upst~am: Sides d iYerge nt 1 in 10; n bafllc '"= 13A "' 1 · 1 
o slmcc w 1th a cis te rn = :J.3 ft dec d _ - • ng t at e nd 
S~ow~nf. b_ed scour after 12-hours' flow ~i~t7 Q ~ 1318~t . ~~~~~ downstream . 
. \\ . L. = u30· 1 and downstrea m \V L _ r')g . .;:= . cu~ccs . Upstream 
and there was 11 0 scour nca r bn nk~. · = a - a. Scour was ncg lig iLil' 

Side s l o p e 
pitching of 
stones. 



!'ART Ill. 8hee/ 19. 

A MODEL OF THE GAKGES .\ XD T HHEE OF ITS TH I IlCTAHIE"' . 

(SCA.U: RAT IO= I FOOT = 10 lii LF.S.) 

1ii88. Mod('] a.s ]aid. 

1592. Showing conditions after 31 hours' fiow ( ;:: 15 yeara)a 

1506. Showing condition• after 4:7 houn' ftow ( := 23 yeaTB). 



P.ART Ill. Sheet 20. 

MODEL OF THE RIVER BRAH)IAPUTRA AN D THE PROPOSED EASTEIU; BENGAL RAILWAY BRIDGE 
AT A11INGAON. 

1680. Looking downstrea m; with piers nnd g uide banks. Conditions 
of Bow with Q ::= !)35,000 cusecs. 

168 1. Same, looking upstream. 



PART III. Sheet 21. 

PART.WJDTH GEOliETRICALLY SimLAR l!ODEL o~· THEW ASTE WEIR OF SPIN·KAREZ RESERVOm. 

LONGITUDINAL A~D VERTICAL SCALE ll.ATIO=l/20. LATITUDINAL SCALE BA.T10=1,30. 

1575. Condit ion of flow in the waste weir tail chttnncl-tts designed, looking 
do,\"nstrcam, with Q: 12,500 cusccs. 

1576. Showing scour pfter 2 hours' flow ( ::9·6 hour" in prototype). 
J.ooking downstream. 



PART III. 

1570. Showing condition of flow in the t..ail channel, with bed prot<'cted by a 
scrjes of " "ire crates= 3·33' high spaced:= 2.50' apnrt in <"Xperi
ment 2. Q := 12,500 cusecs. Looking downst renm. 

1580. Showing scour after 2 hoW1l' ( =:. 9·5 hours) flow of Q = 12 500 cusccs 
in experiment 2 above. - ' 

Sheet 22. 



:PART HI. 

Rapid-7 

Ra pid. 
I :hd 8' brdle fnll. 
/ I ·"ft. Pla in n :rtiea l fal l. 

.l t ! 

1587. Showing conditions of' flow with Q = 12,500_,CNsecs; · with two: 8' 
bnffie falls . spaced at: 250' fntervals - downstreani · of waste weir; 
foUowed by a continuous rn.pid having supere1evation and a ; 8' bafBe 
fall and a plain vertical fall still further 4ownstream. , 

Sheet 23. 

(;-2nd 8' 
bnffl o fnlJ . 

(;-1st 8' fall. 

~ W nstc weir. 



' PART Ill. 

Flow____,;.. 

1628. Model of Watrak River at Kaira. (E,·=Vertical exaggeration=5). 
Experiment I showing conditions after floods of 1037. The 
corner of the Fort which subsided into the river may be seen on 
the right. 

1634. Vertically Exaggerated l\Iodel. Experiment 4 with Burma type 
spur, showing silting induced along Fort wnll. 

Sheet 24. 

Fort 



PART III. 

Fort 

1669. Part-width, geometrically similar, model. Experiment 4. Sloping 
spur with mohile protection n.s laid before flood. Looking dmvnst.ream. 

1670. Part-width modc1. Experiment 6. Burma type spur, showing V('ry
decp scour at nose. Looking don"Ilstream. 

Sheet 25. 



Annual Report of work done during the year 1937~38. 

PART I. 

1, INTRODUCTORY. 

In .June 1916, the Special Irri~ation Division_ was created to earry out re
search mto problems_ of land drama~e, reclaumtwn, and hydrodynamics. In 
1920, a ~ydrodynamw Res~arch Sta~wn was opened at Distributary 5 of the 
Mutha R1g!tt Bank Canal wtth a maxtmum discharge of 8 cusecs. Early experi
ments earned out there, have been dealt with in Technical Paper No. 28 of the 
Bombay P. W. D.: "Research work done by the Special Irrigation Division 
since its formation in June 1916 ". 

In 1925, it was decided to construct a full scale model of a syphon spillway 
(5' X4' and 29' high) for comparison with a ith scale model. This was construct
ed at Khadakvasla, downstream of the Dam of Lake Fife. Experiments were 
continued for about 3 years with discharges up to 520 cusecs. About the same 
time it was found that the supply at Distributary 5 was insufficient, and Khadak
vasla Hydrodynamic Research Station was started. During the past 9 years 
this Station has been gradually expanding, until now there are 13 experimental 
channels and the aggregate length of channels and models exceeds 2,400 ft. 

Figures 1 and 2 show a plan of the area and figs. 3 and 4 show cross sections 
running from the Right Bank to the river bed on the left. 

The maximum discharge of experiments in progress at one time exceeded 
110 cusecs, and in general up to 6 model experiments have been in progress simul
taneously. The water, after passing through the models, is discharged into the 
Mutha Right Bank Canal during the fair season ; but during the flood season a 
large part of the water, being in excess, is returned to the river. 

Some 20 photos of work done at Khadakvasla in previous year have been 
selected from over 3,000 and are shown on Photo Sheets 1 to 9. 
Photo 1690 is a composite photo taken from the top of the hill above Khadakvasla 

Dam and shows the Lake Fife Research Station just downstream. 
Photo 1203 shows 22 demonstration models on the Right Bank. 
Photo 1205 shows a Canal Fall model in the 18 ft. Left Bank Channel. 'rhis 

channel is now used for silt experiments and has been increased in length 
to 200ft. 

Photo 1232 shows a small scale fall experiment in the 18 ft. Left Bank Channel 
and a large scale twin-fall model, discharging 240 cusecs in an adjoining 
channel. 

Photo 328 shows the full scale syphon spillway model discharging 520 cusecs ; and 
Photo 884 the same syphon rurming with the outlet flared at 1 in 5 downstream. 
Photo 850 shows a !th replica with glass sides. Pressures. and velocities at all 

points in the stream .w~re observed and compared and ~t ~as found that the 
model gave closely similar results except as regards prliDlllg depths. 

Photo 842 shows the Sukkur Barrage Model, looking downstream, with Bukkur 
island standing out in the middle foreground. 

Photo 521 shows a part width mo~e! of the Sukkur Barrage, showing deep scour 
at the vertical nose of the D1V1de Wall. 

Photo 841 shows a model of the Jamrao Canal at Mile 17 with warped, converging, 
silt-excluding, head for Dim and Khadro Minors. 

Photo 662 shows heavy scour which would _have ?ccurred .downstream ?f the 
pavement of Tando Mastikhan fall wtth 1 m 10 diverg!lnces, w1thout 
remodelling, and 

Photo 826 the same design after baffle and deflector had been added. 
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Photo 1256 shows a part width model of Sukkur Barrage before downstream 
protection was added. 

Photo 1263 the same, after a baflie had been added dfs of the sluice gate (causing 
a standing wave to form) and a deflector at the end of the pavement, which 
created a bed roller. 

Photo 1167 shows a 'falling apron' experiment, using different coloured pebbles 
to trace how 'launching' takes place. It will be seen that stones launch 
almost at right angles to the axis of flow. 

Photo 1012 shows profile of flow in a pier experiment at the pier. 
Photos 1183 and 1187 show large scale model of the Right Guide Bank of the 

Hardinge Bridge, showing how the slip of 26th September 1933 occurred. 
Photo 1192 Experiments with Falling Aprons. Model of Guide Bank at Hardinge 

Bridge showing formation of breach (looking downstream towards bridge). 
Photo 943 shows a portion of the 600 ft. long model of the Ganges River above 

the Hardinge Bridge. 
Khadakvasla has several exceptional natural facilities :-

(1) Water is crystal clear for 7 months of the year; almost clea1; (visibi
lity 2 ft.) for 3 months of the year and contains only very fine col
loidal silt in the remaining 2 months. 

(2) Owing to water being drawn from a deep lake, the temperature of the 
water varies little throughout the year and scarcely at all during 
the day and from day to day. 

(3) The climate is equable. 
(4) The Station is only 11 miles from Poona. 
(5) No pumping is required. 
(6) No charge is made for water as it is discharged without waste into the 

Mutha Right Bank Canal. 
(7) The slope of the country is steep and the 'head' available up to 60ft. 

which makes the Station eminently suitable for full-scale· model 
experiments with sluices, etc. 

(8) Ample head being available, conditions are suitable for deep 'measur
ing chambers', small in area, which give high accuracy and quick 
stilling. 

(9) 8 ]ow-level sluices with sills at Canal bed level draw water from Lake 
Fife. Each of these is regulated independently and as water is 
drawn off under considerable head from a large body of still water, 
the discharge of each sluice is almost absolutely constant, the varia
tion being but a small fraction of what experience in Sind and the 
Deccan shows occurs when water is drawn from a Canal. In some 
experiments, small fluctuations in discharge are unimportant; but 
where the object is the determination of discharge formulre or small 
variations from straight line formulre, it is .essential to have a supply 
in which fluctuations are so extremely small as to be negligible. 

The Station at present comprises 6 acres; but further extension will be 
necessary if important large scale work, which the Station has recently been 
asked to take in hand, is accepted. 
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PART II. 

2. TECHNICAL pAPERS. 

Three Technical Papers have been issued during the year: 

Bombay P. W. D. Technical Paper. 

No. 56 "Land Drainage in the Deccan Canal Areas" by W. A. Evershed, B.Sc., 
M. lnst. C. E., Ex. Eng., with C. C. Inglis C. I E B A B A I l\' Inst C.E. · ., · ., · · ., '· .. , 

No. 57 "Disposal of Poona Sewage Effluent" Part I Note on effluent distribu
tion ?Y C. C. Inglis, C.I.E., B.A., B.A.I. (D~b), M. lnst. C.E., I.S.E., 
Sup~rmtending Engineer, and D. V. Joglekar, B.E., B.S.E., Assistant 
Engmeer. 

No. 58 ".Summary of th~ ~!lnual ~ote on Experiments carried out by the Irriga
twn Research D1v1s10n durmg 1936-37 at Lake Fife Hydrodynamic Re
search Station near Poona." 

and three Papers have been written: 

(1) Paper on "The use of models for elucidating flow problems" written 
for the Jubilee meeting of the Indian Science Congress, by C. C. Ing
lis, C.I.E., B.A., B.A.!., M. Inst. C.E. 

(2) Paper on" The exclusion of silt from heads of Canals and Distributaries " 
by C. C. Inglis, C.I.E., B.A., B.A.I., M. Inst. C.E., and Rao Shaheb 
D. V. Joglekar. 

(3) Paper on " ':!'he eradication of water weeds from Deccan Canals " by 
C. C. Inghs, C.I.E., B.A., B.A.!., M. Inst. C.E., and V. K. Gokhale, 
M.Ag. 

:l. EXTRACTS OF PAPERS WRITTEN DURING THE YEAR. 

The use of models for elucidating flow problems. 

Of recent years, so many claims have been made regarding the successful 
application of model research to the solution of hydraulic problems that the public 
are now under the impression that any engineering problem can be simply solved 
by the use of models. A corrective to this view was provided when Herbert D. 
Vogel, Director of the U. S. Waterways Experiment Station at Vicksburg, in 
replying to the discussion on his paper entitled '' Hydraulic Laboratory results 
and their application in nature" published in the December 1935 issue of the pro
ceedings of the American Society of Civil Engineers, wrote :-

" In an effort to find proof-or disproof-of the reliability of open-channel 
experimentation, this paper was tossed out as a challenge. The results, while 
disappointing, were nevertheless illuminating in their paucity, and the ques
tion could now be asked,' Are current studies being undertaken: (1) Because 
of the proved validity of the method; (2) because models are a cheap means 
of approximation ; or (3) simply because it is fashionable to carry on 'Scientific' 
resea1·ch 1' To run down the answer to this query, circular letters were sent 
out from the U. S. Waterways Experiment Station during August, 1934, to 
more than fifty laboratories or individuals engaged in hydraulic research. 
It was i:equeRted in each case that information be furnished regarding the 
performance of any model tests, the results of which had been substantiated 
subsequently by results obtained in the field. Twenty of these letters were 
directed to addresses within the United States and the remainder were sent 
to foreign countries. 

" Replies were received from twenty-eight of those addressed, twelve of 
these being from laboratories within the United States. With a few notable 
exceptions, the replies contributed scarcely any information directly pertinent 
to the subject," 
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Nearly all the cas~s cited were o_f models ~,it~ rigid boun~aries, seyeral of 
which gave only approximate correlatiOn, and httle or no mformatwn was 

received in justification of movable bed models." 
The object of this Paper is to show :-

(i) that there are eight markedly differ~nt types of ~odels, o~ly on~ of 
which presents little difficulty and giVes r~sults smtable fo~ illlmediate 
application; whereas other tJ:Pes, ~speci~lly those relatmg to flow 
in rivers, present great practical difficulties ; 

(ii) that much larger models than ha_ve gene~ally been used in hydra~Iic 
laboratories in the past are reqmred to give accurate results, espeCial
ly in the case of erodible models ; 

(iii) that most flow problems-even investigations. into ~he moyement of 
silt-which have hitherto generally been mvestJgated m labora
tories in parallel sided flumes, as though they were 2-dimensional 
questions, are essentially 3-dimensional problems ; and 

(iv) that model experiments are a very valuable aid iJ?- the solution of 
prac.tical engineering problems, but that success with them depends 
mainly on engineering skill which they cannot replace. 

Summary and conclusions. 

The Author's original intention was to group over 100 successful model in
vestigations carried out at Poona ; touching on the salient features of eaeh group. 
Enumeration of the experiments had, however, to be omitted to cut down the 
length of the Paper. 

8 main types of models are described with examples showing why some types 
present little difficulty and give results suitable for immediate application; where
as other types, especially those relating to alluvial rivers, present very great prac
tical difficulties. 

Geometrically similar models in which parallel flow or free vortex flow are 
established give geometrically similar results, provided they are not too small to 
make it possible to reproduce the boundary conditions of the prototype. In 
other cases full similarity is not attained and the divergence may be very great 
as shown in paragraph 8. 

It is only in some models of types I, II and V that parallel sided flumes give 
reliable results ; all other types should be treated as 3-dimensional probelms. 

Channels may be divided into two classes :
(a) Channels flowing within rigid boundaries. 
(b) Channels flowing in incoherent alluvium. 

In the former, flow is under flumed conditions and a heavy super-charge of silt 
can be carried provided the slope is sufficiently steep. In the other type, flow 
is ' natural,' adjustments to changing comlitions being brought about by scouring 
and silting. Lindley, in 1919, put forward the original theory that 'the dimen
sions, width, depth and gradient of a channel to carry a given supply loaded with 
a given silt charge were all fixecl by nature' and some ten years later Gerald Lacey 
produced a series of formulre which fixed gradient and shape of regime channels. 

According to La~ey, P=2·67 ~IQ, from which it follows that PJR=7·12 V, 
where P=wetted penmeter ; Q=chscharge ; R=hydraulic mean depth and V = 
velocity. This is the Lacer_' shape formula'. According to Lacey's' initial 
regime_formula'_V=l·l7v,'fR, where f is thesiltfactor, which=·73 V"/R, and 
bene~ IS proportiOnal to y-JgR, the Frm~de ;numhe:. So on the assumption that 
a regime channel approximates to a semi-elhpse, With the semi-circle as the limit
ing shape, the limiting dise~arge _in cubic ft. per second=Qlim=l·82jf'. Actually, 
h?wever,_ for.re~sons explamed m the paper, Q=3·2/f' is the minimum discharge 
wrth w luch rt rs safe to work. · 

From the Lacey form~la and from Niku~adze's work on roughened pipes it 
follows that the finer the silt, the larger the discharge required in the model. 

There is a na.tural ~e~ime silt ch~rge, which v~ries with the discharge and silt 
grade, and there rs a ;nummum velocity for each silt, below which the regime silt 
charge cannot be earned. 



PART IT, 5 

For the same grade of silt, the lower the discharge the more sensitive is the 
model to a super-charge of silt. 

. The regime conception must form the basis of all accurate model work dealing 
Wtth movement of silt, and its division between offtakes. 
. Experiments with combined erodible channels and rigid models present difficul

~le~ ; b~cau~e the flow formula is different in the 2 parts, and hence a model which 
lS 1dent1?al m plan in model and prototype cannot give similar results. In many 
cases this can be overcome by ' fitting '. Part of the difficulty is due to the fact 
that though vertical exaggeration has been adopted as common practice in model 
work, lateral exaggeration, which is also natural, has, so far as the author can 
determine, been overlooked. 

One of the best known types of models is the ' tidal model ', which falls under 
the semi-rigid model type. In this, conditions are imposed, the sides, and in many 
cases a considerable part of the bed, being held against scour. Such models give 
valuable results provided they are correctly designed ; but as conditions are im
pose~, e!ther complete data must be available-which is practically never the 
case m nver work-or else results depend to a marked extent on the field !'xperi
ence of the experimenter. Rigid models are used in America for determining the 
effect of ' cut-offs ' on upstream water levels and they give valuable information 
as to the immediate effect on water levels upstream ; but that is all. 

Models with mobile protection, e.g., falling aprons, pier protection, etc., give 
geometrically similar results of great value. 

In almost all experiments except Type I, scale effect is important ; and in 
practice, where conditions are normally complex, this can best be determined by 
constructing 3 or more models of different sizes and analysing the data, which, 
if found suitable, can be extrapolated to prototype scale. 

Combined rigid, mobile and meandering river models present many difficul
ties, because the laws governing each of the 3 types, here combined, are different. 
To solve such problems, experiments to determine the scale effect of various fac
tors have to be carried out in sets of separate models and the results of these com
bined and applied in the large, full length model, changes being made by hand 
when conditions arise which the other experiments indicate would lead to changes 
occurring. Though accurate results can be obtained in a model for one particular 
discharge, where discharges vary widely, the degree of accuracy varies at different 
discharges and with low supplies, difficulties arise in reproducing scour in the 
model. This can only be partially overcome by selecting a suitable silt and having 
a varying discharge scale; but where the determination of scour with small dis
charges is important, separate large scale part models are required. 

The main fact which follows from this Paper is the importance of large 3-
dimensional models ; and at Poona the discharges now preferred range between 
6 cusecs and 20 cusecs in each model, but may be as much as 30 cs. in a single 
model, and up to 520 cusecs have been used in a model investigation of type II. 

Although in general the larger the model the better the results, it must be 
remembered that doubling the size of a model, quadruples the area, the discharge 
and the labour involved; and increases the time factor to approximately 1·6 
times. · 

The general conclusion is that in competent hands, a very wide range of ex
periments with large models gives results of high qualitative accuracy and may 
also give quantitative accuracy ; but, in the case of river models, the data avail
able is generally meagre, and though the gaps in data can be filled to a large extent 
by an officer with wide field experience, so that a model can be made to reproduce 
what has previously occurred in the prototype under known conditions of dis
charge and silt charge, the problems which generally have to be tackled are of 
immediate urgency, the discharge data being inadequate and the silt charge data 
nil and we are asked 'what will happen if nothing is done?' 'or what should be 
done to prevent further damage ? .' 

Satisfactory answers depend to a marked extent on an intimate knowledge 
of the engineering ,side of the problems under consideration combined with a 
flair for diagnosis," 

ll 
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2. The exclu.Yion of silt from the heads of Canals and Distributaries. 

The experiments described were carried out during the yel!-rs 1932-34, 
but were not written up until last year. The sc_heme recommended was 
adopted and has proved entirely successful. The followmg are extracts from that 
Paper: 

".An earlier :raper of this ~eries-Technical. Paper 52 'Factors .affecting 
exclusiOn of bed s!lt from Canals may be read, Wlth advantage, as an n;troduc-
tion. 

In this Paper, the control of silt entering .the Mit!rra? Canal is the particular 
question dealt with; but the results are of Wlde apphcatron. 

The Mithrao Canal derives its supply from the Eastern Nara above the Makhi 
Regulator; and the Eastern Nara-wh~ch also supplies water to the Jamrao 
Canal, some miles upstream, and the Hrral and other. Canals downstream-was 
previously a river which drew its supplies from the Rrver Indus above Sukkur ; 
but it is now fed from the Eastern Nara Canal, the most npsteram of the 4 Canals 
taking off from the left bank of the River Indus at the Suk1:ur Barrage. 

Coarser silt than previously drawn began to enter the Mithrao in 1932; and, 
as the slope required to pass silt varies as (diameter)"'"''' the previous drop into 
the Canal of 2 ft. 6 inches at Full Supply discharge gradually disappeared, i.e., 
command WM lost. Now, this is a very serious matter; because the slope required 

0 f6/3 (1) 

(for the same silt) increases inversely as the ~th power of the discharge: Soc Q''•; 

so once command is lost, deterioration is rapid. 

Several different methods were tested :-

.(i) Spur downstream of ll!:ithrao Canal Head 
(ii) Same, with 1 in 5 converging approach upstream of 1\lithrao 
(iii) 1 in 5 converging approach combined with high sill 

(iv) Same, but allowing for scour of opposite bank 
(v) Single, large-radius, vane upstream of l\1ithrao Canal 

(vi) King's vanes 
(vii) Divide wall 

(viii) Old (River) conditions before the Nara was canalised 

See Photos. 
Sheet (10), 838 
Sheet (10), 855 

Sheet (10), 865 

Sheet (11), 890 

Sheet (11 ), 888 

(ix) Approach channel from concave bend upstream Sheet (12), 1409 
nnd Fig. 5. 

In the first 7 methods, curvature of flow was induced in order to sweep away 
bed silt from the face of the Canal Regulator; in (viii) some natural curvature 
existed, a~d in (ix) the old ri~er bed was partly .re:opened-to carry water to 
the M~khi. Regulator ~nd Khipro Canal-the exrstmg straight channel, after 
reductiOn m width, bemg used as an approach channel to the Mithrao Canal. 
This lay-out, figure 5, was such that the approach channel took off where the benefi
cial effect of curvature was a maximum." 

The original conditions are shown in figure 6, the bed lines of flow explaining 
why bed silt was drawn by the :1\~ithrao. Photos 838, 855, 865, 890 and 888 (sheets 
10 and 11) show five of the different methods of silt exclusion tried· and the 
final soh:~tion adopted is sho:vn in fi~re 5 and Photo 1409 (sheet 12) ~hows the 
re~odelh:1g as actually earned .out m the prototype. Before remodelling, the 
ratro of srlt recovered per cusec m the Mithrao canal compared to that recovered 
from the Nara river (according to the model result\ was 2·15 whereas after re
modellii_tg the ratio fe~ to 0·1 ; and when the design was ad~pted, 'command' 
was qmckly re-estabhshed, with a drop into the Mithrao Canal of [-1', The 
reason for the success of this solution is clear from figure 7, which shows the effect 
of curvature of flow at the bend. 

r)U~~~a.ld Lacey_. Papcr_No .. 4736, Instt. of Civil Engrs. on "Stable channels in alluvium, 0930) and No. 4893 
on llllOrm flow m a.lluvull rtvers and Canals" (1934). 
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(3) Water weeds and their eradicatitm from Oaraal.. 
~though this Paper deals with conditions in the Bomba Deccan, similar 

conditions are found over a large part of India and in other co~tries. 
~he rapid growth of water weeds in the Canals has lODg been recognised as 

a senous obstacle to efficient management. 

. In 1922 the Senior ~uthor stated in a Paper on this subject, entitled" Some 
un~rtant factors afi~tmg- the design and working of Deccan Canals" (Paper 
LX' III, Bombay Engineenng Congress) :-

.. In the~~ of th: Pravara Left, the canal when first opened in 1919 was 
capable of gn-mg a discharge of 500 cU;;eCs with only 6 ft. of water, whereas 
by 1~22 only 2i2 cusecs could be obtained with that depth, and only 73 cusecs 
o~ 1~ per cent. of the 1919 fi.,oure after the weeds had grown, which occurred 
mthin 2} months of a full weeds clearance." 

The c~ru;lu.sion ~wn in that Paper, after sifting a large amount of data, 
was that silt ill suspensiOn was the dominant factor in the control of weed growth . 

. No further a~tion would have been taken had not Mr. D. Y. Narayanayya 
wntten a Paper ill 1928 on " .Aquatic weeds in Deccan Irrigation Canals " (in 
Volume X\1, :So. 1, Feb. of the Journal of Ecology). 

In his summary he stated :-

"The presence or absence of weeds is detennined by the deposition of 
silt. The effect of silt in suspension is not proved. The three canals difter 
in amount of SUBpended silt, but the comparative poverty of aquatic ftora 
in canals with more suspended silt can be better correlated with greater velo
city and less deposition of silt." 

In order to solve this question finally, further research was carried out to 
ascertain the relative importance of various factors and to work out methods 
for eradicating water weeds. 

During the monsoon, Deccan Canals obtain most of their supply from river 
fiow ; but for the rest of the year they are dependent on supplies from large artifi
cial lakes, formed by the construction of masonry dams across river valleys in 
the foot-hills on the eastern side of the "\\estern Ghats. These dams are about 
a mile long, and vary in height from 100 to 270ft. The Canals, except the Mutha 
Canals, take off from above Pick-up Weirs constructed across the Rivers some 
00 to 53 miles down:,--t:ream of the storages. These Weirs ¥ary from 10 ft. to 40 ft. 
in height; and from 890ft. in length in the case of the Pravara Pick-up weir at 
Ojhar, to 3,618 ft. in the case of the Godavari Pick-up weir at Nandur Madhmesh
var. 

The Mutha Canals, however, take off direct from Lake Fife. Like all Deccan 
storages, Lake Fife is free from water weeds-due to the wide fluctuations in water 
level at difterent times of year inhibiting growth. 

Weed growth is not uniform throughout the year, and except in the case of 
the llutha Right Bank Canal gives little trouble during the monsoon. 

Weed growth generally starts in October, and by December is heavy ; and 
under the old method of running canals, another clearance was required early in 
March and another about the end of .April 

Closures for weeds clearances lead to delayed waterings, which tend to reduce 
the yield of cane ; and, as closures dislocate nonnal_d.istribution ?f _water, they 
put a heavy strain on staff and lead to unavoidable IDJStakes and frictton between 
irrigators and stafi-ilot merely immediately after a cl06Ure but for some weeks, 
until nonnal conditions can be ~blished.. It is very desirable, therefore, to 
eliminate t.b.em, and with that object in view several types of saws have been 
tried, but without success, hand weeding during closures having been found to 
be the most successfnl method of removing weeds. 

The following water weeds are found in the Deccan :-

(1) \ allisneria spiralis, 
(2) Potamogeton pectinatus, 
(3) Potamogeton perfoliatos, 

B2 
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(4) Potamogeton indicus, 
(5) Ceratophyllum demersum, 
(6) Hydrilla verticillata, 

but for simplicity, water weeds may be ~ivided into only 2 g~o~ps :-
(1) Vallisneria spiralis-a grass-like weed, up to 14 m length, which 

grows in tufts ; 
and 

(2) Potamogeton varieties and associates-the worst of which is Potamo
geton perfoliatus which grows to a length of 12 ft. or even more. 

(1) is the first weed to appear, and is con;tparatively, unimportant except in small 
channels. (2). indicates a much more senous conditwn of weed growth. 

NoTE :-In the Paper, of which this is merely a Summary, the vegetative characteristics of each type of wead 
a.re described. 

Characteristics of water weeds. 

They are perennial in nature and where channels go dry they survive by 
developing special organs. Growth is profuse between November and May, but 
is markedly less in the rest of the year. The roots of water weeds are firmly 
rooted in the soil ; but it appears that they also absorb soluble salts and carbon 
dioxide. Aquatic plants, like land plants, require oxygen for respiration and 
tissue building. The amount of 0 2 and C02 required varies in different weeds; 
those which require large quantities can persist where the velocity is fairly high, 
e.g.; Vallisneria spiralis ; but other varieties, like Potamogeton Indicus, can only 
live where the velocity of water is low, and to avoid asphyxiation, this weed has 
developed large spongy leaves. Type of weed is therefore an indication of canal 
conditions-Vallisneria spiralis being dominant where velocity is high and the 
Potamogeton group growing only where the velocity is sufficiently low for it 
to become established. All the varieties overlap to a certain extent and once a weed 
has become established under favourable conditions, it tends to persist in unfavoura
ble conditions. 

Factors which may be expected to affect the growth of water weeds :

(i) infection. 
(ii) temperature of water. 

(iii) chemical composition of water. 
(iv) velocity-effect on weeds due to silting velocity and mechanical, 

or drag, effect. 
(v) depth of water. 

(vi) deposition of silt. 
(vii) reduction of light due to turbidity and depth. 

Several inherent difficulties make the proof of relative effects very difficult. 
Thus:-

(a) it has been found impracticable to reproduce natural conditions on a 
large enough scale under controlled conditions ; 

(b) in C~D;als, conditions vary throughout the year, so that although con
ditwns may be unfavourable for the greater part of the year, yet 
they ~ay be favourable f~r long enough to allow weeds to become 
established ; when they Will tend to persist ; 

(c) under c.anal conditions, several factors are linked; thus a reduction 
?f discharge leads to a redu?t~on of .velocity and depth; which, 
m turn,. tends to cause depos1tlon of s1lt and a reduction of silt in 
suspenswn. 

(i) bifection.~Un~er D~cca?- co?-ditions, water weeds grow profusely in all 
nala~ and ponds~.e., infectw~ 1s unlVersal-;and this enquiry showed there is no 
relat1~n between weed growth m Canals and mtensity of irlfection. 

(u) Temperature of water.-In the Deccan water temperature varies between 
20° and 30° c, and hence is highly favourable for weed growth. 
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. (i~) Chemical co!nposition of water.-There IS no traceable relation between 
mtens1t.l;' of l;(rowt~ m various canals and compo~it.ion of water; hut alkalinity, 
by causmg d1sperswn of clay, has a secondary effect ; becnnse it increases turbi
drty and reduces the amount of light at the bed. 

(iv) Velo?ity, qua v.elo?ity, has litt.!e effect except where it exceeds 2 ft. p<·r 
sec?nd ; but rt has an mdrrect effect, m that when the velocity is in excess of 
r~grme velocity, deposition of seeds and cuttings docs not occur. 

(v) Depth of water.-Wuter weeds can grow in clear water nt <lcpt.hs down 
to 18 ft. and there is no evidence that depth, qua depth, has any inhibiting c!Ycct 
on weed growth. 

. (vi) Deposition of silt is undoubtedly favomahle to weed growth ; hut <leposi
twn only occurs wheTe the velocity is considerably below l'egime velocity and such 
low velocities do not occur in properly designed channels. When Canals arc newly 
opened, they are generally rnn with low discharges and water hns to be hended 
up at regulators. This reduces the velocity and causes deposition of silt, cspcl'ial
ly along the banks, rendering the water clear ; so that all conrlitions are then 
favourable for weed growth. Thereafter the weeds tend to persist. 

(vii) Reduction of light due to turbidity.-There is an a priori reason to anti
cipate that exclusion of light will reduce weed growth, in that light is required 
for carbon assimilation and tissue building (photo-synthesis) an<l there nrc no 
cases in which weeds grow where the water is turbid throughout the year, where
as weeds grow profusely where water is clear. Under the latter condition silt iM 
normally depositing. There are two important questions, therefore, for consi
deration:-

(A) Are there any cases in which silt is depositing, yet weeds do not grow 1 

(B) Are there any cases in which light exclusion appears to be the only 
possible explanation 1 

As regards (A): 

There are such cases :-

(a) When the Nandur 1\fadhmeshwar pick-up weir basin at the head of 
the Godavari Canals fll-st filled with water, weeds grew profusely 
even where the depth of water was 18ft. deep. At that time the 
water was clear from the end of the monsoon until the following 
monsoon. In 1935 although silt was still depositing, water weeds 
were limited to the zone between R. L. 529 to 531, the upper limit 
being due to water being kept below that level in the fair season, 
and the lower limit being, so it appears, a depth limit at 4 ft. below 
the top of the weir at R. L. 533. 

(b) Silt is depositing at places in all Canals yet water weeds do not grow in 
Canals like the NiTa Left. 

(c) The discharge of the NiTa Right Bank Canal was, until recently, less 
than ~th the designed full supply discharge and the silt was deposit
ing, especially above 'stop-gates', where water was being headed 
up · but whereas there was a heavy growth of weeds elsewhere, 
the~e were no weeds for about 4 miles above each ' stop-gate ' though 
the velocity was a minimum and silt deposition a maximum. 

(d) Dim minor was weed-infested so long as it was fed with clear water 
from the Makhi Dhand; but when it was transferred to Jamrao 
Canal, which carried silty water, weeds died out, in spite of the fact 
that silt deposition was occurring. 

The conclusion to be drawn from the above cases is that though water weeds 
enerally ·grow luxuriantly where silt is depositing, several factors then being 

ravourable, the above cases sh.ow that weeds do not grow where silt is depositing 
unless the water is also relatrvely clear. 

As regards (B): 
Cases in which exclusion of light is the only explanation. 
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Cases (a), (c) an . . 
following are other examples ·--: the beginning of the monsoon, the d_Is-

) When silty water amves at u reading does not at first m-
(e charge of channels for _the ~:~ ga o~h decreases and the discharge 

crease but after some tJmedi,. h gr of channels begins to decrease . ' s· i!arl the sc arge 
mcreases. Im ft ~ turbidity decreases. 
about 20 days a e d. 1912 water was at first clear, the 

(f) When the Go.davar! Canbl w:s4ofteneA~~hat time there was weed grow1:h 
disc readmg bemg a Bou 6th A rill924 weeds had died out, exce_pt_ m 
all down the canal.. Y 1 venpwhere all conditions, except turbidity 
places, down to mile l7--e d rowth But by 1934 Potamogeton 
were highly favo~able to ~ee m'fie 28 ~vith only a moderate growth 
Perfoliatus had ~Jet! dtwn riJ 23_2g Further down the Canal 
of Vallisneri~ spira Is ron~wthe of all kinds of weeds including 
there was still a heavy gr This gradual dying of weeds was 
Ceratophyllumd_demdersl!lll. the canal as silty water penetrated the 
steadily exten mg own 
weeds. 

Mile Depth of water. 

1 6' o· to 5' 2" 

26 5' 2" to 4' 6" 

39 4' 3' to 3' 9' 

Turbidity 
(disc reading). 

:} 1"5' 

. 3·5' 

A raft was moored in Vir Basin and another in ~ pond connected to Vir 
(g) Basin by a narrow channel. Rails wer~ la1d across the rafts and 

tubs suspended from the ends of the rails--clear o~ the shado~. of 
the rafts- at depth of 6", 1', 2' and 3'. Th~ c.hennc~l compositiOn 
of the water of the pond and Vir Basin was similar, mz. : 

pH • 

Vir Basin 
8·2 

115 

Pond. 

8·2 

130 Conducti vi tv . 
In this. experiment, velocity ~as neg~igible ; and . conrl!tions 

except light exclusion, were practiCally uniform. The experrment 
was started on 20th March 1928. 

The weed growth was e~amin~d 6 ~eeks la.ter : It, was f~und 
that in the silty water of V1r Basm-(disc readmg=0·8 )-Vallisne
ria decreased with depth down to 2! ft. (and had almost disappeared 
at 3') · and Potamogeton perfoliatus was stunted, even at 6", and 
was dJmg off where the depth was 1' or more; whereas in the pond, 
(disc reading=2·8'), both weeds were growing strongly at all depths 
down to 3ft. 

The conclusion that exclusion of light is the dominant factor c~ntrolling 
weed growth was also borne out by the data in figure 8 which shows turbidities 
at the heads of the larger canals between 1927-31, when white disc readings were 
observed daily. 

It will be seen that turbidity was greatest at the head of the Nira Left Bank 
Canal (except in the fair season of 1928-29), when there was a marked drop
(due to the discharge let out from Bhatghar being more constant than in other 
years). This Canal has always been more free from weeds than any other. The 
Godavari Right Bank was the only other Canal in which weeds were, at this time, 
decreasing; and the disc reading was also small. In 1930 there was a marked 
increase of disc reading in the Pra vara Left Bank Canal and thereafter weed 
growth became serious. The worst Canal of all for weed iP:owth was the 1\'Iutha 
Hight ~auk Canal, in which the disc reading generally exceeded 4 ft. 
Conclu.ston.-

(i) In every case examined, weed growth and turbidity bore a close in
verse relationship ; 

(ii) No ot~e.r single factor inhibited weed growth under normal canal 
conditiOns ; 
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(~) Where d >3D, no weeds grew; Where D=disc reading and d=dE-pth. 
(1v) Where d >D2/2, only Vallisneria grew; 
(v) Turbidity, which leads to exclusion of light was the dominant factor 

controlling weed growth in Deccan Canals. 

Application of conclusions .. 

The questions for consideration at this stage of the inquiry were :
(1) How to create and maintain turbidity in pick-up-weirs. 
(2) How to create or increase turbidity in Canals. 

(1) Where a pick-up-weir is very large, e.g. Lake Fife, water issuing there
from is clea: and he~ce_ conditions are unsui.table for preventing weed growth. 
Where th~ pwk-up-we1r IS very small, as at O]har, water is clear almost through
out the farr season. In between these two conditions there is an optimum condi
tion (as in Vir Basin at the head of the Nira Left Bank Canal). At one time the 
turbidity in Vir Basin was attributed to intermittent flow causing a rush of water, 
which stirred up deposited silt on its way down the River. We now know that 
the increase was mainly due to fluctuating the water level in Vir Basin, leaving 
fresh levels of the side slopes exposed to wavewash (caused by the wind, which 
springs up each evening) which attacked the newly exposed silt face. This re-
lationship is shown in figure 9. · 

In 1934 hot weather, the wind velocity and turbidity were observed every 
3 hours and it was found (see figme 10) that turbidity in Vir Basin increased rapid
ly with wind for depth less than 10·5 ft. ; but for higher gauge readings the effect 
of increased wind velocity was small. The explanation was that there was a 
dense growth of polygonum, which grows ' between wind and water ' along the 
banks of the Basin; so that when water rises above 10ft., the waves have their 
energy dissipated by the weed growth, which is partially submerged at that level. 
When the water is fluctuated between 8 ft. and 9·5 ft. turbidity is considerable ; 
because a large face of silt is then exposed; and the proportion of silty bank-water, 
to clear, midstrejtm, water ; and the velocities of flow down the Basin, are then 
maxinia. 

Oonclusion.-
A pick-up-weir, in which about 3 days supply can be stored, with a range of 

fluctuation of about 2 to 5 ft., makes it possible to maintain sufficient turbidity 
to eradicate weeds. 

(2) How to maintain or increase turbidity in Canals: The Statement, below, 
shows the weight of silt per 100 c.c., of various sizes, found in suspension, deter
mined at miles 1, 9, 25 and 42 of the Nira Left Bank Canal: 

Finest silt Total parts 

Site with mileages. 
Disc depth Silt 0·02 to 0·008 to Clay 0·003 by weight in 

in ft. 0·008 mm. 0·003 mm. and less mm. grams per 
100 c.c. 

Average results grams in 100 c.c. 

Vir Head works 1-56 0·015 0·004 0·012 0·031 
Pimpra Mile No. 9 . H6 0·011 0·003 0·014 0·026 
Vadgaon 1\Iile No. 25 1·35 0·008 0·003 0·016 0·027 
Baramati Mile No. 42 1·25 0·018 0·004 0·015 0·029 
Difference Head and Mile 42 0·31 -0·005 -0·003 0·002 

This showed that though the total weight of silt per 100 c.cs. decreased by 
about 6 per cent. between the Head and Mile 42, yet the clay increased by about 
25 per cent. ; and the white disc disappeared at.1·2? ft., compa~ed to 1·50 ft. at the 
head. This increase in dispersion, and hence rn hght absorpt10~, tended to vary 
directly as the increase in alkalinity-though other factors, whiCh could not be 
eliminated, affected the relationship. 
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Condusion.-

There appears to be no practical way of increasing turbidi~y in a Canal. 

Eradiootion of wee!Ls by tlte ' ruslt rotation ' system of irrigation. 

This system was first introduced to facilitate remodelling the Nira Left Bank 
Canal, to inerease the diseharge of the canal by 50 per cent. 

W'hen first introduced, this system of closing the canal for 5 ~ays in ten gave 
rise to strong opposition, which it would have been difficult to wr~hstand, had it 
not been essential for remodelling. That the system had to be mtroduced was 
most fortunate ; because it has proved to have several important merits :-

(i) it generally, though not invariably, eradicates weed growth ; 
(ii) it makes it possible to run channels with full supply-thereby prevent

ing waste and increasing efficiency of distribution ; 
(iii) it leads to a canal being run under the conditions for which designed 

and with maximum velocity, and hence optimum conditions for 
rapid control of flow; 

(iv) it gives ample time and facilities for maintenance and improvements 
at the Headworks and in the canal. 

The effect of the ' rush rotation ' system on weed growth can be plaiuly seen by 
comparing the upper and lower charts (before and after introduction) of figures 
11 and 12. 

The reasons why this system has been so remarkably successful in eradicating 
weeds are that it brings into operation a variety of factors, all of which tend to 
check weed growth. 

(I} The depth is greater and so more light is excluded. 
(2) The sides are completely dry during closures, and, where central drains 

have been excavated, the bed dries, and the weeds are exposed to 
the Sun's rays. 

(3) Although weeds can withstand a single long dry period, by producing 
special organs ; alternate wet and dry periods-by alternately en
couraging growth and then drying off the growth-has a markedly 
adverse effect ; as shown by the fact that closures once in 20 days 
killed off weeds even more rapidly than closures at intervals of 10 
days: From which it would appear that the effect is greater when 
the closures takes place just when new growth is beginning. 

It is generally asserted that the 'rush rotation' system reduces percolation. 
This, however, is ouly true as a secondary result of eradication of weeds, which 
leads to the same discharge being passed with a smaller depth, whereas losses from 
Deccan Canals o:: (depth) 1

., to (depth)2• Where ouly partial closures are 
possible, weed growth generally increases and higher depths are then required for 
the same discharge, which leads to greater percolation. 

Conclusions.-

The growth of water weeds in Deccan Canals has hitherto interfered to a 
serious extent with canal administration, due to the fact that closures for weeds 
clearance were necessary in the hot weather at intervals of 40 to 50 days. These 
closures, which took place when the discharge had fallen to minimum supply, 
necessitated an increase in the period between waterings and considerable dis
location of normal supplies, with the danger of mistakes and the certainty of water 
bein~ ~aken ~mt of turn by some irrigators. The consequent dislocation of normal 
cond.i:twns did not end when the Canal was reopened, but persisted for about 2 
rotatrons after ea~h closure. These closures inevitably led to serious loss to irriga
tors, a severe stram on staff, and a considerable amount of unavoidable friction. 

Temporary labour had to be collected-often a difficult matter-and work 
had to be carried out against time : because no mechanical method of weeds 
clearance has been found which is as satisfactory as doing the work by hand, 
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The 'rush rotation' system has been so successful (on most of the Dercnn 
Canals) that there is a danger of it being looked on as a panacea. Where, how
ever, the slope of a canal is very small, it may be very difficult to drain off the 
stagnant water completely, and, where this occurs, the weeds will not die off and 
may even increase. There is also a danger that some of the weeds will accmn
modate themsel:'es to changed closure conditions, and persist; because tlu'y have 
a marked capactty for adaptation, and are descended from land plants. 

In certain cases it may net be desirable or even possible, to adopt the 'rush 
rotation' system. Weeds will, however, be inhibited where there is adequate 
turbidity. 

Under Deccan conditions no weeds grow where the depth exceeds three times 
the depth at which a 3" white disc just disappears from view; and where the llPpth 
exceeds D2/2(D=disc reading) the Potamogeton group does not persist. 

Where natural turbidity in the parent River is inadequate, turbidity can be 
created by providing a pick-up-weir designed to hold about three days supply, 
for a range of 2 to 5 feet in water level. 

Water can then be let out from the storage intermittently, flow being run for 
say 1 day in 3. Wavewash wil.l then ero~e ~he. exposed .face o~ s.ilt, deposited 
during the flood season, and will keep this stl~ m susp~nswn. ~tiltt reaches the 
head of the Canal. Where, however, the ptck-up-wetr basm ts too large (Lake 
Fife) or silted berms with fairly steep faces have not had time to form (Nandnr 
Madhmeshwar) ; or where the pick-up-weir basin is too small (Ojhar weir at head 
of Pravara Canals) turbidity will be in defect. In such cases, weed growth can 
be reduced by running velocities considerably in excess of regime velocities through
out the year. 

C: 
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PART III. 

4. TRAINING THE RIVER MULA ABOVE THE RAHURI CAUSEWAY-DrsT. AHMED
NAGAR-SUPPLEMENTARY EXPERIMENTS. 

{I) Introduction. 

In 1922 a causeway was built on the Ahmednagar-l\'lanmad Road on the line 
of the then existing Ferry; and the Ferry crossing was moved upstream towards 
the River bend. At that time, the Mula River followed the concave bank round the 
bend; but when the ratio of' length of river course at midstream to chord length' 
exceeded 1·5, the river began to short-cut across the convex, projecting, right bank 
nose, impinging on the left bank at the Ferry landing stage-rendering it unsafe-, 
while a back-water formed along the right bank on the ferry line, so that the ferry 
would not work. The unsatisfactory conditions in 1936 can be seen in photo 
1534 (sheet No. 13) and figure 13, downstream of a 100° curve on the Mula River, 
near Rahuri. 

A model with erodible banks was run for the equivalent of 2 years, and scour 
took place, as shown in photo 1539-sheet No. 13. Figure 14 shows the lines of flow 
at the surface and bed during the maximum flood of the first season, from which 
it will be seen that there was a large area o.f return flow near the concave bank 
and return flow near the right bank at the ferry. The high velocity flow impinged 
against the left bank upstream of the ferry and the left bank was eroded by the 
equivalent of 140 feet at cross section 4. At cross section 2, on the line of the 
ferry, the bed was scoured near the left bank and was silted near the right bank, 
i.e. the conditions became increasingly bad. Figure 15 shows isotaches at the 
cross section, on the ferry line. 

/9'56 
/11l!t..A RIVER EXP'r: AS AT PRESENTA WITHOUT 

ANY 'TRAININ15 DEVICE EXCEP7'/NI5 THE EXIS'riNI5-

6ROYNE· /SO/ACHS A'r C.S.2 {EERRY)!N 2ND."5JEASON 

_§j = 6·28 CvsECS. " ' SCALe I=/ 

{2) Object. 

R.B.2 
I 

The object of the experiments was to determine how to make the surface 
flo'! n~r'!lal to the fe!ry crossing an~ how to prevent jetting and return flow, 
mamtammg comparatively natural umform· velocities all across the section. 

(3) Experiments. 

An In continuation of experiments carried out last year-described in 1936-37 

h
.nual Report, and Summary-8 series of experiments have been carried out 

t IS year ; but only 2 will be mentioned. 



l'AltT Ill. 

The scale ratios were as before viz.:-

'· 

Horizontal scale ratio =1/80 
Vertical scale ratio=1/13·75 
Discharge scale ratio=8·8/45500=1/5170 
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(i) La~t year's expe!iment, with perf?rated groynes pointing 30° upstream 
of eross sect10ns . 6 to 10, whwh had been run for only uno flood 
season, was contmu~d. for the equivalent of 4 seasons ; but as it 
was found that cond1t10ns deteriorated, it was abandoned. 

(ii) A design was t?en tr~ed_ consisting of a Burma type spur, shaped like 
a hockey stwk pomtmg upstream-see photo 1538-sheet No. 14 
-and red line of figure 13. The detailed desi"n is shown in fi"ure 
16. In this design, the nose of the spur was abgve H. F. L., whe~ea~ 
the stem of the spur consisted of a compound trapezoidal notch, 
the higher part having its sill at R. L. 104 and the lower part at 
R. L. 100·0, the object being to deflect the whole of the cold weather 
flow round the spur and along the concave bank; but when Q > 
3400 cusecs, the low level notch would .begin to overflow and when 
Q > ·11300 cs., the high level part of the notch would begin to over
flow as well. 

'l'he exi~ting groyne upstream of the landing stage of the ferry could, with 
advantage, be raised from R. L. 100·65 to 105·86, to dissipate energy downstream 
of the groyne in a standing wave, so as to reduce velocity at the landing stage. 

This design was tested for the equivalent of 9 sea~ons with high floods. Each 
~cason was represented by a rising flood and a falling flood in the model :-

{

Q =3·66 cs. ( := 18900 cs. with 2' depth over causeway) for 1 hour ( := 15 houl'!l) 
Rising flood =4·90 cs. ( := 25400 cs. w~th 3: depth over causeway) for 1 hour ( := 15 hour•) 

. { =6·28 cs. ( := 32500 cs. Wlth 4 depth over causeway) for 1 hour ( := 15 hours) 
Fafin~ =4·90 cs. ( := 25400 cs. with 3' depth over causeway) for 1 hour ( := 15 hours) 

00 =3·66 cs. ( := 18900 cs. with 2' depth over causeway) for 1 hour ( := 15 hours)· 

During the first season, the sand bank downstream of the nose of the spur 
tended to broaden, but when the flood rose to 4 feet over the causeway, the top 
of the island began to scour and the tendency was for the island to move down
stream. Approximately stable conditions were attained after the 6th year-sec 
figure 17. With this design, conditions steadily improved, so there is every reason 
to believe that if properly maintained, this design would give satisfactory results 
for a long period of years. Photo 1517-sheet No. 14-and figure 17 show condi
tions of flow with 6·28 cusecs (i.e. the maximum flood of the first season). 

With the highest flood tested the surface water was deflected efficiently by 
the curved nose; and the main surface flow, after swinging round the nose, passed 
towards the left bank between C. S. 6 and 7, and then followed the left bank until 
it was deflected towards midstream by the groyne ; and there was satisfactory 
normal forward flow across the full width of the River at all stages. 

It was also found that surface velocities observed on the ferry cross section 
at the end of the 9th season-shown in figure 19-were better than during the 
first season-see figure 18. 

(4) The proposed foundation levels of the spur are based ou scour after !i 
years of heavy floods-'Vide longitudinal section along the spur shown in figure 
20. It is essential that the foundation of the spur must cut into the lime kankar 
ridge to a minimum depth of 3 .feet and the trench round the spur should be filled 
with concrete; and if the lime kankar ridge should, in the course of time, become 
scoured, the toe of the spur may have to be protected. 

If this design be adopted, scour at the nose must be watched and after some 
years the nose may have to be under-pinned. This will present no difficulties. 

(5) An alternativ~ to the ~urma spur design woul? be t~ raise the existing 
causeway to such a height that It would only be topped m maxmmm floods, which 
occur at long intervals and only continue for a short time. '!'he ferry could then 
be dispensed with altogether. 

o2 
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.A..'i"Nt.:AL REPORT OF WORK DO:I\'"E D1JR!NG THE YEAR 1937-38. 

FI"G~/8, MuLA R!YER ExPr: 16. WITH A BURMA TYPE

SPl/R. /so/ACHS AT C.S.2 (FeRRY) /~T. YEAR. 

__.!}= 5·28CUSECS. 

1·9S 

f OBSERYeP = 2. ·0/ '/$ 
p CALCULATED. =I·!J7 Ffs 

' 
11-

5CALE /=/. 

R.s. 
1 

HG:/9, ExPr:/6, VELoc!rtES ltl'rH MAx: FLoo.a oF r11E s-r_H tEAR. 

_Q = 5·2~ C.s: . 
z..s. 3·.5 

., 
/?.B 

- 1"4-7 
II OBSERVED = 1·81 "'%; 
Y CAI..Cl/l.ATED =1·7S J% 

rtG: 20,CROSS SEC'r!ON. 10 

.SCALE :a'-/'• 



.---- R.B. 

lEFT BANK. 
-

DATUM UNE.S~ BELOW 

0ISTANCE.S IN 

Ft::.<:.T. 

0 {flO 0 0 0 0 0 0 0 0 0 0 0 lD 
0 W o Kl~o Ill 0 ID ~Ill o Ill o l/1 o !Om 

£ --• N HI HI " -<tIll ill \1 \1 1-. "- ~ 

L.e.._ 

/ 

CROSS 'SECTION N!;6 CROSS SECTION N2 7 

{ 

I II 

I-\OR:400=! 
:SCALE " 

VER.: 20 = I . 

\ 

PLAN 

C!.\00 

PLAN 

ToP oF ExtsTtNG GROYNE. 
J<.·l-·\Oo·6S 

WATER LE.VE1- · 
~.::...:..~:.:.......--- R\Ye.R ee.o 9-a·es 

5t.c·noN OF EXtST\t'\G 5\<.0'(Nt;_ ON A- B. 
' ,, 

5CALE.. 2°=\ · 

N~830 

Ft6. 13, 

lRR\5AT!ON RESEARCH DIVISION 
PODNA 

[\1\ULA RIVE\<. AT RAHUR\ 

PLAN 5HOWtNG \<.tVE.R-(!936) 

UFST\~E.A.\Y\ Ot= CAUSEWA'<. 

" 5CALE..:4oO::::.\. 

G. P.Z 0. POUN,- 19:!-lJ. 



FIG:/4 

\ 
\ ~ 

St:C:TION AT FTRRY ~ 
c!. 
--r.. 
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---- (5 YEARS) 
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I 
I 
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(6) Conclusions. 

There are two alternatives:-
(i) A Burma spur projeeting from the eonvcx bank to dt>llcet the main 

flow round the bend, so as to en·nte satisfactory How eonditions 
at the Ferry. . 

or (ii) Build~tg a slab bridge 011 the eauscway whieh wouhl be open for trallic 
durmg normal Hoods ; but would be overtopped for a few hours 
during very severe floods. 

5. Al'FLUX EXPERIMENTS TO DETEmllNE THE EFFECT OF llELLMOUTIIH AllllED 

UPSTREAM AND DOWNSTREAM AT THE TOP OF THE Ul'EN!NliS Ol' TilE l\lLlL.\ 
RIVER CAUSEWAY AT RAHURI-DISTRICT AHMEDNAGAR. 

(1) Model. 

A part width model of the l\Iula River causeway was c·onstnwtc<l, wit.h two 
openings, a central pier and half pier.~ at sides. The model was made geonwt.ri
cally similar to a scale ratio of 1~,. The piers had cut-waters with equilateral ares 
of circles and semi-circular ease-waters. The upstream and downstream Utl'<'s 
of the top slab of the openings were vertical. 

Each opening in the prototype was:=20 feet wide and 3·5 feet hh:h, with the 
top slab 2·75 feet thick. Figure 21 shows the plan and section of the model
see also photo 1390 (sheet No. 15). 

(2) Experiments. 

Upstream water. levels were observed for various discharges : 

(i) with the present design,-see figure 21. 
(ii) with bellmouths (consisting of arcs of circles) adtled upstream and 

downstream. 
The dividing line of the nose was at -~rd the depth of the ~lab from top, 

the radius of bottom arc being equal to 1·5 depth of slab and that 
of top arc=depth of slab-see photo 1389 (sheet No. 15) ami ~ketch 
opposite. 

(iii) with semi-circular bellmouths added upstream and downstream-
see photo 1394 and sketch opposite. 

As the downstream water level is nearly always below modular limit for low nnd 
medium discharges and the relationships between discharges und the downKtream 
wate~ levels in the prototype were not known, the downstream water level~ were 
maintained in each case at the modular limit. 

Table I shows the upstream and downstream water levels for various dis
charges and Figure 22 shows the relationship between discharge per foot run and 
upstream depth over sill of causeway. 



(=upstream depth over top of cause1my) in model. -TABLE I: showing Dl 00 

dl (=upstream depth over sill of opening) in model. 
Da (=downst1·eam depth over top of ca.useway at modular limit.) 

D, 
D1 in ft. Affiux(ft.) D 3 atM. I1. D1-D3=Los~ of bend ~ -;r,- ntM. L. z q=dis- c:: charge 

~ s. per ft., No. run in Difference of 
~ cusecs. Design Design Design Design Design Design Design Design Design Design Desip;n Design 

"" No.I. No.2. No. a. No.1. No.2. No;3. No.I. No.2. No.~. No.I. No.2. No.3. 0 I & 2. I & 3. !:>:! 
>;' -- --- -------- ----1-------- ---- ---- -------- ---- ---- ---- --- 0 
1:.! Des•'gtt No.1:- 0·85 0 0•42 0•225 0 0·185 0•115 0·185 0·115 0•200 0·282 0•233 0·200 0'097 0•118 :;:: 

Present design with sc1unre 0 
!:>:! faces. p: 

!=' 
De.siun No.2:- 2 0·120 o·o3 0·187 0·083 0 1·45 0·205 o-144 0·194 0·22J 0·105 0·150 0·075 0·2:>5 0·292 0·233 z 

I. 
t:! 'With curved bellmouth U/S 

!=' & DfS (radius of top aro 
c:: =depth of slab & 1·5 
!:>:! depth of slab for bottom z arc). 

' 3 2•40 0•444 0'421 0•416 0·500 0•457 0•447 o·043 0•053 0•130 0•143 0'220 0•370 0'314 0·227 0 

'"' Deslgn No.3:- II: 
'With semi-circular bell-

l".i 

>< mouth U/S and DfS. 4 3·10 0·520 0·502 0·500 0·675 0·620 0·025 0·040 0·050 0·305 0·315 0·312 0·370 0·314 0·313 
l".i 
~ 
!:>:! 

5 I -<0 

""' _, 
4·04 0·596 0·572 0·568 O·H!!5 0·838 0·825 0·087 0·100 0·60J 0·50.3 0·50!1 0·320 0·33a 0·319 <» 

I ~ 

Mo:J.el was geometrical!.'· similar to a scale ratio of 1/10. 
Hetght of opening=0·35 ft.. ( = 3·5 ft..) 
'l'op of slab from sill of opening=0·625 ft. (;: 6·25 ft.) 



fjg: 21.- Part width model of:_ Mula 
River Causeway.·· 

Present design with jgce:!i o£. slabs a! rigj]l 
angles to [low. 

Scale ratio of- model = ll!O. 
Scale:- 2 fl. "" 1 inch. 

J 

i~ ..... ..___z,;s:s' ----+ •3' 9.0 

~ 
-s· 0.4' ) 

!. 
l ,..... 

Plan 

~~· 
1 IN so -rm/J//IIe/11~ 

. o.:s:. 

Section 

"l 
G.J',t.O, f'OOM.t. 1 I!IJ9. 





PART ill. 19 

Of ~h~ two designs, the curved belhnouth was best. for low discharges; but the 
senn-crrcular bellmoutb gave better results for hirrh disehnrrres and hence is sJi.,htly 
better-see figure 23. " " " 

FIGURE :- 2'3 

0·2.F 

REDUCT/ON IN U/5. WATER LEVELS WIT!/ 

CURV£0 B£LLMOUTH(ARC5 OF CIRCLES) 

COMPARED TO WATER LE"V£,LS IVITif 

PR£.SENT DESIGN. 

CN5 

-DO DO WITH 

/SEMI CIRCULAR BE;t..LMOUTH. 

2 

0·1 

' 
7 

9 
o.os 

/·0 2·0 3·0 4·0· 
Cj PER FOOT RUN IN CUSECS. 

6. SUPPLEMENTARY EXPERIMENTS WITH A MODEL OF THE SINA RIVER AND CAUSE
WAY AT MILE 5 OF THE AHMEDNAGAR-MANMAD ROAD. 

Experiments 1 to 9 have been described in the 1936-37 Annual Note and the 
Summary ; and the conclusions and recommendations were : , 

The experiments have clearly shown that the erosive action on the right 
bank is mainly due to the Shendi NaJa flood flowing across with high 
velocities to the right bank upstream of the causeway. 'l'hc two 
masonry groynes-which were meant to deflect the high velocity flow 
towards the middle of the causeway-were not effective. The inten
sity of attack on the right bank of the causeway was very effectively 
checked by drawing the high velocity top water from the outside of 
the left concave bank of the Shendi NaJa by a cut leading towardR 
the left bank of the causeway. The entrance to the cut should be 
widened so as to form a convergence, mainly on the right (island) side. 
The cut would be 755 feet long, 70 feet wide at bottom and 7·5 feet 
deep. 

It is not necessary to remove the island, but the whole of the land will have 
to be acquired as the island will eventually be scoured away and ex
perience shows that it is wise to acquire the whole area in the first. 
instance. The convex protrusion on the left bank dowru;tream of 
the cut should be removed. The masonry groynes in the Shendi NaJa 
should also be removed because they tend to draw the current across 
to the right. 

No lengthening of the causeway is necessary ; but if desired, when the 
cut has been made, the wing wall on the right bank near the causeway 
may .be joined up to the right bank at its upstream end, by a fence 
of stakes and brushwood to induce silting behind. 
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The experiments were continued this year to see the effe~t of_: 
(i) extending the flank wall upstream to the nght bank ; 

or (ii) removing the flank wall. 
The scale ratios of the model, based on Lacey's formulae, were as before:

Horizontal scale ratio=1f70 
Vertical scale ratio=1f12·6 
Discharge scale ratio=1f3896 
Vertical scale exaggeration=5·55 

Discharges throng~ the Sina river and the She~di ~ala were equivalent to 6,350 
cusecs in each, with water level at causeway==l0o·6. 

In experiment 10, the flank wall was extended as shown in figure 24 in plan. 

J='IG: 24, 

The high velocity flow was deflected from the right bank above the causeway 
towards the left bank below the causeway and the isotachs were distorted as shown 
in figure 25 on a cross section::: 35 feet upstream of the causeway and further out
flanking was probable. 

J.n·experiment 11, the flank wall was removed and the velocities in the wider 
section were correspondingly reduced, resulting in less scour and better distribu
tion of velocities as compared to those in experiment 10-see figure 26. 

In experiment 12, the roadway on the right bank was raised above flood level 
and a bank constructed along the right bank of the River downstream of the 
causeway, with top above H. F. L., so that the land downstream of the road was 
not submerged----vide photo 1524 and figure 29 on sheet 16. Figures 27 and 28 
show isotachs and lines of flow respectively. 

The distribution of velocities was much more normal than in experiment 11. 
The surface flow through the cut, after passing over the causeway, flowed 

towards the right bank ; but the bed flow was even and normal to the causeway· 

Recommendations. 

In addition to the construction of the cut and removal of the groynes in the 
Shendi NaJa, the flank wall should be removed and the roadway on the right bank 
should be raised above H. F. L. Though the cut in the model had an equivalent 
b~d width of 70 feet,.in actua:l practice, ~he cut may be say 30 feet wide, but the 
River should, from time to time, be assiSted to widen the cut. 



FIGURE5:2s TOc7 SHOWING 150TACH5 FOR A 

C. S. 6' U/5 OF THE CAUSEWAY (!! 35 FEET) 
DISCHARGE THROUGH SHEND! NALA =1·63 Cs.6- 6'5SO Cs) 

DISCHARGE THI<OUGH S!NA RIVER= 1·63 Cs. ("' G3SO Cs.) 

fiG:2~. EXPT· 10. WITH CUT ON l-EFT BANI<c$fLANI<. WALL RAISEDABOV£ 

CAt.CULI\TED V::: \· 6.0. 

0BSE12VED V=1·626. 
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7. SILT EXCLU~ION EXPERIMENTS WITH A MODEL OF FAIZWAH IIEAD REGULA

TOR-EX WEST FEEDER (KHAIRPllR STATE, SIND). 

lntrodudion. 
The designed discharge of the Faizwah, .which takes off from the Khnirpur 

Feeder West at~· p. 27,700 (see figure 30) IS 310 cusecs; and the dischnrae of 
the parent channel 1s 1836 cusecs. " 

FIG: :SO~ PLAN SHOWING HCAD REGULATOR 

OF" 

FAIZWAH £X. KHAIRPUR WEST 

FCCDER. 

ScALE 

soo 1000 zooo 

The head regulator of the Faizwah was constructed at H, taking off at right 
angles from downstream of a curve, and consequently the head reach silted rapidly. 

On 22nd August 1936 a new head was opened at B at R. D. 26,200, using an 
old abandoned channel on the Left Bank. This was closed at the end of the season 
and silt clearance done in the silted Faizwah channel below its Head Regulator. 

In 1936 the discharge of the Khairpur Feeder West varied between 600 
cusecs and 1700 cusecs. 

In May and June 1937 the discharge was about 800 cusecs rising to 1450 
cusecs in July. From 20th August it ran with full discharge. 

The silting of the Faizwah Head Regulator started again in 1937 and the new 
mouth "B" had to be re-opened on 22nd July 1937. Early in August the new 
head also began to silt slightly, due to a supercharge of silt in the parent chnnnel, 
and water had to be headed up at Rameja Regulator, 2 miles downstream, by 
0·4 to 0·5 feet, but the silting only amounted to a couple of inches nnd ceaHed in 
the 3rd week of August, after which the discharge slightly improved. 

Table 2 shows the designed and Lacey dimensions for Q=1836 cusecs and 
actual and Lacey dimensions for various discharges, and table 3 shows similar 
information for Faizwah. 

Discharges up to 1980 cusecs were observed in 1937 and for the period from 
21st August to 2nd September, the average observed discharge was about 1875 
cusecs. There is evidence, however, to show that, except as a result of purely 
temporary fluctuations, the actual discharge did not exceed the designed dischnrge, 
and that, as a result of running low discharges, the natural ' discharge ' of the 
channel was little in excess of 1450 cusecs, the hydraulic depth (R) being greater 
than Lacey and width (P) less, due to fluctuating discharges. 

Three alternatives were suggested by the State Engineer to set matters right :
(1) A new head at R. D. 34,200, downstream of H. 1'his may be ruled 

out at once. 
(2) A new Head Regulator at B-1500 feet upstream of the original Head 

Regulator, which would be effective, since it woulcl take off just 
downstream of a concave bend. This would cost Hs. 4,000. 

or (3) To remodel the present head regulator which originally cost Rs. 3,642. 
n 
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TABLE 2. t:l 

Showing designed dimensions, Lacey dimensions and actual dimensions with various discltm·ges on Khairpur lV est Feeder. 

Actual. Lacey. Actual. Lacey. Actual. Lacey. Actual. Lacey. Designed. 
Lacey Remarks. ~ f~0·69. 

t" 

~ 

Q~1,500 cs. 
Q=l,350 cs. Q~l,350 cs. Q=l,400 cs. Q=l,400 cs. Q=l,450 co. Q=1,450 ca. Q=l,500 cs. 

1.':1 

"" 
0·69 0·69 0·69 0·69 0·69 

0 

!:l 

Q (cuscco) 1,350 ca. 1,350 cs. 1,400 1,400 1,450 1,450 1,500 1,500 1,836 1,836 0 
"'! 

p (ft.) 95 98 95 100 95 101·8 95 103 102 114 
::;j 
0 

A(Sq.ft.) 595 574 595 594 595 608 595 627 678 734 
~ 
~· 

tl 

1t (ft.) 6·25 5·85 6·25 5·9 6·25 5·98 6·25 6·05 6·66 6-45 
o· 
-~ 

s 
I 

'I 

""lo260 11040 10260 10800 10260 11170 10260 11230 . 10000 --wliiO 
tl 
d 
~ 

!i2 
V (f/s) 2·27 2·35 2·35 2·36 2-44 2·38 2·52 2·39 2·71 2-48 ..., 

N, 0·0232 0·0207 0·0224 0·0207 0·0216 0·0207 0·0209 0·0207 0·0206 0·0205 ~ 
d (depth) ft. 7·15 7·15 7·15 7·15 7·9 >< 

1.':1 

b (bed width in ft.) 78 78 78 78 78 
i> 
~ 

...... 
<:0 

{B,=surface width , 96 96·8 98 100 111·0 

of a semi-elliptical 

~ .... 

channel. De=ma:ximum depth 7·85 7-87 7-88 8·04 8·4 ~ 
?' 

f1 (from V~I-17-'f,R) 0·60 0·69 0·646 0·69 0·695 0·69 0·744 0·69 0'81 0·69 

I 
-5 5/S 

f 2 (from S 
10 X 54 f 2 ) 0·72 0·69 0·74 0·69 0·74 0·69 0·75 0·69 0·77 0·69 

Q 1/6 
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TABLE 3. 

Slwwing particulars of Faizwah-dcsigncd and aclual. 

Achml cmlsl Aohml on :lnl 

As designed. 
Llct•y Aug:ust 1!1:17 (klnl)(•r w:n 

tliml'nsioml at. H. }), ;hiUU' "tIt. ll. :woo• 
with f=O·tiU. downr~tn•am tlow1u1lrt.•nm 

of 'I!'. u( ·n·. 

F.S.L. 100·50 

Q (cusccs) 310 310 :.!IJ.i 3~-1 

p (ft.) 47·2 46·9 48 ~0 

. A(Rq.ft.) 155 IUs-! 150·5 1Sl·75 

R(ft.) ~I·:!H 3·58 3·14 3·0·1 

s I I 1 
9000 8630 71:.!~ ~. 

V(lf<) 2·0 1-84 1·75 1·7M 

d (depth in ft.) fi·O 4·1 ·1·0 

b (bod width in ft.) 20 33 35 

11 (=0·7305 V'/R) • .. 0·72 0·6ill 

3/2 1/2 
f,(f, =10' It S/370·68) 0·765 0·712 

1/4 Na 
f, (f, = 0·022o) • O·SlK 0·8:13 

fsQ (£8~3 
=178o s Q 

1/6 
) 0·703 0·096 

N, (=1·3458 R3/
4 1/2 

s ) . 0·0:!1·1 0·0:!15 v 

It was pointed out that if the present Regulator could be so modified as to exclude 
silt, alternative (3) would be cheaper than spending Rs. 4,000 on a new regulator 
at B-though the latter would be a safer solution. 

The object of these experiments, therefore, was to determine how to modify 
the present Head Regulator at H to exclude silt effectively. 

Three conditions were considered : 
(a) normal conditions 
(b) when there was an excess silt charge in the West Feeder 

and (c) when the proportion of the total discharge in the West Feeder decreased 
and water levels were maintained by heading up the water level 
at Rameja Regulator. 

Design of model. 
3·8 cusecs in the model corresponded to 1836 cusecs in the prototype and the 

horizontal and vertical scale ratios worked out to 1/25·4 and 1/8·00, as shown in 
table 4. 

Q 

f 
p 
v 
R 

A • 
B,. 

Channel dimensions. 

De. · · 
Reynold's number 
H. sca.lo. 
V. scale . 

TABLE 4. 

K. W.F.as 
designed (Lacey). 

1,836 ca. 

0·69 
114·0 ft. 

2·48 
6·4/i 

734 '·ft. 
ll1 ft. 
8·4 ft. 

K. W. 1'. model 
(Lacey). 

3·8 cs. 

1·25 
li·20 ft. 
1·076 1/• 
0·078 ft. 

3·53 '·ft. 
4·:HJ7 ft. 
1·05 
7:1,000 
1/2;1·4 
1/8·00 

Hcmnrkn, 

Q in K. F. W. u/K of Fa.ir.wa.h hcad=-
3·8 C\JSCCR. 

Q in Fa.izwnh=0·64 eM. 

The model wM huilt finally to a fiCBic 
of 1/:!5 horizontal and 1 vertical. 

D2 
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Model allowed to modify itself unde:r natural flow. 

In the model built to the scales shown in table 4, a n_atural section was allowed 
to establish itself for a discharge of 3·80 by runmng the model for 40 hours. 
Figure 31 shows this section and the velo.city-distribution in it at a distance 2 ft. 
upstream of the Faizwah head (:=50 ft. ill the prototype). 

FtsuJ<>E. No.51, 
CROSS 5ECTlON AT Z V/s OF FAt:ZWAl-1. 

~ (CALCULATED)=II]"f? 

Vln (OBSERVED) =I Ffs 

,· 

·SI 

1•11\ 

HI 
1·00 

W.L. 

No~MAL SecTION oF K.w.F. 

C:l-IA NI'IEL. IN THE MOOEt. 

Sc:At.E:- (Tot" 

TABLE 5. 

1\Iorlel (Lacey). 1\l.,dcl actual. Difference. 

Q . 

1' 

R 

v 
A 

B,. 

s . 
q • 

• C1 ' in V=C1 ,jlPS 

'01 ' in P~c,,/Q.' 

'C1' in PJR=C3V 

fsq l!8q5i3 ~1,780 s Q1i6 ) • 

f, (~D-4,/df 

fl = 0•7305 ~
2

) • 0 0 

1, (r,
312

= ro• R1i2 S/370·68) 
1/4 Na 

INa (f. = ·0225 ) 

N, (= 1·3~o8 R3/4sl/2) 

fm (= Vf, f,) • 

cL( = ro-oz ;,as I/3). 

f-=1·25 

3·8 

5·2 

0·68 

1·076 

3·53 

4·37 

·000649 

·73 

16·0 

2·67 

7-12 

1·252 

·0238 

Per c•·nt. 

3·8 

6·5 +25 

0·585 -14 

1·000 -8 

3·8 +7 

5·24 +20 

0·000671 +3! 

0·585 -20 

16·31 +2 

3·33 +25 

!HI +56 

1·275 

0·917 

1·249 

1·244 

1·20 

0·0233 

1·246 

1·002 

The P and R v~lues diverged widely from Lacey figures indicating that either 
these formulae did not hold for such small channels or else the divergence was due 
to natural b~ not havi;tg had time to form. What was very marked was the closes~ 
agreement wrth the regime test formula V=l6J'Ws showing that the channel 
had adjusted its slope ; and fN., f,q, f, and f2 ~II agreed closely · but f 
(=ll-4y' d) gave a value 26 per cent lower than f1 and f2• . ' d 
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Experiment witlt tlte exi,;tiny d~,;iyn. 
Ex'f!eri:ment 1.-'!?w first experiment was carried out with the head n•gulutor 

of the ~•mzwah .as ongmally constructed, a di":hargc of 3·SO l'llst•t·s, l'OITl'spontling 
to I836 cusccs m the prototype, and the water lew] maintained ut H. L. l!JO'!Jli 
(F. 8. L.) opposit<; Faizwah he!ld in the Khairpnr Feeder. Silt was injct:!t•tl. Lines 
of ~ow and velocity obseryatwns were taken after 25 hours How, ami the amount 
of silt collected from the Khairpur Feeder unci Faizwah measmed. 

Figure 32 shows lines of flow. 

The silt ratio of Faizwah to Khairpur West Feeder was IO to I. 
This explains the heavy silting of the Faizwah, due to faulty location of tho 

Regulator below a bend. 
Velocity observations at chainuge 0; 2ft. ami 4ft. upstream of t.he Hegnlator 

and 2 ft. downstream showed high velocities at the surface und low velocities 
at the bed of Khairpur Feeder, which is highly favourable to siltilw in the ofrtuking 
Faizwah channel. " 

In experiment No. 2 the design was modified, as shown in figure 33, tho left 
bank being warped to vertical just upstream of the Faizwah-from chuinuO'e 8·5 
in the model,-the channel at F. 8. L. being made to converge at I in 5. 'l'he down
stream diverged at I in IO at the surface and was warped buck to natural side slope. 

R. L. of raised sill is kept at R L. I87-!JO, so that depth of water over this is 
nearly 60 per cent of that at F. 8. L. in. the Khairpur Feeder, and tho glacis slopo 
of the raised sill in the Faizwah is I in 5. Discharges in K. F. W. and Fuizwuh 
and the silt charge were as in experiment I. 

Figure 33 shows lines of flow at surface and bed. 
Figure 34 shows the contour plan of the bed after 36 hours flow. The normal 

B. L.=R. L. 0·70. The deepest portion was just upstream of the upstream side 
of Regulator, which showed that curved flow had become established, as at tho 
outside of a curve. This prevented excess silt entering the Faizwah. 

Velocities near the sill were high. Silt at an ofi-tuke has a tcmlcncy to pile 
up at the entrance, but with this design sil.t was washed past the face of the regula
tor, due to high velocity. 

8il · £ Faizwah O 7 t ratiO O Khoirpur Feeder • 

Experiment No. 3.-To see the effect of a supercharge of silt, silt was injected 
at I·35 times the previous natural silt charge. At the end of a 42 hours run, lines 
of flow, velocities, and bed contours were observed. 

This experiment showed that the percentage of bed water entering the Fuizwuh 
was slightly more than with a normal silt charge, due to a tendency for silt to 
form a slope upstream to sill level ; but downstream of this, t.here was a deep por
tion so that i=ediately the excess silt charge ceased, the silt rump was washed 
away--4/ide figure 35. Table 6 shows the divides at surface, mid-depth and bed 
in experiments I, 2 and 3. 

Divides from left bank at C. S. 12 ft. ufs 
of Fa.izwsh head. 

TABLE 6. 

Experiment 1. 

Prescot design. 

Experiment 2. 

Modified dc11ign with 
1 in 6 convcrg!mco 

u/t! and rait;cd 
sill. 

Nu.tura.l silt charge 

Surface • 
Mid-depth 
bed 

8'! t · f io'aizwah 
I t ra 10 ° Khuirpur Feeder= I· 02 

Nil 
0·9' 
I·R' 

0·75' 
1-0' 
0-7' 

Experiment 3. 

Snmo a.a cxpcrirrtont 
2 but with Rilt cha.rgo 

=-1·35 natural silt 
charge. 

This experimant showed that with a supercharge of silt, the silt ratio of silt 
charge in the Faizwah Regulator increased rela~ive to the West Fce~cr trom ~·7 
to I·02. Bearing in mind that the ratio was IO m HJ3?, th~ marke~ silt exlcu.dmg 
properties of the design_ ar~ obvio~s. :rh~ ch:mnel bed m this .cxperuncnt consl8ted 
of a series of waves, which IS a typwalmdicatwn of an excess silt charge. 
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Experiment to determine silt ratio when Faizwah was drawing F. S. Q.; but Khairpur 
Feeder was running with ~ F. S. Q.=2·38 cusecs=.l,l47 cs. 

For F. S. L. at Rameja, W. L. at Faizwah head is=R. L. 190·.52. This was 
maintained in the model opposite Faizwah entrance. A normal s1lt charge was 
maintained. 

The bed contours were much more uniform, the effect of upstream convergence 
being relatively small. 

Silt t . of Faizwah = 1,132 ra 10 Kharrpur 

As was to be expected, owing to the increased proportion of dis?harge enteri~g the 
Faizwah channel-viz., 27 per cent against 17 per cent-_-a higher I?roportwn of 
silt entered the Faizwah than in experiment 2 ; but as the s1lt charge m the Feeder 
would be low when the parent channel would be carrying only ~ths discharge, 
this would not cause silting in the Faizwah. 

Table 7 shows the silt charge ratios of all the experiments. 

Design. 

(1) Existing design • . . 
(2) New design with normal silt charge 
(3) New design with super silt charge 

(=1·35 normal silt charge). 

TABLE 7. 

(4) New design with ~ F. S. Q. in K. F. W. and water headed up 
at Rameja to F. S. L. and W. L. opposite Faizwah=190·52. 

8ilt charge ratio 
Faizwah 
K.l•'.W. 

10 
0·705 
1·02 

*1·132 

• [NOTE-As silt charge in West Feeder would be subnormal under such conditions, Faizwah could carry the 
silt charge.] 

Conclusion. 

Although this design of silt excluding head would be successful provided 
conditions in the West Feeder did not deteriorate; building a new regulator at 
B, 9,900 ft. upstream of Rameja regulator, would exclude more silt. As to whether 
this is desirable or not depends on local conditions. 

8. EXPERIMENTS WITH A MODEL OF THE INDUS AND THE LLOYD BARRAGE AT 
SUKKUR. 

As a result of model experiments carried out 8 years ago to ascertain whether 
" still pond " or " open flow " regulation would be preferable for excluding silt 
from the Sul{kur Barrage Canals<">, it was found that either method was successful 
for excluding coarse silt from the Left Bank Canals ; but that ' still pond ' regula
tion gave markedly better silt exclusion in the case of the Right Bank Canals. 
This was fully confirmed when the Canals were opened in 1931. 

It was also p~edicted that a silt bank would form along the Right Bank ; and, 
to prevent this, 1t was proposed that a long, submerged, curved vane-height 
=~rd depth of water-should be constructed upstream of the Canals on the right 
bank s~rting from th.e outfall section .. This, alone, would have tended to pull 
the mam flow of the R1ver across t~ the nght bank, so a similar vane was proposed 
for the left bank, and model expernnents showed that with these channels would 
persist along both banks, bed silt being deflected towards mid-stream. This 
recommendation was not, however, acted on. In the floods of 1936 the River 
carried an excepti?nally heavy charge of bed silt, and the predicted' sand bank 
formed along the nght bank from Bunder Station across to the nose of the Divide 

(
2

} Bombay P. W. D., Tcc!mlcal Paper ~5 "Note of May 1931 on Siltoxclusion from Canals' still pond' vors1Js 
• Open Flow' " by C. C. Inglis a.nd Technical Paper 46 " Note on experiments with tho full width modal of tho 
Sukkur Burr•go" by C. C. Inglis ODd D. V. Joglhltar. 
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SURFACE: L/NE:S OF FLOW. 

MID-DE:PTH. 

BE:D LINES. 

B£D L/N£5 

BED 5£E:D. 

RISING TO MID-DE:PTH. 
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MID-DEPTH DIVIDE 1·0 FT AT 12FT Ufs. 
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WATE:R EDGE: 

~--- --------

FIGURE:: 3.3, 
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NOT•:-
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EXPERIMENTS ON FAIZWAH 

HEAD REGULATOR 
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DESIGNED B.L.=R.L.0-70 
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NEW DESIGN WITH SUPERCHARGE OFSILT. 

CONTOURS AFTER 4-2 HoURS FLOW. 

ScALE •"=2FEET 

Q = 3· SOCs.INK.W. F. 

- 0·64-Cs.,,.FAIZWAH . 

. . . 
1'3 IZ II IO s 

1·55 ··~\ - 1 •• ·OS .., 
o-6o-~ ... } ., . '70 

EPTH BEt..OW 70 :: ... J ·~ o-8o 

W.L.-t-+ 
I-n ) l ... f I~ f:f 
I / L -· .,_j-,.,_·.50' f-::--, .• . \. I'. siT"' I l·<j>' ·80 / 1--<>-8<>'-' ·Bo / t,O r /' 

o-6o..,...-~G I-5.Z. 1.5~ • &~ ·'' .. , 7~ . o· ! . .,, -Ao l.£s k'o .s:a. •'7" 1...,? ,oo· I/' __ .. 

o•SO 

25 
·35 ·35 ... o 

kl-fAIRPUR FEEDER WEST~ 

o•5o 
'50 

·~· 

., • ...,.-1<>·~0 
-- 0·50 

·4-o 



PART Ill. 27 

Wall of the ~eft Bank Canals-see figure 36; and silting occurred in tho North 
Wes~ Perenm~l Canal. The original solution-a long vnne-h~ing no longer 
possrble, expenments to find a new solution have been stmted. 

FIG: :36. 

(SCALE:- 2• • 1 MIL£) 

The model is 170ft. long representing 7 miles above and 3 miles below the Sukkur 
Barrage. Scale ratios,, based on Lacey's formulae,<'> are:-

Longitudinal and Latitudinal scale ratio 
= 300 

Depth scale ratio =36 

Figure 37 shows 1930 and 1932 plans of the portion of the River Indus comprised 
in the model. These show the wide swing of the river above the gorge. In 
the gorge portion, between the towns of Sukkur and Rhori rock is exposed during 
floods, and rigid, flume, conditions exist. Figure 38 shows rock contours in tho 
gorge. Between the gorge and the Barrage, both banks of the River have been 
pitched with stone ; and silt has since deposited along the banks. 

This model presents the following difficulties :-
(1) The swing of the River above the gorge affects results below the gorge. 
(2) In this model, conditions change from mobile conditions to rigid ; and 

back again to mobile. For the mobile portions vertical exaggeration 
is natural ; for the rigid portion different laws hold ; but the greatest 
difficulty is due to the junctions between rigid and non-rigid portions. 

Preliminary experiments are being done to see how far the model laid according 
to 1936 cold weather bed, reproduces 1937 conditions. It will later be deddcd what 
modifications can be made to improve results. 

9. EXPERIMENTS WITH A MODEL OF PROPORTIONAL STANDING WAVE FJ,UME !\JETER 
FALL AT R. D. 40280 1\JoNTGOMERY-PAKPATTAN LINK (PuN.TAn). 

d, 
H 

Notation. 

=Bed width of channel upstream and downstream. 
=Bed width of flume at contracted section (excluding piers). 
=Bed width of flume at contracted section (including piers). 
=depth of water in channel upstream and downstream of full. 

=critical depth. 

=depth of water at toe of fall (assuming that no standing 
wave has formed). 

=depth of water in the cistern. 
=Fall in water level i.e., difference of water levels upstream 

and downstream of fall (below standing wave). 
=Height of baffle. 



28 ANNUAL REPORT OF WORK DONE DURING THE YEAR I937-38. 

Q =Total discharge in cusecs. 
q =Discharge per foot width. 
q. =Discharge per foot run of overall width of flume in the throat. 

v =Mean velocity. 
F.S. Q. =Full supply discharge. 

Design. 
In accordance with the resolution passed in the Research Officers' meeting of 

the Central Board of Irrigation held at Lahore in February 1938, different designs 
of falls are to be tested on the 1\fontgomery-Pakpattan Link. 

A design for a proportional, Standing Wave, Flume, 1\'Ieter (P. S. W. F. 1\f.) 
Fall with baffie, cistern and deflector was supplied to the Director, Central Designs, 
Lahore----1Jide figure 39. 

F. S. Q. 
H 

=700 cusecs. 
=6·63 ft. 

d1 and d, =5·I ft. 
B1 and B, =60ft. 

Side slope of channel=! : I 

V1 and V, =2·I9 fjs. 

Data. 

Full supply level upstream=527·69 

" 
downstream=52I·06 

Bed level upstream=522·59 
, downstream=52I·06 

As the ratio of B,jd3=11·76, the standard side divergence<'> =I in 9·2; but 
side divergence adopted was I in 8. 

Details of the design of the baffle platform, baffle, cistern and deflectors. 

Throat width=24 ft. 

Two piers each 2·5 ft. thick are provided ; so overall width at end of throat 
=29ft. 

700 q. =-=24·14 cusecs 
29 

From graphs(3J, the R. L. of the baffie platform was 5I6·19. 
h. =height of the baffie 

=C (d.---d2) 

=C [ :/ q~
2 

---d2] 

=C (2·63-1) 

Various values of C were tried and the value of 1· 6 was adopted. 
So h.=2·6 ft. 
Distance of the baffie from toe=5·25xheight. 

Design of the cistern. 
The pavement extende~ up to 0·9 ~imes the length of expansion. Energy of 

flow was calculated at sectiOn~ F (whrch was 0·64 times the length of expansion 
fr?m the end o_f throat) and sectiOn I J-the end of expansion-see figure 39. Bed 
Wld~h at sectiOn E F=48·8 ft. and q=I4·35 cs. The depth of water on this 
sectwn was calculated from 

V=qfd,=0·84 c d,06' 

As f1 (Lacey silt factor)=0·8I 
c=0·9 and d,=6·02 ft. 

(
3

) J\ppcndix V of the 0:-ntral Board of Irrigntio:-~ Publication No. 10 '' l>eHign of Canal Falb1 ". 
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ExPERDiENTS .WITH A 700 cusEcs PROPORTIONAL STAND~G WAvE FLUME ~lETER FALL liioDEL. 

TABLE 8. 

Showing he·ight of baffle, deflector, wavewasl!, etc., in va1·ious experiments with Model, scale ratio =1/5; Q=12·5 cusecs (:700 ousecs). 

:\Ia.."':imum 
depth of ExJX>riment hb=-height of Height of Height of scour below Height of 

Length of Choppiness Silt slope djs No. d, (ft.). d, (ft.). 
bnflle (ft.) bed dcflec- side deflec- H(ft.) d,ft. H/d3• pavement waves near 

waves. height of waves of deflector tor (ft.) tors (ft.) level at end of banks. 
in midstream. cistern in mid- Jengtb of wa,·e~. 

stream {ft.) (ft.) (ft.) 

(I) (2) (3) (4) (5) (6) (7) (S) (9) (10) (II) (12) (13) (14) ----2·63 1·0 1·96 0·50 1·0 6·63 5·1 
1·3 0·55 0·50 

O·BOxs 
.; 5 -.- .; 5 -5- ~ -s -5- 0·12 1 vertical to 1 ~1-2 (d,-d,)] 

4 horizontal. 'tl [ ~ ;; 1 [ ~ ~· 1 > Baffle with ends 

:<1 sloping do,m at 
>i 1 in 25. 

p 
2·t\3 J.O 

Baffle of uniform [~ ~ 1 [ ~ ~ 1 6·63 .>-! 0·65 0·50 0·75 X5 
2 -5-

-5- ---s 1·3 ll -5- 0·13 1 in 3 
o) 

height ~ I·:O 

:?·63 1·0 2·6 
[~ }1 [~~ 1 6·63 5·1 0.60 0·35 s- -y- s -5- -5- 1·3 s- -5- O·SOX 5 0·09 1 in·3 [~1-6 (d,-d,)] 

2.j% retro;f'f'$.Sion in d.'' W. J •. 

l'l 4 :?·t\3 1·0 :!·6 
[~;i-1 [ = !• 1 i·9.'i ,=J·l 1·5.5 o-c,o -s .; 5 

5 ~ 
1·56 --g- 0·83 X 5 0.12 I in 4·6 :; [~I·Gid,-d,l] 

'" "' 
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1 · d' 1 b d profile was then worked out according to 1\ir. 1\ion~a
Theh 0d~pl dtu mat e of C D . but was flat upstream up to the baffle platform. 

gu's met o owns ream , , 

Th t
. f the bed of the cistern was bowed by a catenary curve, 

ecrosssecwn ° t fR Rb · th 
the amount of bowing in ruidstrea~ being equal to 25 per cen · o , emg e 
hydraulic mean depth at each sectwn. 

The amount of bowing at sections A Band CD =:=1·36 ft. 
E F =1·26 ft. 

" G H =1·11 ft. 

Though th:,~mount of bo~ng was different at various sectiond in this parti-

·cular design, in standard designs the amount of bowing may be :f-(=:1·20 ft.) 

at all sections. A bed deflector of height= ~; =6" was fixed at the end of the 

cistern and the side deflector= d~ or 1 ft. high. 

The central straight portion of the bed deflect?r at right an~le to the flow= £th 
the bed width ; the bed deflector near the banks diverged at 14 . 

Experiments. 

Experiments were carried out with a geometrically similar model with a scale 
ratio oft. 

For determining bed scour, sand of 0·0096 inch mean diameter was used. 
At the beginning of each experiment, silt was relaid on the bed and contours were 
observed at the end of 30 hours flow after bed scour had completely ceased. Velo
cities were observed 6ft. (=:30ft.) dowstream of the end of divergence, where the 
canal section was normal. · 

4 experiment.~ were done, the results of which are shown in table 8. 
In experiment 1, the height of baffle =:1·96 ft. =1·2 (d,-d2) with ends sloping 

down at 1 in 25, which gave good results in a previous experiment with 1 in 6 
divergences. · 

The standing wave downstream of the baffle was not clear and the flow was 
slightly disturbed. When the baffle was made of uniform height (;:::: 1· 96 ft.)
experiment 2--, the wavewash and the choppiness ratio 1 w:ewaah were eng of wave 
the same as in experiment 1, viz., 0·10 ft. (:::::6") and 0·13 respectively-see photo 
1,685 (sheet 17) showing conditions of flow downstream of the baffle. But isotachs 
and bed contours were more normal. 

In experiment 3, the hei!fht of baffle was increased to the equivalent of 2·6 ft. 
[=1·6 (d,-d2)]. The standing wave downstream of the baffle was then clear 
and ~he flow was sweeter than in experiment 2 -see photo 1,686 (sheet 17). The 
fl.ow m the channel downstream was also more steady, as indicated by less fiuctua
tio~ of the float of the Bentzel velocity meter, observed 6ft. downstream of end 
of divergence -see table 9 below:-

TABLE 9. 

Range of fluctuations of the float in Bentzel tube. 

!"' below 1mrface. Mid.depth. !"' above hE'd. 

Experiment 2. 

Baftle:::::,l·96' high . 0·19 0·14 0·10 

Experiment 3. 

Bo.me=:2·6' high 0•04 0·05 0·02 

(•) Central Board of Irngation Pnblicat1on No. 6 " Fluming '~. 
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The range ~£ fluctuations near the banks was very ncnrly the snmo in t'Xpcri
ments 2 and 3, v~z., 0·05 near surface and near the bed nntl 0·03nt. mid-depth. Wnvc
was~ and ch~pprn~ss facto.r were less with a higher bnfHe l'i:., 0·07' ( := 0·35 ft.) nml 
0·09 respectively rn expenment 3, against 0·10' ( :=0·50') nnd 0·13' in experiment 2. 

The bed scour w.as more normal than in experiments 1 and 2--'!'idc li~ures 
40 and 41. The maXImum depth of scour below the pavement level inmitlstrcum 
=0·60 ft.; the isotachs were normal-see figure 42. 

Experiment 4 was carried out with := 1·3 ft. (25 per cent.) rctrogrc~sion in 
?ownstream water level, d3 being the same as before (:=5·1 ft.). H wnH thus 
mcreased from := 6·63 ft. to := 7·93 ft. 'l'he flow became slightly unstnblc. Tho 
wavewash slightly increased to 0·10' (:==0·50 ft.), and though the bed scour natur
ally increased, the increase was appreciably less thnn the ret.rogression nntl tho 
silt slope downstream of the deflector was actually flatter, ·piz., 1 in 4·li against 1 in 
3 in experiments 2 and 3; the isotachs were still satisfaetory-see figures 43, H, 
and 45. If retrogression occurs in actual practice, or is anticipated, ' Turungars' 
or crates of stones should be laid along the toe of the banks for 25 ft. 

Conclu.sions. 

(1) With the standard divergence, the height of bafllo fur a 700 cusccs fall 
should be 1·6 (d.-d2). 

(2) ]<,low became slightly unstable with 25 per cent. rctrogrcsHiun down
stream. 

Experiments are being continued to improve the design further. 

10. EXPERIMENTS TO FIND THE OPTIMUM POSITION AND HEIGll'r OF A BAFI•'LE BELOW 
THE TOE OF A FALL IN A PARALLEL SIDED CHANNEL, 

Object. 

Energy is dissipated in a Standing Wave Flume fall in four ways, viz.-
1. Boundary resistance on glacis slope. 
2. Standing wave (above baflle). 
3. Secondary wave (below baflle). 
4. Boundary resistance on platform and in cistern. 

In low falls there is not sufficient head to form both the primary and secm~<
dary waves. In high falls, both a standing wave and 11: secondary wave are pos
sible an.d desirable. A baflle is used to create a standmg wave upstream and a 
secondary wave downstream o~ it. . . . . . 

The object of these expenments was to find, fm; 2-dtmenswnal _flow, the optt
mum height and position of the baflle for a given discharge and height of fall, to 
produce smooth flow downstream. · 

Description of Channel and weir. 
Figure 46 shows the section of the fall which was constructed in a 2 ft. parallel 

sided channel. 

F/5,45, 

LONGITUDINAL SE:CT/DN OF MODE:L 

CHANNE:L WIITrH=i! FEET. PAI<'A/..t..E:.L SI!J£:5 . . 
SC:ALI!: I :"2. 

~~· A~usm&~~: .. 
- - e . ~ 

CI5TE:.RJO 
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· h f f 11 was 8·3" and upstream depth of water over the wcir=·~53'. 
The hmg to" a , " "th I in 5 rising bed. Baffles of heights 

The cistern was 4 deep and I IO lo~Jg WI d . t Jy at IO" I2" and 15" from 
I-.\", 2", 2~-" and 3" were used, each bemg teste separa e ' 
t6e of the fall. . . 

A discharge of I cusec per ft. width was run and the downstream depth vaned 
by means of heading up gates. 

Experiments. 

For every set of conditions, fluctuations of the. floa~ of a Bentzel tube were 
observed downstream as a measure of the fluctuatiOns m the tu~bulence of ~~e 

. t ('o11d1"t1"011s were taken to be optimum when the fluctuatwns were mml-
w.I cr. ' b b d "d d h d ' mum. These fluctuations were observed at ·I a ove e , m1 - ept an ·1 
below surface at a section I2' downstream of the baffle. 

Figure 4 7 shows the fl~ctuations of the. Bentzel meter ~~at (mean of beo, 
mid-depth and surface readmgs) for the varwus baffles, pos1twns of baffle and 
downstream depths. 

It will be seen that minimum fluctuations of the float were obtained when 
the 2}-" baffle was used. The formula adopted in 1934 for calculating the height 
of a ~affie based on complete (3-dimensional flow) fall models-vide Annual Note 
for I934-35-is C (d,-d2) 

where d,=critical depth of flow 
d2=actual depth of flow (without baffle) 

and C is a coefficient depending on the divergence of the sides and the discharge. 
The calculated critical depth for a discharge q=1 cusec is ·315ft. and the observed 
depth d2=·I3 ft. so that the coefficient for the optimum height of baffle obtained 
wasl·I3. 

It will also be seen that, considering all the results, downstream velocity 
fluctuations were least when the baffle was placed at a distance of 5 X height of 
baffle from the toe of the glacis, -which corroborated the correctness of this figure, 
first adopted in 1928--vide Bombay P. W. D. Technical Paper 44.Pl 

II. ExPERIMENTs WITH GoDAVARI RIGHT BANK AND LEFT BANK HEAD REGU
LATORS. 

Introduction. 

At the request of the Superintending Engineer, Deccan Irrigation Circle, 
experiments were carried out with geometrically similar models of the Head regu
lators of the Godavari Right and Left Bank Canals, respectively, to determine 
what steps should be taken to restrict scour downstream. When first constructed 
each Head Regulator consisted of three IO ft. spans, regulated by means of hori: 
zontal baul~s. . Baulk ~egulation was, however, unsatisfactory ; because when 
the Godavan River w~s m floo~, the ~pstream ~vater level rose and fell so rapidly 
that accurate regulatiOn was Impossible. A smgle bellmouth sluice was there
fore, constructed in the central span, 5 ft. high and 6 ft. wide in the cas~ of the 
Godavari Right Bank Canal; and 4ft. high and 5 ft. wide in the case of the Goda
vari Left Bank Canal. 

'l'he R. L. of the top of the wall on the weir is 533 and the maximum 
flood level up to which Canals are run is R. L. 539. 

Godavari Right Bank Canal. 

~~igure 48 shows a plan of the head portion of the Godavari Right Bank Canal 
and figure 49 shows detmls of the bellmouth sluice in the central span. 

R. L. of sluice bed=522·0. 

F. S. L. in Godavari R. B. C. downstream of regulator=528·45 for F. S. 
Q.=384 cs. 

~Y~e~1 the. river level ~xceeds R. L. 534·0,_ the canal discharge is reduced to 280 
cusecs ana the Canalis closed when the River level exceeds R. L. 539·0. 

('} Bowlmy P. W. D. 'l'cchnico.l Puper 44 "Dissipation a! energy b~low falls" by C. C. Inglis and D. V. Joglokar. 
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With F. ~· Q. of 384 cusees, ~he downstream water lew! in the eaual is 5::!8·45, 
and the upstream water level w1th "ate full)' u~>cu i" p L -30·1 tl · · 
I f h d I f r • t> r v '· • iJ IUS gl\'lllg II oss o ea = · 65 t. This loss of head consi~t.~ of 

·58 ft. loss at entrance 
· 03 ft. friction in barrel 
·31 ft. loss at exit. 

·92ft. 

and the remaining energy (Hi5 ft..-·02 ft.)=·73 ft.. is lost in a staudin" wave 
downstrean~. l'his loss ·in the ll'ave tl'Ould not, of course, occur, tccre the dow~slrl'llm 
w~ter level ~n the canal ·73ft. higher. Alternatively the sluice u·ould pass P. S. Q. 
unth an upstream W. L. ·73ft. lotcer if tlte level of the sluice were lowered by that 
amount. 

When the upstream water level is higher than R. L. 530·1, the addit.ionnl 
head has also to be dissipated. This extra head is partly absorbed by shock 
losses, due to the gate being partly closed, to reduce discharge ; but a large part 
of t~e excess e~ergy, due to the high velocity through the gate opening, renmins ; 
causmg scour m the Canal downstream. This trouble will always arise whcrc 
there is only a single gate, unless it is built at a low level; but where there arc 
three or more bellmouth sluices,-as at the head of the Nira Left Bunk l'nnnl 
where this method of regulation was first introduced-there is little diniculty 
in regulating in such a way that excess energy can be dissipated satisfactorily. 

Experiments. 

Scale ratio of geometrically similar model=1/9. Several different det~igns 
were tried to determine the best way to dissipate this excess energy. 

The best, design was found to be :-

(a) to construct side walls in extension of the side walls of the existing 
sluice, diverging at 1 in 10 for a length of 35 ft. 

(b) to construct a baflle 13!" high at the end of the sluice and 
(c) to excavate a cistern 3·3 ft. deep and 11 ft. long-as shown in figure 

50. 

With this design satisfactory results were obtained-vide photos 1548 and 
1550 (sheet 18)-, when the level in the Lake was between R. L. 530·1 and R L. 
532 and also when the W. L. exceeded R. L. 535 ; but less satisfnctory results 
were obtained between these two levels. 

While the experiments were in progress, it was decided to construct an ordi
nary gate in the right span of the regulator, of the same size as the bellmouth 
gate, namely 5 ft. high by 6 ft. wide. Figure 51 shows all possible gate openings 
of the 2 gates, the combined discharge of which= F. S. Q. of 384 cusecs for various 
depths upstream ; and the full black line shows the optimum values. 

The method of regulating gates should be such that it should not be neces
sary to open one gate and· close another simultaneously, which would be difficult 
to control when river levels were fluctuating rapidly. 

Figure 52 shows a suitable method of regulation, the only objection being 
that wavewash would be considerable when the water level was between R. L. 
533 and R. L. 534. It is probable, however, that this amount of wavewash docs 
not matter in pmctice, and the .canal will rarely, if ever, bC rnn with full supply 
at this level. 

Godavari Left Bank Canal. 

R. L. of sluice bed=523·0. 
F. S. L. in Godavari L. B. C. dfs of regulator=529·0 for F. S. Q.=245 cusecs. 
When the River level exceeds R. L. 534·0, the Canal discharge is reduced to 

191 cusecs. The canal is closed when the River level exceeds R. L. 539·0. 
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Experiments carried out with a geometrically similar 1/9th scale model gave 
little scour and maximum wavewash was equivalent to only 7·5" ; so condition& 
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do not appear to be sufficient! bad t . However if it is still considere~ 0 nece.ssltate any change in the design. 
by extending the expansion 0~e~hssary. to Improve conditions, this can be done 
2· 5 ft. deep and 1 o ft. long. e slwce by 25 ft. and constructing a cistern 

12, TRAINING THE RIVER SARD A ABOVE THE BARRAGE AT BANNBASSA-UNITED 
PROVINCES. 

. Introduction. 
Pnor to the construction of th S fiow.ed in what is known as the "Sol:r?a Ba;,rage in 1923-25, the main chalillel 

a mile to the west of the present ch f1 Got channel, about three quarters of 
\forks were under construction in 1::~;;-see figure 53 ; but when the canal Head
? the I!arrag~ site in order to reduce th fl a crate bund was built 3 miles upstream 
~terfenng Wlth the progress of w k e Th~v of the Solani Got chalillel which was 

ected the main River from th or t 1~ caused a shoal to form which de
and the River began to attack th western, rNlght, flank to the eastern: left, flank 

e eas ern, epa! bank 
To red'!-ce the attack on the left , . 

1928 one mile upstream of the Barra fl~nk, t~e Nepal spur was constructed in 
structed half way between theN 

1 
ge , and m 1929, the Burma spur was con

epa spur and the Barrage. 
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BunJhth~g~:!\~~Pf\JPur ~hs succ~sdsfully checked the attack on the Left Affiux 
• . 1. o ows e outst e of the bend from the nose of the N 1 

Jf~d. pa~mg o~tstd~ the Burma spur, to the nose of the Left Up8t.ream B~,\'ts 

PART III. 

face ~f :hee~~~r~cr:wm~~ea,~rSsl t?'(;u~~~. tjle Sa~1a Canal head, flowing along th~ 
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1936-37 experiments. 

Experiments described in the 1936-37 Annual Report and Summary,. werP. 
carried out to test various alternative suggestions, which, it was considered, wouJU 
reduce flow across the face of the Barrage during floods and yet maintain an open 
channel, throughout the fair season, from the main channel at the left flank to 
the canal at the right bank-preferably through the western channel-see figure 
54-which takes off from the eastern, left flank, channel opposite the Nepal spur 
and flows along the east and south margin of the Kala Jala island towards the 
head of the canal. 
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It was considered that extending the Nepal ~pur would not give s~tisfactory 
results owing to the restricted ch~nnel between 1t .a

1 
ndt the dKala .dJa£a Jslanbd and 

that the main stream could be d1verted more eas1 y owar s m1 s ream y ex-
tending the Burma spur. 

The scale ratios of the model were :-

Longitudinal and latitudinal scale ratio 

Depth scale ratio . 
Vertical exaggeration 

1/300 
1/27-5 
10·9 

Figures 54 and 55 show several alternative meth.ods of training t~e river by ex
tending the Burma spur. These were tes_ted WJth a constant d1scharge of 2·4 
cusecs, maintaining gauge levels correspondmg to 240,000 cusecs at the Barrage. 

Conclusions of 1936-37 experiments. 

With 2·4 cusecs, the worst results were obtained with the extended spur facing 
10° upstream of the present alignment of the Burma spu~ and the be~t results 
when the spur was aligned 20° downstream. When the discharge was mcreased 
to 4 cusecs, particularly when the extension was. long, the adv~ntage _of a 20° 
downstream alignment :vas still greater ; because m the other des1gns, high. velo
city flow scoured a .str~1ght channel alon~ the east edge of t~e Kala Jala Island 
and this high ve!oCJty Jet tended to pers1st towards the L. U. S. Bund. When 
this jetting occurred, flow through the western channel was slack and there was 
a tendency for it and the other channels between the Kala J ala island and the 
Barrage to silt, and for shoals D, G and H to extend-which would accentuate 
cross flow above the Barrage towards the canal-see figures 54 and 55. 

The best results were obtained with the Burma spur extended 1,020 ft. at an 
angle of 20° downstream of the present alignment (experiment 4). 

The next best result was in experiment 5, with a straight spur 1,000 ft. (20° 
djs) and a low level extension 600 ft. long on the same alignment ; but the ex
periments indicated that it was doubtful whether the western channel could be 
revived satisfactorily; and under unsatisfactory river conditions it might tend 
to silt-even though the Burma Spur were extended. In 1937 a model 160 ft. 
long was built to a larger scale :-

Latitudinal and longitudinal scale ratios 
Depth scale ratio . 
Vertical exaggeration 

The discharge scale ratio was worked out from the formulre :-

( ~: )l 

( ::: y 

1/150 

1/50 
3·0 

• (Lacey). 

In the prototype, the bed consists of boulders varying in size from 6" to 18" ;. which 
were r~presen~d i.n the model by sand grains varying from ~"to}". The model 
compnsed a 3s mile stretch of r1ver above the Barrage-shown in figures 56 and 
57. 

The first experiments were run with a view to reproduce 1937 river condi
tions (figure 57) starting from 1936-37 river survey (figure 56). 

As there was no detailed survey of the distribution of boulders of various 
size~, this had to be worked o:ut in the model by considering river movements 
durmg the. past 15 years ; by_ JUdgment and by observation ; but the most im
portant p~1':lt demons~rated was that tlu: results obtained depended primarily on 
entry condt~t~; and 1t was foun~ that m this, as in other experiments, correct 
entry conditwns could only hP. 11c~ved by modifying the plan at entry----in other 
words! success depends on tl!e expenence and practical skill of those carrying out tl!e 
expenments, · · 
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Conclu.sirms drawn from the enquiry up to date . 

. I~ ha\b~en stated in Part II of the History of the Headworks of the Sarda 
mam tn~ hom 1928 to June 1935 that "the Sarda River provid~s a •trikin~> 
e;xam~ e 0 ft e v~garies of Indian Rivers" and during the 1937 flood Bl'a;on, th~ 
smuos1ty o the nver above the Nepal spur increased to a marked extent. 

S I A;> G res~t, a new channel started to cut across the Kala Jala island into the 
0 am ot c an?el above the Nepal spur--compare figure 53 showing 1923-24 

s~uvey of the River and figures 56 and 57 showing 1936-37 and 1937-38 condi
twns-. 

, These rapid changes show that it is necessary to consider the question not 
as a localproblem_for the next few years'; but as a question which calls for a 
comprehensive solutwn, taking all possibilities into account. 

The main factors which affect this question are :-

(i) A River always tends to hug one bank or the other and is unstable 
!n any intermediate position ; and though rivers often tend to flow 
m two or more channels, one channel is always tendin« to enlar"e 
wh!le. t~e other channels are tending to silt. This continues, unth 
a hnut IS reached, when one of the silted channels begins to scour 
and the main channel to silt. 

(ii) In general, a channel taking off from the upper end of the outHide of 
a concave curve will scour, while a channel taking off from the in
side of a curve will silt. 

(iii) When B: river is controlled, as at Headworks, the river adheres very 
tenacwusly to one or other bank. This is because a channel is 
strongly attracted by, and tends to flow along, the face of a masonry 
work or pitched bank ; and a deep channel forms along its face. 
If the masonry work juts out into the stream, a deep hole is scoured 
outside its nose, and the stream is permanently held in this posi
tion. 

In the case of the Sarda River, the Nepal spur and the L. U. S. Bund lmve 
held the river along the left bank; and during 1937-see figure 57-flow was held 
more rigidly to the left flank than ever before and so it is very doubtful whether 
the proposal to reopen the Western channel by extending the Burma Spur would 
be successful unless a considerable part of the east and south-east bunk of the 
Kala Jala island could be eroded by extending the head of the Nepal spur from 
year to year. Indeed there is reason to believe that there is a conHiderable danger 
of the Western channel dying. 

A second alternative would be to induce the existing small channel through 
the Kala Jala island, which takes off the main river a little above the Nepal spur, 
to open out to become the main stream. 

A third alternative, which may occur naturally, is for the river to cut across 
the Kala Jala island into the Solani Got channel upstream of the Nepal Spur
as it started to do last flood season. 

Only some of these alterna~ives are capable of demo~stration ~y mod~! ex
periments ; the rest depend on judgment, based on practiCal expenence. 1 hcse 
will be dealt with in a later report. 

13. PRELIMINARY EXPERIMENTS WITH A MODEL OF THE GANGES AND THREE 01!' 
ITS TRIBUTARIES TO DEMONSTRATE THE MEANDERING TENDENCY 01•' RIVERS 

CARRYING SILT IN AN ALLUVIAL PLAIN. 

A very small model of three tributary rivers was made, as shown in the plan 
figure 58, to see wheth~r conditions such _as occ~r ~n Bi?ar could _b_e reprod~ced 
qualitatively, to determme whether _the Wide vanat~ons m t?e positiOns of nvers 
-over a width of as much as 60 miles--can be mamly ascnhed to the construc
tion of flood embankments or is natural. 

The model w~s to a scale of approximately 1 foot equal to 10 miles. Photo 
1588 (sheet 19) shows the model as laid. 

II 
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Discharges and silt charges in the Tributaries and in the Ganges w~re accord
in to table 10. The cycle of operations was for 2 hours, corresl?o~dmg to one 
fl!od season in the prototype. The low water. stage-for the remammg 8 months 
-was omitted, because no scour would occur m such a small model. 

TABLE 10 FOR WORKING THE GANGES TRIBUTARY MODEL. 

Period 2 hours:4months in prototype. 

Ganges. 
Tributary. Tributncy. Tributary. - Time. A B c 

{ 15 :Minutes Low Flood Low Flood High Flood Low Flood 

Silt charge t Cft . i Cft. t Cft. .. .. 

{ 15 Minutes Rising Flood High Flood Low Flood Low Flood 
Silt charge 1-5 t Cft. t Cft. .. .. -gCft . 

{ 15 Minutes High Flood Low Flood High Flood High Flood 
Silt charge 

t Cft. ! Cft. ~Cft .. .. 8 . 

{ 151\[inut<'s Fa11ing Flood Low Flood High Flood High Flood 
Silt charge 

t Cft. ! Cft. ~Cft. .. .. 8 

{ 15 Minutes Low Flood High Flood Low Flood Low Flood 
Silt charge 

i Cft . ! Cft. l Cft. .. .. 

{ 15 Minutes Rising Flood High Flood Low Flood Low Flood 
Silt charge 

! Cft . t Cft. t Cft. .. .. 

{ 15 Minutes High Flood High Flood High Flood Low Flood 
Silt charge 

t Cft. !Cft. ~Cft. .. .. 
8 

{ 15 :Minutes Falling Flood Low Flood High Flood Low Flood 
Silt charge 

i Cft . l: Cft. i Cft. .. .. 

The ground across which the rivers were to flow was made level before. the 
experiment was started. After 47 hours flow, with silt injection, it had attamed 
a slope of 1 in 25. 

It will be seen, from photo 1592, that for the first 30 hours each river was 
flowing through one channel-either its own or that of its neighbour- ; but as 
the beds became higher, each river divided into a number of branches-vide photo 
1595. 

The central river (B) carried more water and more silt. It, therefore, raised 
its banks and bed quicker than the other two · and when its bed had risen higher 
than that of either A or C, it tended to flow U:to one or other of them. 

T~s model was merely run to indicate general conditions; and being ;rery 
small, rts results we~e only very roughly qualitative. There is reason to believe, 
however, tha~ the \~1de moveme~~:t of Bihar rivers is natural ; and though embank
ments must mtensdy the seventy of changes these would occur in any case, 
though more gradually and continuously. ' 
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14. RAISING THE WASTE WEIR AT LAKE ARTHUR HrLL, BHANDARDARA (BmmAY 

PRESIDENCY). 

Introduclion. 

Lake Arthur Hill, in the Western Ghat-s, stores water for the l'mvam ('anal~. 
When the dam was completed in 1926, the capacity of the lake was in ext'l'"~ of 
the dema!1d for water, so automatic waste weir !(!ltes were not constrndetl. 'l'ho 
waste. Weir_ consisted simply of a cut, 750 ft. wide, throu!(h the roeky satltlle of 
the hill whwh forms the right flank of the gorge in which the dam is construeted ; 

' and so ':ater was stored only up to the sill level of the cut, which is 10 ft. below 
the maXImum safe level for the dam; the intention bein" to construct automatic 
gates later, when justified by the demand for water. 

0 

. Two years ago, owing to the demand for water having overtaken the supply, 
this Station suggested that, instead of constructing automatic gates or their modern 
counterpart - automatic siphon spillways - a wall be constructed across the 
waste weir cut, the sectional profile being so shaped as to give a high coefficient 
of discharge, i.e., induce a high discharge for a small head over the crest. Tho 
higher the coefficient, the higher the wall could be built for the same measure 
of safety, and the more water stored. With the coefficient actually obt.nined, 
tills wall could store 6 feet more water compared with 9 feet by siphon spillways, 
while the cost of construction would be only a small fraction of siphons. 

This solution was suitable not only on account of cheapness but also becauAo 
this Lake does not fill in famine years ; and so, if greater storage is desired, it. 
would be better to provide it near Sangamner, as already accepted by Govern
ment. 

The investigation can be conveniently divided into four parts, viz.:-

I. Calibration of the existing weir cut and estimation of the maximum 
flood since the dam was built. 

II. Design of a high coefficient weir profile. 
III. Determination of the best alignment for the new weir wall, and cali

bration. 
IV. Calibration of a temporary weir wall constructed, pending the final 

design of the permanent one. 

I.-Calibration of the existing weir, etc. 

The calibration of the existing weir, by means of models, was described in 
last year's Annual Note on the work done by t~e Irrigation Research Division<") 
during 1936-37 in which it was shown that the discharge formula was 

q=0·77 D'."' } 
or Q=608 D1.95 (I) 

where q=discharge in cusecs per foot width 
Q=total discharge in cusecs. 
D=Depth of water in lake above weir sill level. 

It was also mentioned in the note that the maximum flood discha~ge of the catcl!
ment of the lake, which is 4 7 square miles in area, would, accordnl:g to the ln~hs 
multiple fan catchment formula, be 44,400 cusecs, but that pendmg further m
vestigations the figure given by Beale's curve, which co~tams some allo:ovance 
for flood absorption, was adopted, viz., 28,000 cusecs: _Dsmg formula (1)_, 1t was 
found that the greatest discharge over the waste w~Ir m the 10 yea!s smce th~ 
dam was completed occurred on 24th July 1937 with a gauge readmg of 4·25 
and amounted to 10,270 cusecs. 

It was later proposed that, taking into account the great flood ahsorpt~ve 
capacity of the lake? the figure for desil?n purposes shoulcl be 20,000 cusecs, W~tch 
allows a large margm of safety. As will be see_n from IV, a flood of very_ exc~p
tional size was experienced in 1937, _when the dtscharge over the waste weir, wtth 
temporary wall constructed, was est1mated to be 16,400 cusecs. 

( 1 ) Bomba.r Technical Paper No. 68. 
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H.-Design of High Cotif!icient Weir Profile. 

The shape of the weir profile is shown. in figure 59. The pri.nciple is that 
owing to the sharp curvature of flow, a regron of lo~ pr~ssure 18 mduced. along 
the lower nappe which creates a steep pressure gradient m the filaments m the 
direction of flow, thus producing a high discharge for a given head of flow. 

As the discharge is gradually raised, the pressure on the upper part of the 
curved face of the weir, which with low head is positive, reduces, particnlar!y 
at the crest, where the curvature is greatest. The higher the discharge the lower 
these pressures, until a stage is reached when the boundary layer separates from 
the face of the weir and a back roller forms. From this point, the coefficient of 
discharge C, in the formnla 

~c~ ~ 

(where D is the effective upstream depth over the crest, allowing for velocity of 
approach) decreases. 

The object, in design, is to so shape the profile that the stage of separation 
with increasing discharge is delayed as far as possible. 

As the design of the best form of profile on a purely theoretical basis is not 
feasible, it was developed by model experiments carried out in parallel sided chan
nels. As a starting point, a curve was obtained by tracing the profile of the under
surface of a nappe springing clear from a sharp crested weir, see figure 60, and 

FIG.60. 

~api~g the weir t~ t~at. Better resnlts were later obtained by tracing the pro-

t
e 0 af nappe sprmgrng clear from a sharp-crested weir with a lip on the up-

s ream ace,-see figure 61-the lip b · th · · · 
in figure 61 When th di h emgh en .mcorporated m the weir as shown 

. e sc arge over t e solid w · h d · I h 
discharge over the sharp weir for which the fil err, so s ape , IS equa to t e 
the face is very nearly atmos heric As thepfu e was .trac~d, the pressure along 
strre drops and the coefficient k · f th charge IS raised further, the pres-

creases, or e reasons stated above. 
This is a case in which models d t d · 

with dynamical similart"ty a "t ? nod re~ro uce the flow m the prototype, 
' s gravr y Is a ommant f t · d · h fl against a resistance due a rec · bl . . ac or I? pr? ucmg t e ow 

the latter lying in the dev~kp~: ? j0 toth dmertia and vrsc_ostty, the eff~ct. of 
. n o a oun ary layer and m the transunssron 
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off lmomentulm.tfromt tthhe region of high velocity ncar the face of the Wt•ir to that 
o ower ve oci y a e upper surface the flo , b · t 1' " hi h uld b d I d . ' . " emg s ,ream me. 1 he <'Ol'flil'ient 
w c wo. e eve ope m the prototype had, therefore, to be estimnh•d hv 
extrapolation from the results of models of increasing seale ratios. l?igure u2 

FIG: 61, 

s~ows the !ise of the coe~cient to a maxir~mm and subsequent fall with increasing 
discharge m models of different scale ratws, and figure 63 shows the maximum 
c~efficients _plotted against scale ratios and extrapolated to prototype scale. It 
Will be noticed that the 1/4·5 scale curve does not conform to the others. This 
is due to a recently introduced improved method of constructing and calibrating 
the model which eliminates the effects of the sides of the channel. When a final 
design has been obtained models to other scales will be calibrated in the same way, 
and fresh values for the prototype extrapolated. 

Figure 59 shows the pressures on the face of the weir as estimated for the proto
type ; the weir has to be designed structurally to resist these. It is al~o necessary 
to verify in such-cases that cavitation will not occur owing to the reduced pres
sure. In practice this has been found to occur when the pressure reaches about 
7 ft. of water (absolute) or, say 25 ft. below atmospheric pressure. lt will be 
seen that the lowest pressure in the present case is equal to 10·2 feet of water below 
atmospheric pressure which is well on the safe side, but had the weir been more 
than twice the size there would have been danger of cavitation occurring and it 
would have been necessary to ease the curvature. 

Another point which must be watched is whether there is a tendency for the 
flowing sheet of water to spring clear of the face of the weir, should air he given 
access; but the design shown in fig. 59 is found not to be subject to this occurrence 
owing to the rapid removal of air by the flowing sheet of water. 

It is believed that the coefficient of about 5·0 anticipated for the prototype 
is considerably higher than that of any weir hitherto constructed in practiee. 

The modular limit, i.e., the point at which a rising downstream water level 
begins to affect the discharge, is a factor of importance in this weir ; because 
parts of the weir were some distance from the downstream edge of the cut so that 
the depth of water down3tream of the weir was considerable. J?igurc 64 shows 
the modular limits obtained in the scale models with a range of upstream depths •. 
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With the plan-alignm3nt eventually selecte:l (see III) there was free flow 
over the whole length of weir. 
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III.-Determination of the best alignment and calibration. 

The waste weir, shown in figure 65, is irregular in plan and has a very rough 
surface, the rock protrusions varying from 1 to 2 ft. on the left (North) side to 
t to 1 ft. on the right side. Apart from the roughness, the bed is about level. 

The object being to puss a given maximum discharge with minimum upstream 
depth over the weir crest, curves are introduced to increase the length ; but if 
the alignment is too serpentine, the overall coefficient is lowered, as the concen
tration of discharge at certain points, if upstream of the raised weir causes loss 
of head and may cause partial drowning of the weir, if downstream. The align
ment which will give a maximum discharge lies between the two extremes. 

10 different alignments were tested in a 1/30 scale model of the whole waste 
weir. Owing to the variety of roughness and the irregular shape, the flow was 
far from being parallel, and due to the small scale, which was unavoidable as 
the whole weir hat! to be included in the model, the w~ir wall differed from the 
prototype in respect of both coefficient and modular limit. The experiments 
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'~er~ ~herefore. on_ly qualitative, but in comparison with each otlwr provided sum
Cien ata to l~dwute the best alignment. The quality of the roek on the uli rn
!11ent, an1 partwularly at the toe of the wall, also had· to be considt'r<'tl · lwcaf.se 

t
m s1~n;e P aces the rock in the bed of the cut was fis.~uretl and sh~wed a tt>tulen1:,. o c Ismtegrate. J 

I Alignment X was chosen as the most suit.uble. This hus free flow owr its 
r.xole length, which is 750 ft., compared with 660 ft. of the st.rnight nlinnnwnt. 

(se~ figure 65). The. following are the approximate comparative figures~ bused 
on designs for.a flood discharge of 20,000 cusecs, which show that the adtlitionul 
annual return m years of full demand would cover the cost of construction 6 times 
over, and that the extra cost of the serpentine weir would be reimbursed in one 
year. 

Alignment. 

Length 

~u.ximum depth of water in lake OV('f CI'<'Rt 

Height of weir 

Storage . {

M. Cft. • • 

Cusccs for 8 months 

Additionalnnnunl revenue nt Ra. 1,500 per CURCO 

Approximato cost of construction . 

TADLE ll. 

Ft. 

Ft. 

Ft. 

IX 
atmight. 

660 

3·66 

6·46 

1,206 

60·6 

Rs. 00,750 

.. 12,600 

X lnr.ronat~ of X 
Serpentine. over I X. 

no +OO 

3·34 -0·21 

6·M +·21 

1,200 

02·6 

03,000 

+43 

+2-1 
+3,150 

+3,000 

The waste weir with wall of curved high coefficient profile has not yet heon 
accurately calibrated, pending the adoption of a final design of profile. 

IV.-Oalibration of Wa~te Weir with temporary masonry wall. 

Pending the construction of a high coefficient weir with curved profile, a 
temporary masonry wall 2' 6" high, 650 ft. long, and of section shown in figure 
66 and alignment in figure 65, was built straight across the waste weir cut in 1937 
to provide immediate increase in storage, amounting to 471 million cubic feet. 

On the 24th July 1937 the water level in the lake rose to 266·5, i.e., 4 ft. 
above the crest of the temporary weir. 

FiG.66. 

Model experiments have been carried out to calibrate the temporary weir 
and from the results a calibration curve for the waste weir has been computed. 

The model experiments were done in 3 different scale ratios, viz., k, t and 
J.. 80 that the prototype results could be extrapolated. The models were geo
~etrically similar to the prototype and were .tested _in a 2' 6" channel. 'l'he re
sults are shown in figure 67 where the coeffiCient C ID the formula Q=C B D'" 
is plotted against D, the upstream head including velocity of approach, V'/50. 
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Experiments were also done with a rough bed upstream an~ downstream of 
the weir to reproduce more correc~ly the r_ocky bed of the cut m the prototype, 
but no appreciable effect on the werr coeffiment was ob~erved. 

The value of C obtained for D=4 ft. by extrapolatr_on from the model results, 
viz 3·375 compares with 3·03 obtained by interpolatiOn from Cornell's experi
me~tal results for rectangular flat crested we~s with fully aerated nap_Pes.<

7
) In 

the experiments now described, the space belli?~ the naEpe was filled WJth. a back 
roller which remained unchanged when adiDJssron of arr was allowed, t.e., the 
nappe was not depressed through non-admission of air. 

The discharge over the whole waste weir for a given. water level in the lake 
is dependent not only on the coefficient of the masonry werr but also on the rough
ness and length of the cut upstream. For calculation p~rposes th~ cut was con
sidered in two halves, the left being 175 ft. long wrth rugosrty coefficient 

. 1·346 d h . h . N .=·040, ill the Lacey formula V = ~ R1 81
, an t e rrg t 250 ft. long With 

N.=·035. Allm_ving for the drop in surf:ce level at th~ upstream end of the cut, 
the energy loss ill the flow through the cut, the velocrty of approach to the weir 
and the variable coefficient of discharge of the weir, the calibration curve of the 
whole weir was drawn, shown in figure 68. It will be observed that the maximum 
discharge recorded on the 24th July, was estimated to be 16,400 cusecs. The 
catchment area is 47 square miles and the area of water surface at crest level 
184 million square feet. 

15.-EXPERIMENTS WITH A MODEL OF THE BRAHMAPUTRA AND THE PROPOSED 
EASTERN BENGAL RAILWAY BRIDGE AT AMINGAON. 

Figure 69 is a plan of the Brahmaputra River at Amingaon for 6·2 miles 
abov~ the proposed bridge site to 6·7 miles downstream. Upstream of the bridge 
the rrver passes through a narrow section with rock exposed at places on both 
banks - shown in blue wash -. 

The river is about half a mile wide, 2,400 ft. upstream of the bridge site -
D _D-. Below the gorge, the river banks diverge at I in 10 down to about 21 
mrles downstream of the bridge site, where it splits into two channels. 

4 

Th~ Railway company <lriginally selected an alignment 1,000 ft. upstream 
of _the srte D D, n,~w proposed; but the steamer companies stated that they re
qurred more room to enable stean:ters with two or three fiats or barges in tow 
to manmuvre and turn, at ~he herght of the flood season, without being swept 
down by the current to the prers ". 

Table 12 shows Lacey silt factors based on sand samples collected at difierent 
depths below the bed. 

TABLE 12. 

I 
t,-9-4,/1[ 

Depth below bed where sample 
Mean diameter Mean diameter 

(Lacey) 

in inm. (including in mm. excluding 
d=mean diameter 

collected. all sizes of 
in inches, 

particles less tha.n excluding particles 
particles). 0·08 mm. < 0·08mm. 

(determined by 
Puri siltometer). 

(I) (2) (3) (4) 

Oto 65ft. 0·385 0·390 1-17 

65 to 75ft. Q-397 Q-406 1-19 

75 to 80ft. 0•545 0·545 1-37 

80 to 90ft. 0·438 0-438 1·24 

90 to 95 ft. 0·640 0·640 1-49 

95 to 115ft. 0·623 0·623 1-47 

' .. ( ) G>bson s Hydraulics, 3rd Edit>on, page 172. 
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. ·Sand ~t lower'depths was coarser than at river bed. For working out scale 
ratro.s; the lowest value of f"= 1·17 has been adopted ; because fine silt gives 
maxtmum scour. 

Figure 70 shows cross sections observed at the Bridge site DD on various 
.dates: .• From this it will be seen that the lowest bed R.L. only varied between 
R._L. 99 and 102·5, i.e., scarcely !'It all. From the same data, 0 in the formuh1 

A=CB,dm 
:_where B,=surface width 

dm=mean depth 
& A=sectional area, 

shows no trend, and the average value of C works out to 0·575, as aaainst 0·79, 
had ·the channel been semi-elliptical. "' 

Figure 71 shows Q and V plotted against gauge R. L. From this curve, ex
extrapolated, Q ..... with gauge R. L. 178 - maximum W. L. - works out to 
1,800,000 cusecs 

Q=CB,dm V 

Q=1,800,000 cs.; 0=0·575; B,=3,880 ft. 
and V =;= 1 0· 3 f/s. 

:. dm=78·3 ft., which indicates that R. L. of bed at maximum 
flood 

=178 - 78·3=99·7 or say R. L. 100·0. 

Figure 72 shows Q against (G-100) for the data at Pandu; and the formula 
works out to · 

Q=0·0209 d:~'"' and the discharge for G. R. L. 178 
=l,720,000 cusecs, or slightly less than the figure calculated 

above. 

Figures 73 and 74 show contour plans of the bed from 7,800 ft. upstream 
of the bridge alignment (D D) to 5,600 ft. downstream for 

(i) W. L.=R. L. 154·50 and Q=397,800 cusecs (=22 per cent. of maxi
mum Q),and 

(ii) W. 1.=167·50 and Q=935,237 (=52 per cent. of maximum Q). 
The plan shows deepest scour 7,800 ft. upstream of the bridge site at R. L. 

52 ; and there is no danger of scour moving downstream ; because scour is local 
and is due to concave curvature of the river and exposed rock- see figure 69. 

Figure 75 shows the proposed bridge on alignment DD with 9 river spans 
of 374ft. each, and 4 land spans on each bank. 

Piers. 

It is proposed to construct piers 30ft. wide from bed to L. W. L. (R. L. 142), 
and 24ft. wide from L. W. L. to H. F. Level, and to sink the piers 120ft. below 
L. W. L., allowing for 20 ft. possible scour due to piers and guide banks. This 
means that 

L. W. L.=R. L. 142 ; so bottom of piers=l42-120=R. L. 22 
. . Depth of pier bottom below H. F. L. R. L. 178-22=156 ft. 

Present lowest bed level is at R. L. 99 and 20 feet scour allowed for, or say R. L. 
79; then depth of water at maximum flood=178-79=say 100 ft. and depth 
of pier below B. 1.=79-22=57 or more than half the depth of water, and hence 
considered to be safe. 

Figure 76 shows the proposed guide banks extending 1,000 ft. upstream 
and 400 ft. downstream of the bridge. It has been recommended that the pitch
ing should conform as nearly as practicable with the existing banks, so as to in
terfere as little as possible with present conditions of flow ; and to this end it has 
been proposed that instead of stone being ~aid as an apron an~ allowed to launch; 
silt should be removed and the stone laid, so far as practiCable, where finally 
desired. 
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Experiments. 

The aim of the model experiments was-
(i) to reproduce similar con~tions to those in the prototype when thE 

same discharge was flowmg, . . .. 
(ii) to determine scour caused by a maxnnum flo~d, 

(ili) to determine the effect of adding piers and gmde banks on scour. 

Brahmaputra sand was used in the model. 
Scale ratios were worked out from Lacey formulre :-

D' h I . I3-8 I Isc arge sea e ratio= I,OOO,OOO 72464 

Velocity scale ratio= 6~32 
Longitudinal and latitudinal scale ratio= 3~0 
Depth scale ratio = !o 
Slope scale ratio =6·32 

Preliminary experiments showed that ~he vertical exagg~ration was less than 
estimated and that the depth scale ratiO should be I/50 mstead of. I/40. ":he 
discharge scale ratio was altered to suit the new depth scale, keepmg velomty 
scale ratio the same. 

Qm/Qp = tm • 
p 

d 

I 
= 300 X 

I 
94800• 

The following discharges were run successively :-
Q=4·22 cusecs (::400,000 cusecs) 

=9·88 cusecs (::935,000 cusecs) 
=I4·78 cs. (=:I,400,000 cs. ) 
=19·0 cs. ( = I,800,000 cs. ) 

To start with, sand was laid on the bed according to Apriii937 contours. Expe
riments were done (i) without and (ii) with piers and guide banks. Cross sections 
upstream and downstream of the bridge site DD were observed at the end of 
each experiment. Photos 1680 and 168I (sheet 20) show conditions of flow at 
the bridge with a discharge:=935,000 cusecs. 

Figure 77 shows the cross section at the bridge before piers were added, and 
figure 78 after piers had been added. 

Table 13 shows the equivalent bed R Ls. in the model with and without 
piers, and ' actual bed R. Ls. without piers ' in the prototype. 

These experiments showed that the lowest bed R. L. at the bridge site in the 
model was unaffected not merely up to 935,000 cusecs, as in the prototype, but 
also up to a maximum discharge of I ,800,000 cusecs. · 

Experiments to determine scour round piers-geometrically similar - are in 
progress. 

16.-NOTE ON EXPERIMENTS WITH A MODEL OF THE WASTE WEIR CHANNEL OF 
THE SPIN-KAREZ RESERVOm-BALUCHISTAN. 

(I) Introduction. 
There were hitherto two sources of water supply for Quetta

(i) at Urak, and 
(ii) Nar Nullah dam. 

It is now proposed ~o supplem~nt the e~ting supply by con~tructing an earthen 
dam across the Spm Karez River, 7 nules upstream of Quctta the catchment 
area of which is 28 square miles. ' 



TABLE 13.-Bed R. Ls. at Bridge site DD. 

Left side. Right side. 
C.L. -

I I I I I I 
0 

I I 11,200 
J I I 2,100 1,800 1,500 1,200 900 600 300 300 600 900 1,50U I,SIJO 2,100 

C. S. AT BmDllE SITE DD. 

Motfel-witllout piers. 

Q :::o-4 million cs. 141 132 126 119 112 107 102 102 112 129 134 U2 

;:::0·935 139 132 126 117 112 106 102 102 112 127 135 141 

;:::H 144 134 127 124 117 107 104 104 112 129 137 142 

"" to-

:;::1·8 147 134 128 122 117 !OS 104 100 112 129 135 142 164 ="' 1-i! 

~ 
Model-wilh pius. 

:=o·4 151 132 123 113 108 103 101 103 114 126 141 152 

:=o·93o .. 150 130 123 114 110 104 101 102 107 128 145 157 

:=H 160 139 131 119 112 112 91 104 Ill 114 129 142 152 

:::1·8 152 128 127 121 112 107 102 107 117 117 142 155 

Prolcl'Jl)t-u11/wul ,m.r1. 

Q=H .. .. .. 140 137 124 118 111 105 100 99 108 127 140 151 .. . . 
.-

=0·935 .. .. .. 145 137 133 132 130 110 115 105 115 128 144 157 .. .. 
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The dam is to be 2,375 ft. long with a maximum height of 83 _ft., ~o store 
water up toR. L. 6510·0, with a maximum flood l~vel of R. L. 6516·o. Contents 
of the Lake= 162 million Cft. and the equivalent mch-depth over the catchment 
=2·5 inches. 

The waste weir has been designed for a discharge o~ 12,500 ?usecs. This 
discharge has been based on the Nort~ West Fr.ontier Provmce formula 
Q=1220A2'", where A is the catchment area m square miles. 

So Q=1220 A213 

=12,146 cusecs. 
The questions to be investigated were :-

(1) the discharging capacity of the Waste Weir channel as designed, 
(2) the extent to which scour would occur in the waste weir channel up

stream of the weir and whether measures were required to prevent such scour, and 
(3) how best to prevent scour in the long escape channel downstream of 

the Waste Weir crest. 

I 

(2) Experiment.s with the approach channel of the Waste Weir. 

(a) Approach channel to Waste Weir. 

Figure 79 shows the plan of the Waste Weir channel which was intended to 
pass 12,500 cusecs; and figure 80, the longitudinal section of the channel as de
signed. It will be noted that the bed of the Waste Weir channel was designed 
sloping up from the Reservoir for 1,300 ft. at 1 in 1,000; and that the curvature 
in the bend had an inner radius of 265 ft. and an outer radius of 515 ft. 

The first point to decide was the rugosity of the channel : The Spin Karez 
River has a slope of about 100 ft. per mile and according to the Lacey formula 
S=0·00053 f''"/Q''6, with a flood discharge of 12,500 cusecs - a figure roughly 
borne out by the width of the River - f=22·0 ; which, according to the Lacey 
regime formula would indicate a channel bed consisting of pebbles of a mean 
effective diameter approximating to 5f" ; but under non-regime conditions, it 
probably indicates a very heavy supercharge of silt, consisting largely of finer 
material. Nearly the whole of this material will be trapped by the Reservoir 
and only fine silt in suspension will pass through the waste weir channel. 

Assuming a Lacey 'f' value of 1·0, which would be approximately correct 
for clear water before scour exposes coarse materials · and comparing these figures 
with the proposed dimensions :- ' 

TABLE 14. 

As designed 
-- Lacey f=1. 

at entrance. at Weir crest. 

P(ft.) 298 265·6 263 

R(ft.) 10·9 7-55 6·18 

A (sq. ft.) 3,248 1,950 1,625 

V(f/e) 3·85 6·41 7-7 
Bed width (ft.) • 270 250 250 

It Will be s~en that. the designed depth is quite unnatural and the velocity 
wou~d be excessive~ . This was borne out by the model experiments, in which the. 
outside of the cur':e and t~e channel bed scoured rapidly, with the result that 
pebbles embedded m the soil becam~ ~xposed _and the rugosity increased rapidly 
as the scour progressed. In the or~gmal design, it was assumed that the dis
charge formula, base.d on F. S. level m the Lake (=R. L. 6516·5), was 3·02 n•·• 
where D=depth of sill below flood level in the Lake Thi · th t d d b a' 

td "f 1 · h · Sis esanar roa-
cres e werr ormu a : m ot er words the design assumed 1 f b t 
the Lake and the weir crest. ' no oss o energy e ween 
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Wi~\t=f;O ; and a regime channel 11 ft. deep and 270 ft. wide tlte loss of 
en~ilgy& d e .~h of 1,300 ft. would be 2"; but with the designed cha:mel scoured 
un . 1 e WJ. pebbles, the loss of energy head in the model was found to be 
~qmva ent to 1-14 ft. in the prototype - see figure 81 (L. S.) ; or alternative! , 

,. :~~~~ level ot 6,516·5'_;.would be reached with a flood of approximately 10,olo . 

~~ ..... ~ ·. 
, Conclusions of 1 • 

.. , ~i) Owing to the very sharp curvature in the Waste Weir channel the outer 
ba~ mnst be. lined with large stones from where the curve begins d~wn to the 
WeJr crest. This outer pitched bank will scour at its toe in a flood of 12 500 cusecs 
-t~ a total depth of 16ft. or more- according to the material left as a ~due . 

. (ii) '!'he rising_bed design (of Strange) was intended for waste weirs in rock 
or merodrble matenal and has no merits for Baluchistan conditions. 

. (iii) Either the channel must be designed large enough to take 'the F. S. Q. 
Without scour or else the head lost in the Waste Weir channel will be considerable 
necessitating either- ' 

(a) an increase of High Flood Level in the reservoir from R. L. 6,516·5 to 
R. L. 6,517·5, 

(b) lowering of sill level from R. L. 6,510 toR. L. 6,508·9, thus reducing 
maximum:_stor~ge by approximately 7·5 million c.ft., or 

(c) continuous removal of boulders exposed by scour from the bed (when 
the rugosity can perhaps be kept down to N.=0·025), combined 
with a waste weir with C=3·5 ; 

(c) is the best solution. 

II 

(3) Escape channel downstream of Waste Weir CJTest. 

A model of the whole Waste Weir channel down to its junction with the Spln 
Karez River was constructed with a longitudinal scale of 1/20 and a la~tuditi.a~ 

· scale of 1/30. · . .:~- • 
It will be seen (from: the L. S. in figure 80) that the ground slopes steeply 

downstream of the Weir at- · ,., .•. 
'(i) 1 in 14 for 200' downstream of weir crest, 
(ii) 1 in 28 from 200ft. to 1,000 of weir crest, and 

J. (iii) 1m '33 from 1,000' to the junction with the River 3,300 ft. do~~stream, • . 
f · -~ :. The ·channel in its first 500 ft; length below the weir consists of shingly materiai • 

. (clayey silt, sand and boulders); and the remainder-consists of black argillaceous 
1 shale, very hard when dry ; but very ·soft when wet. There are no boulders in 
·<this material: The material of the first 500 feet has one virtue - that the boul
ders and shingle will tend to pitch the channel as scour occurs _and will also providE) 
boulders fo! filling up scour holes where they occur ; but even this material cannot"' 
stand up tG' a slope of 1 in 28 ; while the material in the remaining 2,800 ft, 6£. 
channel, down to .the junction with the Spin Karez, has no merits at all, and will 
scour rapidly. J-

(4) Ex:pi?Jf'iments. 

· Experiment 1 without any devices 'to prevent scour:!,_Photo 1,575 (sheet 21) 
shows conditions of flow after 2 hours flow (::9·5 hours in the prototype); photo 
1576 and figures 83 and 84 show the scoured bed. As was to be expected- seeing 

·. th&t the .fall of the nala was about 100 times the natural regime slope - scour 
was 'extremely rapid, starting at the lower end and working upstream rapidly, 
.showing how essential it is to pro:vide adequate protection. 

The original proposal was .to give a bed slope of 1 in 100 for the first 100ft. 
downstream .of the Waste Weir crest and to pitch the bed and side slopes with 

. stones ~ see fignre 80 - ; and in the remaining ~ength - whefe th~ slope is 1 in 
28 . to 1: in 33, to construct crated boulder curtam walls at 500 ft. mtervals, the 

.number.of these walls to. be increased if fo\UI.d necessary. 
This was tried in exp~riment 2, 
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L. sections and cross sections of this experiment are shown in figures 83 and 
84. It was found that deep scour holes developed-vide hole marked ' A ' in 
figure 83-which showed a tendency to work upstream-see photos 1579 and 
1580 (sheet 22). The experiment was therefore discontinued, as results were 
definitely unsatisfactory. 

Experiment 3. 

Alternative methods of preventing scour were then considered :
(i) A series of baffie falls with cisterns and defiectors-

(a) without a glacis. 
(b) with a glacis added downstream of the weir. 

(ii) A eontinuous rapid. 
(iii) A plain vertical fall. 

These were all constructed in the Waste Weir channel and tested simultaneously. 

Two huffie falls at R. D. 250 ft. and 500 ft. were constructed at the upper 
end-sec figures 86, 87 and 88. The depth downstream of the fall was according 
to Kennedy's formula V=0·84 do·••. The falls were designed for H=S ft. The 
height of the Laffie=d.-d. where d.= ~-q'jg and d

2
=free flow depth at toe, 

A deflertor was constructed downstream of the baffie, with height= i\ depth 
of water. Downstream of these two falls, a continuous rapid was constructed 
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in the crvn.d length of the channel, and in this len~h the width of the cilannel 
was gra ua Y reduced fro~ 8 ~- ~ 6 ft.-:-as shown m dotted lines in figure 86-:0 ll redl~rb cost-and the raptd was gtven superelevation. The ' rapid ' Wt\S 
o ~we Y another .8 ft. baffie fall;-see figure 89- ; but in this baffie fall, a 

glams sl~pe of 2. honzontal : 1 verttcal was provided downstream of the weir ; 
below this, a plam 8 ft. vertical fall was provided-see figure 90. 

(~) The baffie. fa~ with a. s~op~g glacis gave better results than the bnffio 
fall wtthout a glams, 1!1 t~at diss1pa~10n of energr was more effective ; but all the 
baffi~ ~alls were e:ffecttve m preventmg scour--vide photo 1587 (sheet 23) showing 
conditions of flow. 

(b) The lined rapid was very satisfactory; but (c) heavy scour occurred down-
stream of the vertical falls. . . 

' 

(5) Conclusions of II. 
The solution reco=ended to pass 12,500 cusecs is to construct-

{1) a 3 ft. baffie fall with glacis, baffie, cistern and deflector to serve as weir 
· crest-to maintain the F. S. D. upstream, without danger of scour 

downstream ; ' 
{2) an 8 ft. baffie fall at R. D. 200 of the Nala (or 300 ft. downstream of 

the weir crest); ' . · 
{3) an 8ft. baffie fall at R. D. 500 of the Nala; 
(4) a rapid from R. D. 700 to R. D. 2,600; 
{5) an 8 ft. baffie fall at R. D. 2,900 ; and 
(6) a baffie ~all at the junction.' of the Nala with the River to prevent retro

gresSlOI\. 

{6) Recommendations. 
It is extremely ·difficult to put up definite reco~endations in connection 

with this scheme ; because if the waste weir had to stand up to aunual floods of 
5,000 cs. or more, it would be necessary to protect the channel throughout its 
length as described in para. (5). . . , 

If such floods actually occurred annually, the reservoir would become silted 
up to waste weir level in a short time, and judged by the standards of Peninsular 
India this scheme would be condenmed. It is obvious, however (both from letters 
received from local officers and from the fact that during the period April1921 
to December 1934, the, maximum rainfall in any one month was 5·03* (in February 
1931) ; that rain exc.eeqed 3" in only 5 months in that period and exceeded 2" 
in only 20 months), that the framers of this scheme have assumed that the waste 
weir will seldom flow with more than a few hundred cusecs, and are ' banking 
on ' large floods being of such rare occurrence, and short duration, that the damage 
done can be repaired before another large flood occurs. This would be cheaper 
than providing for the maximum flood at the start ; but it is for very serious 
consideration whether the risk is justified. 

17. EXPERIMENTS WITH SILT ABRADER. 

Despite the fact that silt becomes progressively finer from the hills to the 
sea, there has been a. widespread opinion that this phenomenon could not be 
explained by abrasion (i.e;, by particles colliding with each other and thus becom
ing finer by mechanical action) ; because the time taken for silt, carried by water, 
to reach the sea was too short to explain the facts. 

• Experiments were therefore carried· out with a silt abrader-starting in 
November 1932-to determine the rate of abrasion. ' 

The silt abrader consists of a circular tank of 2 ft. radius, 4 ft. high, With a 
central shaft to which three tiers of blades are fixed, each tier being set at 40° t6 
the other two. The shaft was revolved 30 times per minute, so the velocity of the 
blades at the outer edge was 6·9 fjs. Sukkur sand was place~ in the tank to a 
depth of 6" and water maintained at a constant level; 3' -6" over the bed of the 
tank. The abrader has worked for 930 hours {=39 days) since last year's report, 
the total working hours to date being 7,150 hours (=298 days). 
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At the end of 7,150 hours, the sand on the bottom was thoroughly mixed 
and 6 random samples were analysed. The method of analyses was the same as 
for samples of the preceding years, viz., particles < 0·2 mm. were measured by the 
sedimentation method and coarser particles by sieves. Table 15 shows the results. 

TABLE 15.-Slwwing various grades and percentage fraction of sand to total sand oj 
G samples in the silt abrader after 7,150 !tours working. 

Diameter of Mean of 
particles Sample Sample Sample Sample Sample Sample 6 
in mm. I. 2. 3. 4. 5. 0. samples. 

( 1·0 -0·1> 
{I) Coarse sand 1·0 to 0·21 0·5 -0·:13 

rum. 0·33---0·25 
0·25-0·20 

{2) Fine sand 
mm. 

( 0·2 -0·1 
0·2 to 0·02J 0·1 -0·075 

l 0·075-0·04 
L 0·04-0·02 

0·072 0·042 0·122 0·078 0·065 0·079 
1·202 0·502 0·777 0•637 0·760 0·827 
0·9:l0 0·200 0·352 0·409 0·911 o-494 

43-187 33·510 35·820 43·515 45·330 37-506 

45·391 34·254 37·071 44-639 47·066 38·906 

45·375 43·759 50·164 44-482 46·667 46·433 
4·952 7·262 4·823 5·581 3·622 5·679 
2·484 9-520 4·757 3·564 1·760 5·587 
0·900 2·470 • 2·041 0·824 0·494 1·804 

0·076 
0·784 
0·549 

39·811 

41·220 

46·143 
5·319 
4·612 
1-422 

53•711 63·011 61•785 54·451 52•543 59•503 57•496 

(3) Vo•·y fine sand 0·02 and 0·02 and less 0·305 0·306 0·165 
less. 

0·043 0·062 0·259 0·190 

TOTAL 99·407 97-571 99·021 99-133 99·671 98·668 98·906 

Mean diameter in mm. 0·1806 0·1604 0·1702 0·1777 0·1830 0·170 0·1738. 
a-standard deviation 0·0586 0·0628 0·0561 0·0562 0·0532 0·0612 0·05802 

Table 16 below shows the weighted mean size in mm. of each of the six sample 
and the standard deviation ' cr '. 

Sample I . 
2 • 
3 • 
4. 
5 • 
6 • 

(I) 

TABLE 16. 

Weighted mean size in mm. 

(2) 

0·1806 
0·1604 
0·1702 
0·1777 
0·1803 
0·1700 

Mean 0·1738±0·0073 

'a' 
(or standard deviation). 

(3) 

0·0586 
0·0628 
0·0561 
0·0562 
0·0532 
0·0612 

0·05802±0·00325 

The weighted mean size.i~ 0·1?38 mm. and the variation of ±0·0073 is small 
and the value of P (Probability) IS far below 0·01 against th I' 't' 1 f 
0·05 laid down by Fisher.c•l e IIDI Ing va ue o 

Standard deviation or cr.C"l 

As it is possible that samples with the same mean size rna d'ff h · I t f t' I · h . y 1 er, one avmg 
a. arg~ percen age ~ par ICes .wit diameters near the mean size and the other 
with dmmeters varymg more Widely the standard deVI'at' ( ) • th t 

f I . ' wn cr = e roo mean 
square o t 1e squares of divergences ' is calculated a f th d' sion. s a measure o e Isper-

In this case the mean standard deviation-0·05802 d th · · 
±0·00325 h' h · - an e vanatwn= 

, w JC IS very small so the method of s 1· · 1· bl T b 
I th d d h ' amp mg IS re Ia e. a Ie 17 

s 1ows e gra es an t e percentage fraction of d f d 1 · ht-th f . gra es o san to tota sand by we1g e average o 6 samples-m the origin 1 d d d f 
6,220 and 7,150 hours. a san an san a ter 5,382, 

(
9
)" Stntistirnl m£>thods for Research workers" b F' h T . 

(~)Punjab Irrigation Research Institute Publicntfon L;,e~~J awe of P m Chapter G. 
• • 

0 
• • o. 15 "Punjab Practice in Silt Observations'", 
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TABLE 17.-Slwwing various grades and percentage fractions of sand to the total sand in the silt ahrader at different intervals of time (mechanical analyses by 
• sedimentation and sieve metlwd). 

Sample after Sample aft<-r 
Difference 

· Sample after Diameter Original silt 5,382 lliffercrwe 
Col. 5 x 100. 

6,220 Col. 8 7.1.50 DiffeJ"('nce Col. Jl of particlps (average 0f hours in columns hours jn columns Col. 3 x!OO. hours in columus c:;['3 x 100. inmm. 6 snmpll•s). (nn•raJ!c ,.f 3 and 4. Col. 3 (anra~e of 3 and 7. (R\'ernQC of 3 and 10. 6 san.plcs). 6 snmplcs). 6·sa.mples\ 

(I) (~) (3) (4) (51 (6) (7) (8) (9) (1QJ··:, .(111 (12) 

Per cent. Per cent. P«!rCL•nt;' 

<" ~~ ••• " ,, •·• ····{ 
-·04 -22 ·08 ·-0·10 

, .. 1·0-0·,; 0·18 0·16 -0·0:? -II 0·14 -56 
.' 

0·5-0·33 4·19 1·30 -2·89 -69 0·94 -3·25 -78 ·o·7R ~~·41, ...:sl 
0·33-0·25 1-49 0·50 -0·09 -6~ 0·52 -0·97 -65 0·5.') -0·94 -63 

0·25-0·20 84·04 62·17 -21·87 -26 aH4 -29·90 -36 39·81 ---44·23 -.~3 

89·90 64·13 -25·77 -29 55·74 -34-17 -38 41·22 -48·68 54 ~ 
.f.520 

... 

"' ,;,. -~ .. , . ~· ···{ 0·2-0·1 7··!2 29·56 +22·14 +298 29·22 +21-80 +290 46·14 +3R·72 p 0·1-0·075 0·38 2·.~9 +2·21 +->82 7·55 +7-17 +1900 5·32 +..04 +1300 

0·075-0·04 0·43 2·22 +1·79 +416 4·32 +3·89 +900 4·61 +4·18 +YiO 

0·04-0·02 0·48 0·41 -0·07 -15 1·08 +0·60 +12.> 1·42 +0·04 +21l6 

8·71 34·78 +26·07 +300 42·17 +33·l6 +380 -'7·49 + .. H·i8 +727 

{;l) \'('ry fine sand 0·02 and less 0·02 and leSS~ 1·76 0·50 -1·26 1·72 0·19 

TOT .... L 100·37 09·41 99·03 9S·91 

(4) Mt.•an dia. (in mm.) excluding 0·2289 0·2021 0·19:12 (lo!SU 
particlC'fl <0·08 mm. 

(5) fd=l.a(\('y silt factor of part~ 0·894 0·8.1' t ·SIU 0·796 
l'l cleo >0·075 mm.=9·4.,/d, 

d being dia. in inches. 
(;• 
c.> 
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Figure 91 shows the size distribution curves of origi~al silt, and silt obtained 
after 6,220 and 7,150 hours, based on analyses of particles <0·2 mm. by sedi
mentation and >0·2 mm. by sieves. 

Figure 92 shows the size distribution curves of silt after 6,220 and 7,150 hours, 
based on analyses by Puri's siltometer. . 

[The original sample could not be analysed by Puri's siltometer, as this meter 
was evolved only lately. The future samples will be tested by the new method.] 

Figure 93 shows the percentage of 0·1 to 0·2 mm. sand increased with time 
(shown as abscissa) and the percentage of 0·2 t_o 0·25 mm. sand decreased. 
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( 1) The percentage fraction of coarse sand (O 2 t . 
decreased from 90 per cent. at the commencement f ~h 0 1·0. mm.) obtained has 
after 7,150 hours and the percentage of fine sand o(0·2 e ex~enment to 4lyer cent. 
from 9 per cent. to 57 per cent. to 0 02 mm.) has Increased 

(2) The rate of per centage decrease of coars d 
of percentage increase of fine sand per hour (<O·~ e san) yer hour (>0·2 mm.) and 

- mm. mcreases as the material 
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becomes finer, until the silt reaches a ('e t . fi 
creases_rapidly due to the sand th b . r a~n neness. below whieh nhru,;ion de-
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[Analysis of sand in suspension in the ahraclcr after it worked for 7 150 hours 
gav~ the following result~. The sample was taken at mid-depth at a 'point ~rd 
radius from the centre at the moment the abrader stopped working. 

Diameter in mm. % fraction to 
total by weight. 

0·1 to 0·2 
0·07 to 0·1 
0·04 to 0·07 
0·02 to 0·04 
below 0·02 

% % 
15-48} 28 
12·56 

14·64} 
21·71 72 

.35·58 

100·0 

Thus the maximum diameter of the silt in suspension was 0·2 mm.] 
(3) The Lacey silt factor (f.=9·4 v d) based. on particles greater than 0·075 

=· in diameter changed from-
0· 894 (original sand) to 

0·871 after 3,775 hours (or 157 days), 
0·834 after 5,382 hours (or 224 days), 
0·819 after 6,220 hours (or 259 days), and. 
0·796 after 7,150 hours (or 298 days). 

It is clear tl:tat abrasion in the boulder and pebble reaehes of rivers occurs 
mainly while the stones are at rest-due to finer material passing over the stones. 
This is also true to a large extent in the case of coarse silt. With finer silt, a bra· 
sion takes place as the sand waves move along the bed forming ripples, which 
progress downstream. 

n2 
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18. DIVERGENCE EXPERIMENTS. 

It is frequently desirable and economical to con_struct m~sonry works which 
are narrower than the downstream channels : This necess1tates the construc
tion of expansions, which; in the past, have. been ~ frequent cause of t:ouble ~ue 
to flow not ' fanning out to fill the expa~s10n, w1th the result that a Jet of h1gh 
velocity has flowed towards one bank w1th return ~ow along t~e oth~r. Very 
little appears to be known about the theory underlymg the flow m a divergence 
beyond Prandtl's proposition that s.epara~ion at the boundary, followed. by r~turn 
flow, occurs when the layer of flmd adJacent to the ?o~nd~ry loses 1ts kinetic 
energy and comes to rest, owing to the rate o~ ene~gy dlsslpatlO_D at the boundary 
exceeding the rate of replenishment from the mtenor of the flmd. 

The factors affecting this question are :
(i) the degree of divergence, 

(ii) velocity, 
(iii) width, 

(. ) width ratio and 
IV d h ' ept 
(v) degree of turbulence. 

Little experimental work appears to have been done on this important 
problem. 

Experiments. 
Experiments were therefore commenced to enable the distribution of flow 

in a divergence to be examined ; the loss of energy to be measured ; and, in the 
light of this information, to test the effect of various practical devices intended 
to make the flow ' fan out ' satisfactorily. 

Series I. 
In the first series, various discharges were passed from a ehannel 2 ft. wide 

to one 4·8 ft. wide through an expansion, the sides of which diverged at from 1 
in 3 to 1 in 10 in different experiments, the depth of flow also being varied. The 
intention was to correlate the loss of energy due to expansion with other factors, 
but the l~ss o£ energy was so small and the experimental error in measuring energy 
was relat1vely so large-owing to the distribution of velocities downstream being 
very uneven-that useful results were not obtained. 

Series II.-Sudden divergence. 
In this series the enlargement from 2ft. channel to 4·8 ft. channel was sudden, 

see figure 95. A constant discharge of 8 cusecs was run and the loss of energy was 
observed for various depths of flow. 

FIG. 95. 

C"~f"'" 

J 
SUDDEN DIVERGENCe. 

If there. was }lO conversion from velocity energy to pressure energy the loss 

would be v-.2-v-., or taking account of the velocity distribution say v·. v·:l 
g ' 50 

where V,=mean velocity in 2ft. channel 
. v.=mean velocity in 4·8 ft. channel. 

From Ne,':ton's momentum law, however, as applied to pipes,(') \he loss woUld b~ 
(v·;v·y, while another formula('') given is v. (v. g v.} 

(:J Hydra.uli~ an~ its a.pp~cations by Gibson, 3rd edition, 1925, page 89. 
( ) Hydraulics Wlt.h working tables by E. S. Bellasis, 4th edition, 1924, page 32. 
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'l'he losses observed in these experiment~, after deducting the npproximnte 

loss due to ordinary frictional resistanee by Mam1ing's formula 

LV' 
[viz., hr= C' n 1.,, 

where h,=loss of head due to friction, 
L=length, 
V=mean veloeity, 

C=~nd N=O·Ol2, N 
H=hydraulic mean depth] 

are plotted in figure 96. 
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)t (v.,- Vs)'/.so· 
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I ill b th t V',-V i gave results which were nearly correct where the t w e seen a --
5
-
0
- . 

bed width was more than 4 times the depth ~nd though. other factors enter, It 
th t · 1 hannels this formula g1ves approXImately correct results. appears a Ill norma c . . 

There was in this case, apparently, little recovery of velocxty head at the 
expansion. . . 

It is intended to do further experiments with other expanswn ratws. 

Series II I.-Tests of practical devices. 

· ·, The. channel used was one of transition from a. sect!on 2 ft. wide ~ith vertical 
sides to one having a bed 3 ft. wide with 1 : 1 slopmg sides, as shown m figure ~7. 

Lmes 

DIVERGENCe EXPERIMENTS 
WITHOUT STABILISER. 

OF FLOW AT SURFACE W!Tif Q=SCUSECS 

WATE2 SURF/ICE. 

AG:-97 

TOP OF CHANNEL 
/11'110 IJIV€RGENCe ;.TT BEIJ. SIDE: 5LOPE /:/. 

~------~F=~~----~----, 

TOP OF CHANNEL 

SCALE 

The side divergence at the bed was 1 in 10 and at the surface considerably 
sharper and the bed was level. This is the type 'of divergence which is frequently 
adopted at the downstream ends of aqueducts and falls in the Deccan. 

A constant discharge of 5 cusecs was run and a downstream depth of about 
1 ft. was maintained. Where there was no stabi!iser, the flow followed one side 
only, a large eddy forming on the other side, as shown in figure 97 (The lines of 
flow shown are for surface only whereas the flow was 3 dimensional). 

Various devices were then tested, these being of two main types (a)·" baflle 
type stabilisers " which force flow from the bed upwards thus making the water 
spread out to follow the expansion, see figure 98. 

The other type (b) consists of stabilisers designed to create turbulence so 
facilitating the transference of energy and equalising the velocity across the channel, 
see figure 99. 

The most satisfactory design of type (a) consisted of a 0·3125 ft. high' baf!le
stabiliser' 21 ft. downstream in the divergence, i.e., midway along the divergence. 
The ends of the stabiliser at the sides of the channel sloped up at 1 in 5 to a maxi
mum of 2", as shown in figure 98. 

In type (b) a grid of 3 verticals ; the central one t inch thick and the other 
two I! inches thick, placed 6! inches on either side of the central one, was found 
to be most satisfactory. This grid was placed I! ft. downstream along t.he diver
gence, as shown in figure 99. 

. Un~er labor~tory conditions the latter was very satisfactory, but would be 
hable-like all grids-to catch brushwood, and would then be liable to cause con
siderable damage. The former has given satisfactory results in Sind and will be 
successful where the silt charge is normal ; but it remains to be determined whether 
a supercharge of silt may not render it less effective. If this is found to be the 
case, modification may be necessary. 
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19. EXPERIMENTS WITH GEOMETRICALLY SIMILAR MODELS OF VARIOUS DESIGNS 
OF SPURS. 

Object.-This series of experiments has bee~ plann~d ~o test the relative merits 
of various types of spurs by means of geometriCally s1mrlar models, 

. Model.-In this experiment, a model_of a B~r~a type spur was tested. This 
spur has a nose shaped like a hockey stick, p01ntmg upstream (Eee figure IOO). 
In shape, the model spur was a in th scale replica of the Emma spur constructed 
half a mile upstream of the Sarda Barrage at Banbassa .. Th~ spur was coll,!pose~ 
of 1 • diameter stones and the bed of the channel was laid With stones of i to I 
diameter. The spur was 1 ft. high, having 2 to I and 3 to I slopes upstream and 
downstream respectively. The radius of the curved head was 4·8 ft., equivalent 
to 268ft. and the curved length was 6·75 ft. (:=405ft.). Concrete blocks 2"X 
1·2"X1·2" (:=10'x6'X6') were laid round the toe of the nose-see figure 100. 

Experiments. 

In practice, spurs are only attacked when they project into, and sharply 
divert, the main flow of a river. 

In order to reproduce the resultant severe attack, conditions had to be im
posed in the model by means of a vane which directed flow towards the nose of 
the spur-see figure 101. This caused curved, diving flow. 

The water level downstream of the spur was kept 6" below the top of spur, 
and the discharge was gradually increased to 12 cusecs. Movement first took 
place in the 1" stones above and below the concrete blocks around the nose of 
the spur at C. S. 2-B ; after which the blocks, thus exposed, were washed down
stream. Scour then spread, and eventually extended from C. S. 6A (upstream) 
to C. S. 4B (downstream) (see figure 102). . 

Figure I01 shows lines of flow, and figure 103 isotachs. Surface water flowed 
with high velocity, across the nose of the spur ; while the bed water twisted sharply 
round the vane, well away from the nose, with mid-depth water diving towards 
the bed, across the toe of the spur at its nose. Scour took place where the direc
tion and velocity of flow between mid-depth and bed water varied abruptly from 
point to point with periodic fluctuations due to instability of flows. 

Concrete blocks between cross sections 4A and 6A were undisturbed ; but 
the remaining blocks, between 6A and 4B, were washed away and deposited down-

stream. Reynold's number VR at cross sections 1B, 2B and 3B was about 200,000. 
v 

The experiment was repeated after numbering each block and painting stones 
in the various zones· in different colours, the object being to locate where stones 
and blocks from different parts of the spur came to rest (figure 104). 

It will be noted that where the mid-depth water dived and turned sharply 
in plan, near the nose, blocks and stones were carried a longer distance towards 
the left bank than where the stones were carried by the bed water flowing across 
the nose. 

Conclusion. 

The main object of this investigation is to compare various designs of spurs 
in other words to obtain qualitative results. 

The Burma type of _spur, dealt with here, has the marked advantage that the 
attack, though severe, IS. confined to the noRe; and, provided ·the nose can be 
made strong enough to Withstand attack, the spur will remain intact. 

20. EXPERIMENTS IN CONNECTION WITH SEEPAGE FROM CANALS. 

Mr. Crump, of ~he Punjab, concluded, on theoretical grounds, that losses fro~ 
Canals vary accordmg to the level of ~he subsoil water table, increasing as the 
water table falls below the water level m the canal until a maximum is reached 
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when the subsoil water table is a little below the canal bed lew! · below whieh 
the loss rapidly decreases as saturated flow chan"es to \msatumted flow nfte; 
which resistance to flow is balanced by gravity and~ further drop in sub~oil wnter 
level has no effect. 

At the suggestion of l\Ir. Crump a series of experiments wns ~ta rtt•d to verify 
t!Je accuracy of this theory, by measuring, 1mder controlled laboratory (•omli
twns, the seepage through columns of silt when water was maintained on top of 
the column at a uniform depth, representing a canal : Each column was also kept 
submerged in water at the bottom, to represent the water table, which couhl bt' 
varied in different experiments. Experiments with the same object, but on a 
field scale, have been carried out in the Punjab, the results of which have been 
described elsewhere.l11> 

In the experiments at Poona, silt was packed uniformly in steel cylindNs 1 ~ ft. 
in diameter, and of various lengths, fixed vertically as shown in figure 105. 'l'hc 
water in the " canal " at the top was kept constant by an automatic feed ntul tlmt 
in the chamber at the bottom by an overflow pipe. After passing through this, 

FIGU,(J£:105 

5HDWIN6 
3 FE:C:T SOIL COLUMN 

.t..OWCR Wl-. 

Ca<tR SE SANO 
FILTt=R 

SCAL~ t"!::z'. 

CANAL W.L • 

h water was measured The silt used in the earlier experiments was 
tKhe sdeekpagel ed silt a slightly c.ohesive silt having an average partiele diameter 

a a vasa r ' · il f h · G of 0.31 mm. ; but experiments are also in progress usmgd_s t ~om t e nver anges, 

hi h · t pica] incoherent sand of 0·27 mm. mean mme er. 
w c 1s a y h d' · f f 

These experiments do not exactly reproduce t e con 1~10ns o s~epage rom 
1 here the stream lines may be curved, the flow. havmg a honzontal com-

cana st, wb t intended to provide data on the basw laws of downward flow ponen ; u are 
above a water table. 

I h rm. ent the depth of water table was kept constant and the see-
n eac exper . . d b h d 'l'h t f a e was allowed to continue until stab11ity ha een reac e . e ra e o see-

p g · ·t· II several times as great as the final stable rate, the decrease at 
PagewasrmJay ·d hs' · 

b · a·pid. and a considerable peno , mont m some cases, w.ls first emg very r ' 

(") Gopaland Sharma: Punjab Engineering Congress, Paper No. 209, 1938. 
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required before stability was reached. Figure 106 shows a typical curve of see
page : time. This reduction in seepage rate is thought to be due to the gradual 
rearrangement of the air .contained in the silt, a view supported by the fact that 
if, when stability was reached, a layer from the bed of the canal was removed 
or the bed slightly disturbed with the fingers, bubbles of air arose from the bed 
and the rate of seepage jumped considerably, subsequently continuing and stabilis
ing at a higher figure. 

NOTE.-Air was contained initially in the silt which was filled into the cylinders in a dry state ; but a certain 
amount of the air was presumably expelled through the pipes fixed at 1 ft. intervals in the sides of the cylinders 
when the water from the " canal " permeated the silt column, yet it appears that even then a considerable amount 
of air waa trapped; and in the shorter cylinders the whole of the air was ta'npped, because the side tubes had to 
be kept cJosed to prevent egress of water. 
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The seepage rate was very sensitive t d' b 
occasion seepage jumped to a ver hi h 0 Istur ance : for example, on one 
rat which had fallen into the Imler c\a!t:~ due to the disturbance caused by a 
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The final, stable, results corrected f te . . 
for evaporation, are shown i~ figure 107 or It mpllrbture (viscosity) to 25oC, and 
table was more than 3·0 ft. below the can~! bed '"ili e seen that where the '~at~r 
constant, because the resistance to flow thr h th rote of seepage ~as prnchcally 
of gravity had attained a balance. oug e unsaturnted SOil and the pull 

When, however, the water table lay within 2 5 f f h 
ous streams of water existed in the 'It d th ·t tf. o t e carlfl! bed, continu
the head of wat Th' 81 an e ra e 0 seepa"e was dependent on 
was just above fu~ posi~ior;t:t ~h~c~e:h!o~~n~~~:i:ufun~~~1:~,:~:d:Yater table 

cr In cases where the height of srlt column was constant, the rate of flow de
p ea~ebd abs t~1e water table rose. These results corroborated those obtained in the 

UUJa y 1• essrs. Gopal and Sharma . 

. hiConsidering the results of columns of various heights with various heads 
w~t . n the saturat~d range, th~ following are the values obtained for the trans: 
illlsswn constant A m the equation 

Q= AA g ph 
fl. I 

where Q=rate of seepage. 
A=cross sectional area of column. 
g=gravity acceleration. 
p=density of water. 
fl.= viscosity of water. 
h=difference in head. 
!=height of soil column. 

Height of column. Head ft. 

1·0 1·0 

1-5 1-5 

1-5 JoO 

2·0 2·0 

3·0 2·0 

3·0 2·5 

3·0 3·0 

Seepage rate 
C.ft. per hour. 

Ax lou 

·0171 ·00 

·0357 1•87 

·0285 2·24 

·0310 1·62 

·0251 1·97 

·0297 1-86 

•0364 1·00 

No explanation has yet been found for the low value of A in the first case. 
The differences between the others may be due to differences in packing and 

air content. 
Pressures were observed by inserting manometer tubes into the centre of 

the soil columns through apertures in the walls of the pipes. In the case of un
saturated flow the inside pressure was shown to be atmospheric. Water in a 
horizontal tube 0·18" in diameter inserted into the soil 1 ft. below the top of the 
column was sucked in at a constant rate of 0·28" per day, due to capillary action, 

In the·case of a 3ft. soil column with saturated flow, instead of a proportionate 
loss of pressure head from canal to lower chamber, 4 tubes at different levels all 
registered the canal water level, showing direct communication of pressure from 
the canal-due presumably to the arrangement· of the air contained in the soil 
allowing pressure to be transmitted. · 

On the other hand a similar experiment, carried out in a 2" diameter glass 
tube packed with Sukkur sand, mean diameter 0·22 mm., in whichJhe silt was 
carefully and completely saturated, which showed proportionate loss of head i.e., 

loss of head depth from canal bed 
h = 1 • 

A 6" column in a Ji ft. cylinder, similar to the original ones except that it con
tained Ganges sand, has recently been prepared by la;y-ing the silt in water to 

. . J2 
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. a ed In tbis case, proportionate loss of head 
ensure that no. fJ;e~ arr c:n bhlentr af)oll~wed by a gradual tendency to equalisa
was observed lllltiall~\ u~ t / w t equal to that of the canal above but 
tion of pressures, whic t s nne w~r1 ~0 a drop in the rate of seepage. This 
to the lower water lev11, accoilipamj Yof air from solution in the water. In 
appears t? have bee~! ue t? he re etasend apparently free from colloidal matter. 
th" enment the s1 twas mco eren a . . 18 exp . . . t d~ne in the same connectwn : One senes 

Some subsidiary exper
1
Imen s t~re 

14 
em in diameter as shown in figure 

was carried out usmg a g ass con au:er, · · 1 ·22' m ) and rovided 
108 filled with Sukkur sand (mean diameter of part~c e 0 m · , P . 
with manometer tubes. · 

FIG,· JOB . 

.,.----
5 Cms. 
]i-- - .. . . . · .. . ····~·· 

5Cms.: ·.: · .. · ·. ·. 
!I-- -- --........ 

_· -. .. . . : . 
. . 

Figure 109 shows grapbically the pressures observed for various rates of 
seepage, when the apparent water table was kept just visible at the top of the 
column. The real water table was of course lower by an amount equal to the 
head required to produce the flow. The points lie fairly well on straight lines ; 
which, however, seem to meet the zero discharge ordinate at a negative pressure 
loss, showing that there was a positive pressure at the top surface of about 2 ems. 

There is considerably more loss of pressure between the surface and the top 
tube than between the other tubes, the losses being in the ratios 16: 7 : 6 approxi
mately. This feature has been noticed in other cases, and is probably due to the 
collection of a greater proportion of air near the top than below. 

The transmission constant A computed from the lowest tube readings is 
about 11 X 1o·•, compared with 8"3 X 10"8 obtained in the experiment with the 
2" tube previously mentioned, using the same sand. 

Another series of experiments was carried out with a model of a canal in 
section in a glass-sided tank, 45" long X 18" high, filled with Sukkur sand and 
provided with numerous pressure tubes. The position and slope of the water 
table was controlled by the water levels in two tanks one at each end, and the 
object of the experiments was to observe the shape of water table under various 
conditions with seepage from a channel. 

Owing to the small size of the tank the whole of the sand was saturated, so 
that only qualitative results with saturated flow were obtainable, but the shape 
of the water table is indicated in figure UO which shows the results obtained with 
one set of conditions. 
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'J!le subsoil water level in the silt was about 10 ems. lower than the wnt~r 
-levelm the left c~amber when there was no percolation from the cluumE'l Tltis 
,10 c~. drop was mdependent of the rate of flow and has been observed i~ other 
experunen~ . 

These experiments are being continued. 

21._ 'fHE TRAINING OF THE RIVER JUMNA AT NEW DELHI. 

. Introduction. 

Pri~r to i_913, there was only one p~ping station for Delh_i-on the right 
bank of the River, a~ Chan~awal, two rmles ~pstream ~f the Rrulway Bridge-. 
In 1913, ~new Pumpmg statiOn was constructed at Waztrabad 3! miles upstream 
of the Bndge. ~ 1922, t~e Delhi Gate ~umping Station was built 2 miles down
stream of ~he Railway Bridge on t~e right .bank. The River was then flowing 
al?ng the nght. ban;k near t~e Pumpm~.Statr~n .. Figure ll1 shows a phm of the 
Riv~r from the Railway Bndge to Oktua Wetr m 1924; figure II2 shows condi· 
tions at the end of 1936 (frOJD. 4 miles upstream of the Bridge to Okhla Weir) and 
figur~ 113 conditions at end of 1937 below the Bridge. 

· Spurs 1, 2 and 3 were 3 of a series constructed in 1870 along the 1e£t flnnk 
··embankment down to Okhla W~ir. Spur No.5 was constructed before the floods 

of 1935 and spurs 4 and 6 were extended after the 1935 floods-with the intention 
of pushing the River towards the Pumping Station on the right bank. 

The reason why the River has been progressively moving across towardM the 
left bank from the Pumping Station, is because as a result of the right bank up
stream of the Railway Bridge having been pitched with.stone in 1915-16, the River 
now hugs that bank and is held against it, so that the water now flows through the 
Bridge at an acute angle from the right bank towards the left bank, and the 
distance between the Brid~e and the Pumping Station is insufficient to allow the 
River to complete a whole. meander under natural conditions. This could be 
changed by building ~ -' Bell bund ' guide bank projecting upstream from the 
Delhi end of the Railway Bridge ; but this would change flow condition so radical· 
ly that there would be a danger of the River shifting its course abruptly within a 
few yea.rs ; which would pe liable to cause serious trouble i becau~e thou~h cha~g_es 
in. a River course due to natural causes are accepted m a philosophwal spmt, 
any change brought about by Government would be resented by all those who 
striiered thereby. 

The first alternative considered was :,;-

To remove the greater part of spurs 4 and 6, which have prevented embay
. ment above spur 5 ; which, in turn, would tend to throw the River across 

_ towards the Pumping Station ; but, it is anticipated that the transla
tion due to spur 5 as· at present constructed would be insufficient and 
that in order to bring deep water near the Pumping Station, the spur 
would have to be extended. 

Des(Jfiption of model. 

The flood 'discharge in most' years is less than 100,000 cusecs. Scale ratio~ 
of the model-worked out from the Lacey formulre-were as follows :-

Latitudinal & longitudinal scale ratio 1/200 

Depth scale ratio · 

· Vertical exaggeration 

Time scale .•. 

1/27 

Hi 
1/4C 

MaX- .Q in model=3·6 cusecs (:;:100,000 ?usecs) .. The length o~ the model was 
equiv!!-lent to·1·4 miles upstream of th~ Rallwa:y Bridge and. 2·7. miles downstream. 
The right bank upstream of the Ra1lway !3ndge ·was built m concrete-to re· 
present_. :tJit~~ed banks and pukka ' ghats ' m the prototype. · 
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Experimerrts. 

Two series of experiments were. done with this model : Serie_s I. with 1937 
conditions and Series II after removmg spurs 4 and 6. At the begmnmg of each 

· tl e bed \Vas laid accordin" to the survey done after 1936 floods; and senes, 1 . • "' · d 1 b 1 . 
experiments reproduced a r1smg, and fallmg floo as s wwn e ow .-

Series I (1937 conditions). Experiment 1. 

(:; 3 flood seasons). 

1st year-
(i) Discharge rising from 10,000 to 50,000 cs. in 1 week. 

(ii) Discharge 50,000 cusecs for 1 day .. 
(iii) Discharge falling from 50,000 to 10,000 cusecs m 1 week. 

2nd year-
(iv) Q rising from 10,000 to 100,000 cs. in I week. 
(v) Q IOO,OOO cusecs for I d~y. 

(vi) Q falling from IOO,OOO to 10,000 cs. m one week. 

3rd year-
( vii) Q rising from IO,OOO to 50,000 cs. in I week. 

(viii) Q 50,000 cusecs for I day. 
(ix) Q falling from 50,000 to 10,000 cs. in I week. 

As Series I showed that the major changes took place in the 2nd year ; in 
Series II, only the 2nd was run. 

Series II. (Spurs 4 and 6 removed). 

(i) Q rising from 10,000 to 100,000 cs. in I week. 
(ii) Q 100,000 cusecs for on~ day. 

(iii) Q falling from 100,000 to 10,000 cs. m 1 week. 
Figure 114 shows the lines of flow at surface in Series I with Q:; 100,000 cusecs 
and figure 115 shows the lines of flow in Series II with Q:;100,000 cusecs. 

In Series I-1937 conditions-the main flow was along the left bank between 
the Railway Bridge and the nose of spur No. 4; where flow concentrated and ac
tion was severe. Downstream of this spur, the flow spread out, brushing past 
the noses of spurs 5 and 6 and flow was far away from the Delhi Gate Pumping 
Station. 

In Series II-with spurs 4 and 6 removed-, the throw off caused by spur 
No. 5 was markedly increased but flow was not deflected towards the Pumping 
Station to any marked extent downstream of the spur, but instead spread out into 
a wide channel with a flat bed. 

This result showed that merely removing spurs 4 and f) would not induce 
the main stream to flow close to the Pumping Station and that spur No. 5 would 
have to be increased in length. 

At this stage it was decided to extend the model downstream by the equi
valent of 3·3 miles ; because it was realised that a better solution would probably 
result if, in addition to the extension of spur 5 on the left bank, some short spurs 
were constructed on the right bank below the pumping station-to " pull " the 
river across to that bank. These later experiments are yielding satisfactory 
results. Work is still in progress. 

22. ExPERIMENTS WITH A LARGE ScALE MoDEL oF THE GANGES ABOVE THE 
HARDINGE BRIDGE (EASTERN BENGAL RAILWAY). 

The exl!erimen~s carrie~ out previously in connection with the protection 
of the Hardinge Bndge (Senes I to XIII)<121 were concerned with flow conditions 
between Raita and the Bridge; and the model extended only 19 miles upstream 
and 8 miles downstream of the Bridge. 

. Subsequen~ly it ~as considered. desirable to ascertain what changes were 
likely to occur m the nver course durmg the next few years ; and in order to 

(
12

) Described in Bombar Technical Paper No. o6 &Dd At!nu&l Report. for the rears 1936-36 an<\1936·31, 
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determine whether this was p "bl "t d "d d 
8ee if the changes which h d ossi e,di. wa: e_ei e to .carry out experinwnts to 
Could be rep d d . a dolceurre m t e nwr rlurmg the pa~t fl'W wars ro uee m a mo e . · 

It was pointed out, from the first, that the diffieultit>~ to be owr1·ome w>re 

Pe~~brmlemous fand thhad~ffino olne had hitherto grappled with, much le~s soln<l a mo:M 
o sue 1 cu ty and eomplex1"tv ml" I ·, i t 1 ' · t" f . - J, " nc 1 rmsec no mer<' y the or1hnnn· 

ii¥te~;on~ _o s~ales, vertical _exaggera_tion, and slope exaggeration. "as utT,•eterl b\· 
d n?ltwns , but also modified vert.Jcal exaggeration of rirrid portions· the l<•n.,t.h 

an s;mg_ of meanders; the effect of silt charge on slope~, channel ,.j111 nges ,~1d 
mean ers , and the effect of all these on the time seale. • 

f References to other Stations and to the work of others, indicate<! that most. 
o thes.e problems were untouched, and even where some work had been done ut. 
~em~ It had not been reduced to any theoretical basis, which coul<l be 11 pplicd . 
. ad It not been for the background s_upplied by ~he Lacey theory and formuh(', 

httle progress could have been made m the expenments now described. 
111odel.-Th~ first essential ~n a model is correct entry conditions. It was 

assumed ~hat this w?uld ~e. available where there was a length of channel whieh 
had remamed stable m positiOn for a long period· of years. Such conditions existe<l 
at Sardah, 38 miles upstream of the Bridge, where the river had not chanrrcd 
its position for over 100 years; so the new, extended, model was constructed 
starting at the top of this reach and extended down to the mouth of the Gomi 
River, an effiuent channel, 16 miles downstream of the Bridge (see figure 116). 
The total length of the model was 550ft. (::40 miles upstream and 12 miles down
stream of the Bridge). The horizontal and vertical scale ratios were the same 
as those of the l?revious shorter model, viz., 1/500 and 1/65 respectively, (based 
on the Lacey regime formulrn for 2,000,000 cusecs), and the material of the model 
was Khadakvasla red silt, as before. This silt, being slightly coherent, was 
found to be suitable for the banks and edges formed by the river where it was 
tending to scour its banks, but was rather sticky in its original state to reproduce 
scour in the bed. It was therefore replaced in the latter places by " washed" silt, 
collected from the downstream silt pits, which was relatively free from the fine 
grades of silt. 

During the experiments it has been found that despite the Sardah reach being 
stable in plan, flow conditions are not invariable-that is to say, conditions upstream 
of this reach have an effect on curvature of flow in the Sardah reach-, and hence 
it is not sufficient merely to construct the Sardah reach corre11tly in plan, but 
entry conditions must be so imposed that the distribution of isotachs at the lower 
end of the Sardah reach is correct. This was done by constructing the stable 
length, forming the lower portion of the bend, in rigid material (cement mortar) 
and of a shape which imposed correct curvature conditions. . 

Above this, at the entrance to the model, a device was constructed to faci
litate control of silt injection and silt in suspension. At the place where the silt 
was dropped into the water the latter was passed through a grid of fine wire mesh 
and a shallow rapid in order to throw the silt into suspension. Below the rapid, 
was a chamber in which the depth of water was controlled by rising gates, the 
purpose of which was to a~just the velocity of. flow and hence the grad~ ?f silt 
entering the model. By this means, although silt of the same grade was Injected 
throughout the flood cycle, only the finer grades were allowed into the model at 
the lower stages-so as to .reproduce w~at occurs i~ Nature. The rate of silt 
injection was, of course, adjusted according to the discharge. 

The increased length of the model, made slope an important factor. As 
it was necessary that the depths of water over the whole length should be accord
Ing to the prototype, the water level at th~ Bridge was maintained co~rect while 
the discharge was gradually increased, until the water level at Markoti, near the 
upper end of the model, was also correct. . 

In the early experiments it w_as ass~ed that ~he slope exaggeratiOn should 
equal the vertical scale exaggeratiOn! which accordmg to,_Lace:r holds when the 
silt in the model is the same as that m the prototype. ."- Ith t!lls slope, however, 
the flow appeared sluggish and as there was little scourm~ actiOn, exc_ept locally, 
and most of the silt injected at the upper end was deposited ?efore I~ had been 
carried far, leaving the water lower down nearly clea~, changes m the riV~~ course 
were very ·slow. To observe the effect of greater discharges and veloCities, the 
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slope was then increased by 50 per cent., ke_eping ~he _vertical sc_ale as before; 
\\·hen it \\·a~ foull<l that not only was more silt earned m suspensiOn and sco~
ing action !.o·eater, but the disch~rges whic!t gave the correct ·water level~ w1th 
this innrased slope were proportiOnately htgher at the low~r. stages. T~1s was 
an additional adYantnge; because scour in the model, whiCh was partiCularly 
in defcl·t with :mwll llist"harges, was thus made to approximate more closely to 
the prototype. 

This im·C'sti~ation, thoU<rh started with a specific object, soon took on the 
character of bas{c research fgr determining the effect of specific factors and their 
relative importance. The horizontal and vertical sc_ale ratios -were the same .in 
all the experiments, but the slope (and therefore d1scharge) scales, rate of s1lt 
injection, grade of silt aJmitted into the model at various stages, and time scale~ 
wem v;tri<'<l in diHerent experiments. In each experiment, trhe flood cycles of 
19::l5 aJHl HJ::lfi in the Ganges were run through in the model ai1d the results com
pareJ with the changes in the prototype (as shown by the surveys and the weekly 
reports). I<'igure 116 shows the change in low water course in the prototype in 
1934-35 and figure 117 the low water course in.the model (in Series L\:, experi
ment 11) cornpareJ with that of the prototype after the 1936 flood. The course 
is not idcntiml in model and prototype but the general conditions of flow were 
r<'pro<hwcd eorrect.ly. 'fhese experiments are still in their early stages. 

23. EXPERIMENTS WITH FALLING APRONS. 

Introduction. 
A falling apron is a covering of stones laid on a river embankment to protect 

it from the erosive a('tion of the current. Its design and form of construction 
arc d<'~nibed in detail in Sir Francis Spring's " River Training and Control on 
the Uuide Bank l-lystcm'""" Uhapter IX, from which figure US is an extract. 

llridly, the }Jrokcti\·e covering consists of stones, usually" one man" stone 
weighing liU-J:W Jbs., laid during low water on the slope of the bank and in a hori
zontal ·· apron" on sand or silt deposited by the river, see figure 118. The stone 
on the slope is intendeJ to remain in position but the " apron" is intended to 
•' launeh '" or subside, when attacked by the river current, to' forQl a continua
tion, below water level, of the upper slope and so provide a, complete protec-
tion against e1 osive action from top to toe. · 

~'he experiments to be described were carried out at the request of th~ Rail
way Board, in connection with the protection of the Hardinge Bridge. The ex
periments were eoneerned firstly with the launching of an apron; secondly the 
cause of failure of apron protection; thirdly with the best design of aprons laid 
on sand m1d on alternating strata of samk and clay; and fourthly with the best 
method of reinforcing aprons alreaJy launched. 

Launching of an Apron. 
A stuuy of th~ action of an ap_ron in launching, though simple, is an essential 

to the_und_erstanJmg o~ the behaviour o~ an apron protection under attack. The 
followmg 1s a descnptwn of the latmchmg observed in a model consisting of an 
apron oi)"-J" ston~s laid horizontally on the berm of a channel formed of Ganges 
san~!. 111e _Iaunclnng took place gradually, simultaneously with the gradual 
raJSmg of dJ,charge m the channel and consequent enlargement of the latter 
Figure 119 shows the apron as laid. · 

FIG. JI9 

(
13

) Tcdmicnl Paper No. 153, Railway Board, India. 
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-!>s the riv:er rises, the channel begins to deepen and widen. The layer of stones 
lS undermmed ~y sconr at A-'l!ide figure 120 

SECTION. 

EDGE OF PITCH!I'fG. 
AS LAIO. 

PLAN. FIG. IZO 

and the undermined stones settle on the slopes. These are not sufficient, how
ever, to prevent scour of the sand at A; so further scour takes place at A causing 
the horizontal layer of stone to be again undermined and more stones are set in 
motion, some remaining with the previously fallen stones at A and others rolling 
down to B,-see figure 121. Scour now occurs at B 

but not at A, as this is fully covered with stones. . 
The scour at B has undermined the stones at A, some of which will now fall 

and roll to B,- figure 122 

FJG. IZ!Z 

and a few even beyond, to C, as shown in fignre 123. 

FIG. IZ3 
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· ed at A which therefore scours, undermin-
This causes the sand to be ag~{n expost nes f;ll and a rrain the sand at A is covered 
ing the horizontal apro~~~~:~Jill~r:c~u~ occurs' at C, ~ntil stones ~oll down from 
and scour P.revented. . d so allowinrr scour, which undermmes A. T~us 
B, uncovermg sand there, a? b nk cov;red with pitehing stones, extendmg 
the process goes on, the slopmg a 'the pitched slope simultaneously rececling 
d d deeper as scour occurs, . 1 t th 1 t 
eeper au It is clear that the fallen apron Will s ope a e ang e a 

to~ards t~e ban~; d. 0' to s since if the slope were steeper the stones would roll 
whwh rollmg or~ \/~t' ~·er~· flatter no stones would have rolled down as far. If 
down fur_ther .af the velocity will in the early stages, be almost the same over 
!~e !h:l~s sf:;:. The inclination' is therefore approximately. constan~. bv\1Ie;n 
m:re a ron has fallen and the bank has deepened, the vel?c1ty at t e . e .s 
· 1 t p be· hiO'her than t.he velocity near the berm, so there IS a tend~ncy for the 
lik:o~ t~ be at~ flatter slope near the bed because the angle ?f r~pose IS lesH. ~h~re :fe velocity is greater .. T~e apr~Il: finally settles as shown m figure 12-! Wit t Its 
toe resting on the bed m Its positiOn of final scour. 

FJG. IZ-4 

Photo ll67 (Sheet 7 of Part I) shows the apr?n in process ?f launching. It 
will be noticed that settlement of the stones was umform and straight under steady 
axial flow conditions. Some of the stones were coloured in bands so that it could 
be seen where they finished up. The results (as may be seen in the photo) showed 
that the stones subside down the slope without any appreciable motion along the 
channel, except a few stones at the toe of the slope which were drawn along in 
small " gulleys " formed in the sand bed of the channel. 

Characteristics of falling apron protection. 

The outstanding feature of this form of protection is its flexibility in adjusting 
itself to resist attack, both in position and thickness of stone. In practice, attack 
starts at the toe, of the slope ; partly because the slope is protected, whereas sand 
is exposed at the toe, and partly because with a sloping bank the flow conditions, 
tending to cause scour, are almost always most severe between mid-depth and 
the bed. But wherever attack takes effect it invariably causes the protected 
bank to recede. which usually spreads the attack and reduces its intensity, and 
causes more stone to slide down automatically from above on account of the re
cession, the layer of stone becoming more compact or greater in thickness until 
no more sand is scoured from beneath it. 

This action is, of course, depe~dent o~ there_being a sufficient reserve of apron 
stone above to replace what subsides or IS earned away, and on the material of 
the bank having a flatter angle of repose than that of the stones, as otherwise 
the stones would not remain on the slope, as occurs in the case of clay. With 
this proviso, the inclination of the slope depends only on the stones, not on the 
sand, though the depth of slope and its lateral position will depend on the depth 
of channel and thus on the sand ; because the finer the sand the greater the depth 
of scour. The inclination of the slope is the natural angle of repose of the stones 
under the flow conditions, i.e., velocity, turbulence, etc., obtaining. 
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Effect of disposition"!_of stone. . 

on w~he la~eral pos!tio~ assumed by a slope pitched with launched stone depends 
t 

1
ere t e stone IS laid and on the quantity of stone laid per foot width of hori

zot a apron.. If there is a thick apron, recession is relatively small · because 
is ~~fd ~~anti~y of ~tone falls ~er foot width of scour; but if only a shallow apron 

.1 • ~esswn Wil~ be relatively much greater. In theory the slope recedes 
un:t1 

. sufficient stone Is brought down for protection a"ainst the river current then 
e~stmg, and no more ; so that the quantity. of stone.~·equired would be the same 
w ether a narrow deep apron or a shallow Wide apron were laid. 

. This point was tested in Series VIII of the experiments in which the launch-
mg f · · ' ? an apron 111 o.ne ~xpenment was ~ompared with that o£ an apron twiee 
as Wide and half as thiCk m another expenment ; see figure 125. The discharge 

FIG:-/25.- £XPTS WITH FALLING APRON 
SE:R/E:S VIII. 

SCA/..E I INCH ~ 2 F"EET. 

~=====~-:;5;.;-::-__ ::-:_:-:-_:.·--- to' ----- -----------+!, 
1+-·--·l·a' .. -·-+j I R. B. 

t-·t·7' .. ..J I SLOPE 

Z·7' 
: GANGES SAND 
I 

IN SECOND EXPT. (THICK) APRON LAID HALF 
THICKN£5!; OF APRON IN FORM£R (THIN) 

W. L. 

CHANNE:L 

in both experiments was raised by similar stages to the same maximum. The 
quantity of stone which launched should have been the same in both cases but 
was actually a little less with the wide apron, and the slope was less steep (see 
fig. 125), which difference was at least partly due to the velocity being higher 
in the wide shallow apron (1·86: 1·72 ft.Jsec.) on account of the restricted water
way during launching of the wide apron experiment, which effect would, of course, 
not be so marked in an actual river. Taking this into account, the proposition 
stated may be said to have received approximate confirmation. 

Inclination of slope. 

A study of the action of an apron in launching, as already described, showed 
that the angle of slope assumed by the fallen apron depended on the shape of the 
stones and was in fact likely to be the steepest slope at which stones rolling or 
sliding on sand would come to rest. 

For comparison with the actual angles of slope obtained in the experiment, 
a series (IX) was done with a "tilting board," which could be set at any angle, 
and on which stones were laid, to find the natural angles of repose of the stones 
in water with various velocities of flow. The stones were rolled down from th~ 
top and as it was found that at a relatively flat slope most of the stones came to 
rest but a few rolled to the bottom, while at a greater slope a few came to rest 
and the majority rolled to the bottom, an arbitrary criterion for the angle of 
repose was adopted, viz., the angle at which 50 per cent. of the stones came to rest 
and 50 per cent. rolled to the bottom. 

K2 
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The angle for stationary stone was also observ~d, i.e.? the angle of slope at 
which stones lying stationary on !he sloJ?e wo~ld begm to shde down. The follow
ing results (Table 18) were obtamed with still water:-

TABLE 18. 

Angle for stationary Angle for rolling 
stones. stones. 

Rounded stones laid on similar stones . 

Angular stones laid on similar stones 

Rounded stones Jnid on Ganges sand 

With flowin" water the angles were less. Figure 126 shows the curve obtained 
by plotting the ~ine of the angle against the velocity t" above the stones and, 
for comparison, the points plotted from data of aprons actually launched. These 
show considerable scatter, but in general they lie about the curve. 

It will be seen that the angle of repose is dependent to a small extent on the 
velocity ; the slopes of launched aprons tending to be flatter where the velocity 
of flow is high and attack severe. If the stones are flat and angular, the slope is 
steeper. · 

Conditions under w.hich Apron Protection may fail. 

Owing to the flexibility of an apron protection in adjusting itself to resist 
an attack, the failure of an apron can occur only in the following ways :-

(1) the carrying away of stones by the current, 
(2) launching beyond the capacity of stone reserve, i.e., the utilisation 

of all available stone in the horizontally laid apron and in the ori
ginal slope above, leaving the bank material exposed to the current 
and wave action, · 

(3) slips and " blow outs " in the bank, due to a steep subsoil water 
gradient, 

(4) irregular disposition of stone on the slope due to the presence of a coherent 
material such as clay. 

In connection with (I), several experiments (Series VII) were done to correlate 
the local conditions under which stones are carried away by the current (viz., 
velocity, slope of apron), with the properties of the stone (viz., size and shape). 

Sufficient data was not obtained to indicate this correlation but it was found 
that when the point velocity at which stones were carried away was plotted a()'ainst 
size, the results lay on curves representing velocity to a power between 1·3 and 
1·5, thus suggesting that with the small sizes of stones used (up to t" grade) 
vi.scosity had appreciable effect, which precluded extrapolation to larger grades 
With any degree of accuracy. 

The effect of slope (i.e., side slope) was interesting. It was found that stones 
on a slope were carried away at a slightly lower velocity than stones in a hori
zontal layer, but the results for various angles of slope were practically the same. 

Reproduction of breach in Guide Bank, llardinge Bridge (Series X). 

. Th~ conditions leading to the bre~ch in the Right Guide Bank of the Hardinge 
B:Idge

1
;n 19~3 had be~n reproduced m the l/500 scale model of the Bridge and 

River,<-> but It was desrred to reproduce the actual breach and examine the process 
in detail. 

Figure 127 shows, in plan, the Bridge and guide banks and the place where 
the breac~ occurred: A .large .scale ~ode! was necessary to reproduce the detail 
and pernnt geornetncal sinnlanty, whwh was necessary for the correct behaviour 

. (12) Bombal:" P. \V. D. Tec_hnical ~a per No. 55: "Report on experiments ca.rrie_d with models in connection 
'With the protectiOn of the Hardinge ~r1dge, on the Eastern Bengal Railw~y,', and Annual Report, 1935-36. 
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of the s~ones. The scale chosen was 1/200, and in consequence only a part width 
of the rrver cou~d be included. _l\Ioreover, to fit the channel, the model had.ito be 
reversed, the gmde bank used bemg a left guide bank. At first (-

0
"-k" grade stone 

ili~s used for the apron, this being approximately " one-man " stone to scale but 
IS was found to be too small to give correct results and was replaced with 3 " 

stone A high di h · d 1 · h d 8 
b · sc arge wa~ reqmre , w uc eepened the channel considerably 
t eyond the depth corr~spon~n~g to the ~rototype depth to scale, indicating either 
. hat th~ stone protectiOn laid m the honzontal apron was relatively thicker than 
It _was m the prototype, or that vertical distortion is necessary in silt models of 
this type. 

P~oto 1183 (Sheet 8 of Part I) _shows the experiment in progress and photo 
1187 (Sheet 8 of Part I) after the shp had occurred. The wall on the left in the 
photo was so aligned as to reproduce the lines of flow observed in the 1/500 model 
and was perforated by holes below the surface to draw off bed water sideways, 
so as to create curved flow, which set up the conditions which caused the breach. 

The following extracts from the reports of the Hardincre Bridcre staff at the 
time of the breach describe briefly the events as observed by them~-

" Early in September ~ definite change in the direction of the main current 
was observed after it had left the Damukdia Guide Bank and .... 
the current impinged on the head of the Right Guide Bank at about 
chainage 27 ." 

"Dangerous eddies were observed in front of ch. 14 to 17 ...... and on the 
26th September at about 4·00 hours this guide bank was breached be
tween ch. 19 and 22 on a rapidly rising river. During the course of 
the day the breach extended from ch. 14 to ch. 25 by erosion from 
inside the embayment." 

. The breach extended rapidly and by 12-30 hours was 1,200 ft. long and the 
embayment behind was 500 ft. across. The river continued to rise and on the 
2nd October eroded the narrow neck connecting the head of the guide bank with 
the main land, thus isolating the head and allowing a clear flow from the embay
ment behind the head into the new embayment behind the breach and out again 
into the river. Reserve stone was rushed up and a retired bund was formed to 
prevent further extension of the breach and the river later subsided. 

An observer might have thought that the breach, which started at a high level 
was due to severe eddy action and strong currents near the surface. The model 
however showed that the surface eddies were practically harmless, while the severe 
attack was at the toe of the bank, whence stone was carried away and swept down
stream. Stone from above then slid down to replace it, only to be in turn carried 
away, and this process continued until a patch of bank was denuded of stone and 
the sand core exposed just below the water surface. This exposed patch was 
.then eroded very rapidly under the combined action of wavewash and breathing 
in the river. This breathing first filled the breach with water which subsequently 
discharged back into the river with high velocity, sucking out sand. 

The breach in the model can be clearly seen in photo 1192 (Sheet 9 of Part I) 
taken after the top of the bank had been denuded and scoured, but before appreci
able flow had occurred from the embayment on the left. The wooden frame shows 
the original line of the top of the bank. Figure 128 shows the isotachs observed 
at ch. 10 and 18 of the guide bank. 

In order to observe more closely what was happening at the toe to cause the 
stones to be carried away, the portion of the bank where the breach occurred was 
replaced by a glass window through which movements of the bed material and 
stones could be seen. This was Series XIII. The glass panel was made flush with 
the bank at each end and extended from surface to bed. The discharge was then 
raised to the value at which the breach had occurred, keeping other conditions 
the same. Cross wires and battens were fixed on the glass to hold one or two 
rows of stones in place when desired. 

An excellent picture was obtained of what was happening. Near the bani{, 
at the surface, there was slow return flow. At the toe was vigorous forward 
flow. In between was slight fluctuating motion, evidently forming the base of 
the large slow eddy visible from above. The fact that sand deposited at mid
depth showed that 'the action here was not severe ; in fact it was obviously severe 
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only near the toe, where sand and occasional stones could be seen rushing past 
at high velocity. . 

It was not however a steady velocity but came m surges (about 2 to 5 per 
second) with a surge of greater velocity every few seconds. The mean flow ai_>peared 
to be horizontal, not diving, but the direction fluctuated up and down ~vith the 
surges, perhaps within ± i0°. The stones on the battens ~ere not ?arned away 
by the small surges but were sometimes rocked and sometimes earned away by 
the bigger surges. 

It was noted that sand would remain on the glass under a group ,of stones, 
being sheltered by them. . 

It was clear that the severity of attack was due not only to high velocity but 
to surges of high velocity accompanied by a fluctuating direction of flow which 
removed stones and carried them away. 

In order to obtain a measure of the severity of attack, cement cubes from t" 
up, were lowered on a string to the toe and it was noted what was the. smallest 
cube which would stay in position, resisting the current. Pitot tube readmgs were 
also taken and recordings made with the hot wire instrument, all for various condi
tions of flow, viz., \v·ith and without cross-holes open, flow directed by vanes at 
the head of the guide bank, at the bank just upstream of the breach and into the 
embayment and straight axial flow down the channel. All these conditions were 
hypothetical except the fust mentioned; which actually caused the breach. 

The size of cube remaining in position was 2" in the case of the flow directed 
into the embayment, 3V' when the current was directed at the bank (i.e., worst 
case) and 2}"-2f in other cases. The velocities recorded gave the same indications. 
The maximum velocity recorded at the toe was about 3 ft.fsec., which was when 
the flow was directed at the bank. 

The hot wire instrument showed the most violent fluctuation (measured 3" 
away from the toe) when the flow was directed at the head of the guide bank, 
and nearlv as much under the conditions which caused the breach ; for other condi
tions they were relatively small. 

Observation of action on large·r scale. 

All the previous experiments had been done using small stones. To compare 
the action of larger stones, 3" stones were laid on Ganges sand in a bank at I·6 to I 
slope and subjected to an increasing current. On the curve at the head, where 
velocity was higher than in the straight, sand was sucked out from between the 
stones, which then closed up, giving more protection to the sand below. The 
sand sucked out was deposited on the apron lower down. As the discharge was 
increased the bed scoured and the stones at the toe moved down followed by those 
above. 'l'here was no rolling as had happenerl when the aprons of smaller rounded 
stones launched, the movement was sliding and so slow as to be almost impercepti
ble. 

In order to be able to see the stones carried away by the current, the Ganges 
sand was replaced by red silt, which would not be sucked out so easily. The dis
charge was raised until the attack at the toe just downstream of the curve at ch. 22 
caused the stones there to fall into the scoured bed. The discharge was raised 
to the maximum (22 cusecs) and the cross holes opened, but no stones were carried 
away although they slipped down generally and silt was scoured from the area 
left bare at the top. 

The bank was then relaid with I!" stones and the experiment repeated but 
only with discharges up to 12 cusecs. General slipping or launching of the apron 
occurred as before. 
. 9" stones were .gently pushe~ over the berm, to represent large blocks put 
m for extra protectiOn. These did not reach the toe but remained half way and 
the turbulence generated by these stones displaced some of the If' stones. 

As a further experiment a model was constructed havina a mixture of I_!_" 
3" and 5" stone laid in a horizontal apron, the idea being that the larrrer sto~~ 
would form the main protection while the smaller would fill the interstic~~ to pro
~ect the bank from turbulenc~ caused by th.e larger stones. The apron launched 
Ill the usual way. When the discharge was raised, st!t was sucked out from between 
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the stones as in other experiments but later the bigger stones appeared to lie more 
on top of the smaller stones, which then protected the silt below. 

Where large boulders or blocks are used, it appears advisable to have also 
stones of several smaller gracl.es, each grade protecting the next smaller grade 
from the turbulence caused by the larger stones. 

Conditions under which a failure. due to slips 1:n sand or to " blow-outs " would occur 
(Series XV). 

It was considered at tl1e Hardinge Bridge that slips sometimes occurred 
due to the water level behinu the bank being some feet higher than in the river ; 
so a model of the Right Guide Bank was constructed wit.h Ganges sand and a 
gradually increasing hydraulic gradient imposed. There was no failure until 
the mean hydraulic gradient became 3·6 to I, when water oozed from the toe, 
and by removing sand, caused a slip from above. This gracl.ient is far steeper 
than any which could occur in the prototype ; and the explanation of slips (im
puted to high water level behind the bank) was that these slips occurrecl. on a 
rapidly falling river due to saturation of the bank causing a steep gradient just 
at the face of the bank and these slips were only local. 

It was also considered whether a slip could occur due to heavy superimposed 
loading on the berm, such as that due to stacking stones, with or without a hy
draulic gradient. Though loading up to 700 lbs. per square foot was imposed 
near the edge of the bank no slip took place. 

Behaviour of an Apron laid on alternate layers of sand and clay. 

Borings taken at the Sara Guide Bank sl10wed that that bank consisted of 
alternate layers of sand and clay. 

In order to test the behaviour of an apron laid on such a bank, a I/40 scale 
model was constructed (Series XVI) consisting of alternating layers of red silt 
and clay, 3" and 6" thick respectively. The top layer was of silt, on which an 
apron of i"-r' rounded stones was laid. 

No scour took place with axial flow, so a concentrated discharge was directed 
at the bank with the aid of a vane, the mean velocity past the bank being equi
valent to 17 ft./sec. in prototype. 

In the case of the sand layers, the stones slid down as scour occurred, but 
the day layers scoured unevenly, the clay scouring into steep cliffs, so that the 
apron could not rest on it uniformly but fell to the bottom. (See figure 129). 

FIGURE 129. 

£' XPE:RIMENTS WITH FALLING APRON 
SJ.IOW/NB APRON .l-AUNCHED ON ALTERIYATIIVG 

LAYERS OF" SILT (J_ C.LA'(, 

6'cLAY, 

3 "RED 5/L:r, 

• 6 CLAY, 

It may be said that an apron does not launch satisfactorily unless
(i)lthe angle of repose of the underlying material is flatter than that of the 

stones 
and 

(ii) the material scours easily and evenly. 
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Summary of Conclusions. 

1. An apron of loose stones on incohere~t _sand launches to a slope whic~ 
_is the angle of repose of the stones rolling or shdmg on sand under the flow condi-
tions prevailing. . . 

2 The concentration of stone on the slope IS such that adequate protectwn 
is inv~n to the sand beneath. If the scouring action becomes more severe, stone 
falls and the slope recedes, bringi~g down _mo~e st?ne from above, thus strengthen
in" the protection and automatiCally acl]ustmg Itself to the attack. 

" 3. The lateral position of the slope is determin~d by the initial disposition, 
the quantity of stone in the horizontal layer per ft. width, and the depth of scour ; 
and the slope recedes until sufficient stone is brought down to protect the toe and 
pee of the bank. 

4. Normally the reinforcement of an apron is aut.?matic and all t?at is required 
is to lay sufficient stone in _the hori_zo?talla.yer, but m order to avm~ recesswn of 
slope or to provide protection cons1stmg of larger stones at the toe, It may be ad
vantageous to drop stone from barges. 

5. An apron does not launch satisfactorily unless-
(i) the angle of repose of the underlying material is flatter than that of 

the stones, 
and 

(ii) the material scours easily and evenly. 
A loose apron protection is not suitable for a bimk of alternating layers of sand 
and clay. 

6. The danger of slips due to a steep hydraulic gradient or to a heavy super
imposed loa_ding is negligible with Ganges s_and ; but when the river is falling 
quickly a shp may occur due to the bank bemg saturated. 

_ 7. An apron protection over incoherent sand may fail on account of
(a) insufficient stone being provided for the protection of the slope, 

or· 
(b) the stone at the toe being carried away by the current resulting in stone 

sliding down until all the available stone is launched, when a further 
slip exposes part of the bank .face; after which thouo-h attack is 
most severe near the toe of the bani{, the failure occurs "through the 
exposed upper portion of the slope being scoured by the current · 
wave action and river breathing. . ' 

(a) can be prevented by providing sufficient stone and (b) by providing stone 
of sufficiently large size. A graded mixture is more resistant than stones of a 
single grade and when large stones are used it is advisable to provide smaller stones 
to protect the sand beneath. Turbulence is a major cause of the removal of stone 
by the current and this was int~nsified in t~e ca~e of the Hardinge Bridge by the 
manner of approach of the mam current, t.e., directed at the head of the guide 
bank. 

8. In general it appears that stone of the size normallv used would not be 
washed away, when laid on incoherent sand, unless- · 

(i) the rise of the river, or iJ;tcrease of_ velocity, were rapid, as otherwise 
the apron would have tnne to adJust itself by launching more stone, 

or 
(ii) the turbulence is present to a high degree as this results in rapid fluc

tuations in velocity and direction of fl~w, 
or 

(iii) the river were opposed by restriction in such a way that it could not 
develop a natural channel so that velocities were unnaturally high, 

or 
(iv) the_ guide bank were i~correctly designed, as for example a head de

signed too short or With too sharp a curve. 
AJ_Jart fro~ these, the falling ap~on _would appear to be impregnable, if supplied 
w1th suffic1ent stone, and self-adjustmg to resist all possible attack. 
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24. TRAINING THE WATRAK RIVER TO PROTECT KAIRA To\vN, GuJERAT (BoMBAY 

PRESIDENCY). . 

Experiments carried out with models. 

{I) Introduction. . 
In 1937 exceptionally high floods in the river \Vatrak caused erosion of the 

left bank of the river above Kaira town, where a portion of provincial road \Vas 
washed aw~y, and theN. W. corner of the town wall was undermined and collapsed 
together With a few houses near the edge. Figure 130 shows the river course and 
the area eroded by the flood (in red). 

This river flows in au alluvial bed of fine saud (mean diameter=about ·0·25 
mm.). It is remarkable for two sharp right angle bends: one (shown on Fi«ure 
130) a quarter of a mile and the ot.her, one and quarter miles above the town "and 
for the fact that until 1927, when in a high flood the erosion shown in the figure 
began, there was apparently little change in the river course from year to year. 

After the 1927 flood four groynes (made of teak piles filled between with sand 
bags and brushwood) were constructed on the concave bank above the town. Two 
we~e washed away in 1930 and the remaining two in 1937. Two similar groynes 
~Inch had been constructed in the year 1923-24 along the city wall have remained 
m place. 

A high level causeway was proposed at site C (figure 130) and later a bridge 
at site B. Neither has, however, yet been constructed. · 

No flood discharges have been observed ; but there are indications that the 
maximum flood discharge at R. L. 87·00 is about 100,000 cusecs with mean velo
city of 6ft. per second, while the normal annual flood discharge at R. L. 78·00 is 
about 40,000 cusecs. The normal cold weather water level is at R. L. 64·00. 

(2) Experiments. 
After the 1937 flood it was clear that unless protective measures were taken, 

further erosion would be caused below the bend by large floods and the town 
would be gradually washed away. Experiments were started at Khadakvasla, 
to enable the existing 'condition of flow to be studied and to test remedies. 

Two models were used, one of horizontal scale I/125 and vertical scale 1/25 
to reproduce the flow of the whole river from above the second bend to below the 
town and to test the effect on the river course of spurs of various designs, and the 
other of scale 1/30, geometrically similar to the prototype to show the flow ·and 
local scour atound certain spurs of selected design. The latter was a part width 
model. Both models were constructed of Khadakvasla red silt. · 

(3) lfl25 Scale model. Details of Model. 
The following scale ratios were adopted for this model :-

Horizontal 1/125 
Vertical 1/25 
Vertical exaggeration . 5 
Max. Discharge . 1/16,650 
Time 1/30 
Reynolds No. (at 100,000 cusecs) 91,000. 

The water levels in the prototype were known for two estimated discharges, 
viz., 40,000 and 100,000 cusecs. Level for other discharges were inter= or extra-
polated from these figures. . . , . 

As practically no data was avaii~ble re~ardmg the flooas and flood penods, 
it was assumed that the normal monsoon discharge was 10,000 cusecs and that 
when a flood of 100 000 cusecs occurred the rise occupied 2 days, the duration 
of maximum flood being 1 day and the fall to 10,000 cusecs occupied 2 days. 

Silt was injected at the upper end at _rates varyi':lg from 144 grains per cubic 
ft. of water for::: 10,000 cusecs to 315 grams per cubic ft. for = 100,000 cusecs. 

The model was laid according to the survey done after the 1937 floods and 
similarly relayed before each subsequent experiment. 

(4) Experiments with vertically exaggerated model. 

In experiment 1, the river in its present condition was modelled and run _with 
. the flood described in paragraph 3, in order to observe the flow and to provide a 
basis for comparison for results obtained in other experiments. The corner of the 

L 
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fort wall which was constructed of clay, was severely attacked by the current 
and sub;ided into the river, as occurred in the prototyp~. Downstream of ~he 
corner the main current hugged the left bank as shown m figure 131, causm_g 
scour along the left bank and town wall. Photo 1628 (sheet No. 24) shows this 
experiment. . f t t" 

The subsequent experiments dealt with alternative measures o pro ec ~on. 
It was necessary both to protect the corner of the fort wall and to throw the nver 
away from the wall further downstream. . 

In experiment 2 a rigid Burma (hocky stwk) type of spur, (see photos 1634 
and 1670 sheets Nos. 24 and 25) 187 feet long was tested, with _curved head. It 
was found however that this did not throw the current sufficiently away from 
the wall a~d in exp~riment 3 a longer Burma type spur was tried. The throw
off was then more satisfactory but there was still some attack at the fort wall 
upstream of the spur, and t? avoid th!s, the r~dius of curvature of the hea~ of the 
spur was increased from 60. to 10~·5 (~xperi~ent 4)-s~e figure 132, whwh also 
shows the lines of flow obtamed With this design. A satisfactory feature was the 
deposition of silt near the fort wall just downstream of the spur (see photo 1634 
in sheet No. 24). 

A Burma spur, similar to the previous one, except that the nose was extended 
by 40 feet in the upstream direction, was tested in experiment 5. Flow was very 
similar to that in experiment 4 but was slightly more spread out downstream. 
The design tested in experiment 4 was considered to be the best of this type. The 
depth of scour at the nose was less, and the cost of construction less, than the 
design tested in experiment 5 and the results were as good. Figure 133 showing · 
limits of main surface flow indicates how the current was diverted from the town 
wall in experiments 2 and 4 compared with 1. Figure 134, cross section 7 (down
stream of the spur) in various experiments shows how scour along the town wall 
in experiment 1 was prevented by construction of the spur, the river being diver
ted away from the fort wall, this effect being most marked in experiment 4. 

{5) 1J30 Scale, part width model. Details of model. 
It was then decided to test a spur sloping down into the bed at 1·.in 5. As 

the vertical exaggeration of the 1/125 model was 5, this spur would have been at 1 to 
1 in this model and hence the throw-off of the current would be different to that 
in the prototype. A geometrically similar, large scale, part width, model was 
therefore constructed. This model did not include the full width of the river 
(see figure 135) and so movements of the river as a whole could not be exactly 
reproduced but local flow and scour around the spur-which was the important 
factor---{)ould be studied in greater detail than in the vertically exaggerated model 
and the spurs used in the latter could be tested here also and compared with the 
sloping spur. 

{6) The linear scale ratio of the model was 1/30. The discharge scale was 
fixed by running up the discharge until the velocities on a line upstream of cross 
section 6 were similar to those observed in the first model for 100,000 cusecs 
(taking into account difference in vertical scale). This occured with 20 cusecs 
=1/5000 the prototype discharge, which was practically the same as given by 
1/(linear scale) 512

• The time scale; given by 1/(linear scale) 1
'
2 would have been 

1/5·5, but 1/4 was adopted to allow for the silt used being slightly more coherent 
than the bed material in the prototype. Actually it was found that the scour 
reached finality in the flood period allowed, viz., 2 days rising from 10,000 to 
100,000, 2 days at 100,000 and 2 days falling again to 10,000, and the results 
were, probably, well on the safe side as regards depth of scour, because floods of 
such magnitude are so infrequent that the material of the river would become 
consolidated to a degree far in excess of that in the model. 

The rate of consolidation is, in fact, the same in the prototype as in the model 
and as we are dealing with annual floods in the prototype we cannot reproduce 
the aging effect ~f time. in t~e model, nor have we been able, as yet, to prepare 
any model material which simulates the toughness of naturally consolidated silt. 

{7) Experiments with geometrically similar, part-width model. 
. I~ experiment 1, wit~ this model, a sloping spur extending into the river in 

line With the fort wall facmg the Vehela was tested, but the lines of flow showed 
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PART m. 79 

that ~e hmain current approached too close to the fort wall before swin<Yin<Y 
aroun d t e spur, and there was deep scour at this point, so the experiment. ~Yn~ 
stoppe a~d the spur. ~efi.."{ed p~inting upstream at an angle of 35°. 
th ~h13 SIZe and pos1~10n o~ th1s .spur are sl~own in figur!l I36 which also shows 

e lilles of flow. W1th th1s des1gn the maill current was away from the wnll 
upstream, the bed wa~er was throw~ across more than the surface flow, but crossed 
back-downstream whwh ~vas a satiSfactory feature, as thereby silt wns deposited 
near the wall and the mmn current kept away. The deepest scour occurred 210 
feet- from the corner of the wall and was 75 feet below water level, -i.e., at R. L. 8 
compared to the water level at R. L. 83. 

· As, however, the spur would have to be constructed on wells sunk into the heel 
~here were practical difficulties in the way of continuing the slope beyond wher~ 

· ·1t would meet present bed level. In experiment 3, the spur was therefore Put 
short with a vertical nose at I80 feet from the wall, where the slope met the 

-present bed. ' 
. With this spur t~e lines of flow were satisfactory but the maximum scour, 

whwh was at the vertwal nose, was greater than with the full length spur, being 
85 feet below water level as compared to 75 feet. 

With the .idea of combining the good points ~f both designs, the spur used in 
the last expenment was extended by a level portwn at R. L. 60, 60 feet long, in 
experiment 4. Due however to greater restriction of waterway, the maximum 
depth of scour with this was slightly greater being 89 feet below water level. 

In experiment 5, mobile protection was laid using the design of spur of experi
ment 2 and laying loose brick blocks upstream and downstream as shown in figure 
I36 and photo I669 on sheet 25. Brick was used as this could be made locally 
at low cost, whereas stone was expensive. The blocks corresponded in size to 
I2"XI2"X8" in the prototype and were laid at the present bed level one block 
thick, 45 feet wide, along the upstream face of the spur and over a small area 
downstream where deep scour had occurred. 

The discharge was gradually raised from 60,000 cusecs to IOO,OOO in one clay. 
The block protection remained in place until 90,000 cusecs had been reached when 
scour began and the blocks gradually sank. At the end of the experiment, it was 
found that the point of maximum scour was I50 feet from the corner of the fort, 
compared with 2IO feet in experiment 2, and that the scour hole was approximate
ly of the same depth as before. 

It thus appeared that mobile protection of this size and weight was ineffec
tive in reducing scour. 

Comparison was required with the Burma type spur which had proved most 
successful in the vertically exaggerated model, so this was tested under identical 
conditions in the geometrically similar model in experiment 6. This spur had 
vertical sides and was given a sloping nose, as shown in photo I670-sheet 25-
which also shows the scour pit formed by the maximum flood. This spur was 
effective in its purpose of protecting the Fort wall, but the depth of scour at its 
nose was greater than occurred with any of the straight sloping designs, viz., I 09 ft. 
below water level. A spur of the same design but with a vertical nose below 
present bed level (for ease of constructio~) was tested in experiment~· The flow 
with this was similar to the other (experrment 6) but rather less satisfactory. 

(8) Discussion of Results of geometrically similar, part-with, model. 
The object of the spur was to. hold the main current away from the c~rner 

of the Fort and to keep it away from the Fort wall.downstream. All the cles1gns, 
except the sloping spur at right angles ~o the w~ll (experiment I), served this 
purpose. The short sloping spur tested. ill experiment 3 was however the best 
in this respect as was shown by cross sectwns 7 and 8 taken after each test (figure 
I37). Although the full length sloping spur (experiment 2) gave the le~st dept? 
of scour the short spur would have to be only IO feet deeper, would avmcl practi
cal difficulties and would cost less to build than any of the others. 

Even the short spur of experiment 3 would, however, be very costly to build 
owing to the great depth of scour. The P?ssibi~ity of combining the river t~ain
ing work with a high level causeway or br1dge, ill order to sav:e on the com billed 
cost, is now being explored by means of further model experrments. 

[Table No. I8 shows brief description of various experiments.] 
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TABLE .NO. 18. 

Description of the experiment. 

Present conditions. 

Burma spur at the fort corner, 187' long, radius of curvature of head 48'. 

Longer Burma Spur, radius of curvature 48'. 

Burma spur, radius of curvature 102·5 ft. 

Same as 4 but the nose was extended by 42'. 

Sloping spur in the line of the fort wall. 

Sloping spur pointing upstream at an angle of 35". 

Sloping spur cut short with vertical nose at 180' from the wall. 

Spur in experiment 3 waa extended by a level portion, 60 feet long at 
present bed level. 

Spur as in experiment 2 but with mobile protection of loose brick blocks 
on upstream and downstream of the spur. 

Burma spur-same as in experiment 4 in vertically exaggerated model, 
but with sloping nose. 

7 Burma spur aa in experiment 6, but with a vertical nose below present 
bed level. 
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PART tv. 

PART IV. 

Admsory-without eXperiments. 

25. INTRODUCTION. 

81 

J)uring the yea~,. several problems were submitted for ndvieo : cit.hc'r hc;<'llltso 
they.were urgent or because earlier model experiments had indientctl tllt'ir 
solutJon. 

Sam~ of these cases were disposed of at once ; somo aro mulur cont>~pon· 
?ence'; but in most cases we were able to recommend immediate remcclit>s; ntul 
It was suggested that results of these should be observed before further uct.ion wns 
taken." 

. In a c?uple of cases,. model experiments were proposed to supplement pro· 
VIOUS expenence. 

Requests for advice are increasing and one of the cltitf Junctions of 11 Cnrtrnl 
Research Station should be to advice promptly on urgent problems-whetltl'r tlti.Y be 
followed by experiments or not. 

26. DEsiGN FOR STANDING WAVE FLUMES FOR THE Jonn!'UR WATER Sui' I'!.\' 
CHANNEL. 

At the request of Mr. Edgar, P~blic Works Minister, Go vernmcnt of Jodhpur 
two standina wave flumes were designed: one for 30 cusccs, ut the lwucl u( 
the channel 0 and one for 20 cusecs, at the tail of the channel. Figure 14-1 sltuws 
the design ~upplied for the 20 cusecs standing wave flume. 

" • :Q=B! D2 V2=B2 O(D1+ V1
2/50)" . • .(1) 

;l.Wre B =throat width (=2·75' for 20 cs. S. W. F. and 
~ · 3·0' for 30 cs. S. W. F.) 

c· ·=a COefficient I 

D1=upstr~am depth over sill of throat 
y

1
=mean velocity of approach . 

and n=an exponent (approximating 1·5). 

The formulre worked out tq · 
. Q=8·25 DI.49 for 20 cs. S. W. F. .(2) 

and Q=9·0 D1.49 for 30 cs. S. W. F. . · · : · · · · .(
3
) 2 . 

D :ff t
. · depth taking velocity of approach mto account =(D,+ V, /50) 

Where =e ec Ive ' I d th ill 
When stated in terms of D,-the. aetna ep overs -

D=1·02 D/""' 
or D,=0·98 D·oo7 

. from. which . F 
';, Q=8·498 nr·· for 20 cs. s. w. . 

. , d =9·270 D,"·'"' for 30 cs. S. W. F: • . . 

.(4) 

.(Ci) 

. (6) 

an t . assumed=1·5 which l8 convement, 
If the exponen IS W F .(7) 

Q=S·47 D/5 for 20 cs. S. • · • • · • • • .(S) 

24 D 1·6 for 30 cs. S. W. F. · • · · . · ]' ''-1 
and =9· 1 b F S Q and 2/3 F. S. Q., which 1s neg 1g1u c ; 

f ± 1 per cent etween · · · 
with an errohr 0 f · rrnulre m~y be adopted. 
and hence t ese o 

· GH AQUEDUCT 14 oF THE NmA RwH'r 
, NALA PASSING THROU 

27. TRAINING THE BANK CANAL. 

, . f A duct 14 is sharply oblique, and as a 

T
he flow of the NaJa upstreamdol qlue 2 feet above the designed II.l<'. L.; 

37 fl d the floo eve rose d d N ithcr 
ult during the 19 °0 ' d f the aqueduct was umage · e 

resd the protective wall on the east en. of 'blc so it has been proposed that a 
ant aight cut, nor training by groynes IS ( ~:~1 t~ the length of the aqueduc~), 
u!u\und extending 160 feet upstream e M 2 
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finishing off with a 120° curved head of radius equal to 35 feet, shoul~ b~ construct
ed to prevent scour of the canal ba.nk a_nd.to turn the nala water mto th~ aque
duct. With this design, the scour JUSt mstde the entranc~ of the app~oach m~y 
be as much as 2I feet if the bed material is sand-assummg the maXImum dis-
charge to be 20,000 cusecs, as estimated. . 
28. ExcLUSION oF EXCESS SILT FROM KATTALAI HIGH LEVEL CHANNEL-ex-

SouTH BANK CANAL (MADRAS PRESIDENCY). 
The Kattalai High Level channel takes off from the right bank of _the South 

Bank Canal just above the Regulators at 0/5 (see figure 145}. The stll level of 
the Regulator is at R. 1:· 313·75. · 

The Kattalai channel was opened on 19th July 1934. Its Head Regulator 
with sill level at R. L. 315·25 was set back 270 feet from the South Bank Canal. 

As was to be expected-bearing in mind that 35 per cent. of the discharge 
was drawn off at an angle of ll0° (see Bombay P. W. D. Tech. Paper 52 (••>, 
curved flow was generated and bed silt concentrated in the Kattalai channel. 

With the idea of preventing this, curved vanes were constructed in the South 
Bank Channel in 1935 to divert bed silt down the main South Bank Channel and 
a sill with R. L. at 315·25 was built across the entrance to the Kattalai channel 
(see figure 145). These had little effect and the F. S. Q. decreased from 4ll cs. to 
280 cs. with F. S. D.=4 feet and a silt bank formed which was 1·8 feet high at 
the head and 6" high at 1 mile downstream. 

Remedi~ s suggested.-Vanes being quite unsuitable for such conditions, a 
divide wall projecting upstrE:am from the S. B. C. regulators to a distance a little 
more than the still pond pocket width above the upper end of the entrance to 
the H. L. channel has been recommended (see red line in figure 145). 

F. S. Q. of S. B. C. upstream of offtake=l,200 cusecs. 
F. S. Q. of H. L. C.=411 cusecs. 

So the F. S. Q. ratio=800 : 410. 
In order that the velocity factor in the approach channel of the Kattalai 

channel should equal that in S. B. C., the divide wall should divide the channel 
into ·i·ths and ~ths and as there are 7 spans, 3 spans will be for the Kattalai 
channel and 4 spans for the main channel. 

The 3 spans of the approach channel will normally remain closed and the 
arrangem~nt will act as a " still-pond silt excluder "; but if it is found desirable 
to scour s~lt fro~ !he approach channel , the three spans may be opened occasion
ally._ While. thts IS bemg done, the Kattalai regulator must be kept closed. 
Durmg scourmg, the water level on the two sides of the divide wall will be different, 
and provisiol!- ~h_ould be_ m~de for a difference of 2i feet when considering stability. 

If the d~vtswn of stlt Is not exactly right, the proportion of silt can be subse
quently modtfie_d by extending the divide wall at 1 in 5 upstream, so as to increase 
the entrance w1dth of the channel in which it is desiraule to reduce silt :-quite 
a short extension will have a big effect. 

29. MEASURES TO PREVENT SILT ENTERING J,"HE V ADAVAR CHANNEL OF THE LOWER 
COLEROON ANICUT SYSTEM (MADRAS PRESIDENCY). 

The Vadavar Canal takes off from the River Coleroon at the Lower Anicut 
in Tanjore District-1!ide figure 146. The Coleroon branches off from the Rive; 
Ca~very_ at the upper Anicut about 9 miles upstream of Trichonopoly. The Lower 
Amcut Is about 70 miles downstream of the upper Anicut and consists of two 
regulators. The north regulator has 30 vents and the south regulator 40: 

. At th~ left end of the North Branch, two Canals, Vadavar and the North 
Rapn Vatkal _take off .. There is no silt trouble in the North Rajan; but the 
Vadavar has sllted heavily. The Vadavar was widened in 1927 from 100 feet to 
120 feet to discharge 2,200 cusecs with 8·5 feet on the rear gau"e of the head t~luice 
T~e discharge observed with this gauge was 2,030 cusecs at the end of 1927. 'l.'h~ 
dtscharge gradually reduced to 1,810 cusecs in 1931 and to 1,768 cusecs in 1936. 
The dep~h of stlt on the Canal bed at the head of the Canal in 1937 was about 4 
feet. . Ftgure 147 shows the site survey of the Canals. 

(11) Bombay 1'. W. D. Technical Papor 52: 

D V
" ia.ctors o.ffecting exclusion of bed silt from Cu.WL!s taking off from alluvial U.ivurs " by C. C. Inglis o.nc.l 

• • Joglekar. 
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The cause of the trouble, so far as the Vadavar is concerned, is the main 
groyne running out from the left bank; because it drives the top water outwards 
which causes the bed water to be deflected inwards. This is because top water, 
flowing with a high velocity, tends to flow straight on past the entrance of the 
Canal ; and, as some water has to pass into the Canal, it is the slow moving, easily 
·deflected, bed water which does so~de Bombay P. W. D. Technical Paper 52CI<l. 

The recommendation outlined, subject to modification in the light of further 
data, was to remove the left upstream groyne down to R. L. 48, and the bank 
from F to the Head regulator of the Vada.var down toR. L. 45, all the intervening 
soil being removed to give a slope from 48 down to 45. The top water would then 
flow over this into the Vadavar. 'l'he effect of this would be to deflect silt from 
the Vadavar Canal, which would tend to pass into the North Raja.n Canal. To 
counteract this, the first two spans of the North· regulator should normally be 
kept closed-between A and the North Rajan Channel-; and the adjoining 
spans of the North regulator kept fully or partially open, according to the supply 
available. A divide wall extending upstream to about K, on the line AB extended, 

. would further improve matters. The top of this wall or groyne should be above 
the water level at such times as it is desired to exclude bed silt. The groyne 
should be designed to withstand at least 6 feet difference of water level. 

Assuming these recommendations are acted on, it would have to be decided 
whether the silt already accumulated in the Vadavar should be removed or allowed 
to scour, to be redeposited downstream. It is better to remove the silt 

(i) to get full supply at once, 
and- (ii) to prevent the silt now accumulated at the head raising the bed level 

further down the Canal, which might necessitate raising the banks. 
If, however, the banks downstream are so high that silting would not matter, 
only a small amount of silt need be removed. . Further data is awaited. A model 
experiment is desirable, though not essential in this case. 

30. CoNTROLLING EROSION oF THE RIVER ·" BuR GANDAK " AT SIKANDARPUR 
IN l\fUZAFFARPUR DIVISION (BIHAR). -· 

The Chief Engineer, P. W. D., Patna (Bihar) sent papers and a plan in con
nection with erosion of the River Bur Gandak, for remarks on the general hydro
dynamic problem. Figure 148 shows the survey of the River from Daudpur to 
Chanwora Muzaffarpur (1921-27). In this case, scour has hitherto been resisted 
by protective works at the points of attack. It is a physical fact that spurs, 
pitched banks, and walls have a very strong attraction for water and cause an 
intensification of attack; so that unless such works are enormously strong, it is 
generally only a question of time till they are undermined and washed away. 
Spurs and other protections are therefore liable, i~ the course of time, to do more 
harm than good. In this case the immediate trouble could be overcome by making 
cuts as shown in red lines in figure 148. It appears from the plan that cut-offs 
have already been contemplated both here and across the peninsula projecting 
towards Chanda war ; but in both cases the point of off-take shown would bt} 
unsuitable, and locating an off-take .properly is of supreme importance. Such 
cuts would be expensive and might lead to damage upstream, due to increased 
slopes; but there does not appear to be any simpl~ way of protecting the banks 
where they are now being attacked (at the outside of sharp curves) which would 
not, considered over a long period of years, be prohibitively costly. It has been 
thought that wave action was partly responsible for the erosion. This is not 
the case. Erosion always starts at the toe of pitching, which then slides or 
collapses into the hole thus formed, and wave wash has a negligible effect. What 
actually happens is that water eroding a bank-especially if it is impinging at 
right angles-dives down and creates curved, unstable, surging, flow at the 
bed. This creates pulsating vortices, which wash away even large stones from 
the toe of the slope. As regards the statement : 

" the river bed is full of old trees fallen in past years and these are to some 
extent responsible for the swinging of the channel ". 

This is undoubtedly an important factor, and some years ago a writer in the Ameri
can News Record stated that after stumps of trees" had been removed from the 
M~ssouri River, it decreased in length by 100 miles over a length of about 400 
miles. . 
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. 31. ExcLUSION OF BED SILT FROM THE JAMRAO CANAL (SIND). 

The bed silt enterin" the Jamrao Canal has increased and a model is to be 
constructed at the Kar~chi Testing Station to ascertain the _changes required 
to exclude excess silt. Suggestions were made as regards design of the model 
and experiments, based on experience obtained in Poona. 

32. DISSIPATING ENERGY BELOW THE MASONRY WASTE WEIR OF THE TIMBA TANK 
AT HARSOL, TALUKA PARANTIJ, DIST. AHMEDABAD. 

The Timba Tank is an old tank, which was improved in 1923. The waste 
weir is 300 feet long with crest at R. L. 107·0 and a discharging capacity of 5,300 
cusecs. In 1923, a water cushion, 4 feet wide, was provided downstream of the 
weir, with bed R. L.=l02·3. Scour was first noticed after the great flood of 1927, 
when scour downstream of the water cushion was filled with soil, which was covered 
with a layer of rubble. Slight scour occurred in 1931 and 1933; but in 1937, the 
bed downstream of the cushion chamber scoured to a depth of 6 to 7 feet over 
a width of 75 feet. 

The upper 6" to 2' layer of the bed consists of black soil ; below this there 
is 2' to 6' of soft murum and below that hard murum mixed with lime kankar. 
The original bed of the waste weir channel was excavated down to R. L. 104·0 
with a slope of 1 in 200 for about 600 feet, to where it met the natural ground 
level. At its 18th chain it tails into an adjoining nala which in turn falls into the 
Luni River. The distance between the waste weir and the Luni River is 4 700 
feet, with a steep fall of 1 in 250. This steep fall creates a high velocity ~hich 
has led to about 2 feet depth of scour in the murum and kankar bed of the 
channel. 

Remedies suggested.-Figure 149 shows the action suggested by local officers 
and figure 150 shows our recommendations. 
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chan;~e bndtur~l slop~ of ahchannel depends on the discharge and material of the 
e · n regime c annels, Lacey has shown that 
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holds. When a dam is built, the silt is wholly trapped and so scour inereases 
downstream. The problem to be solved, therefore, is how best to eount.eract 
progressive downstream scour, due to clear water,-which is an entirely different 
:problem to dissipating energy below the weir. There are two alternatives :-

' (i) A continuous rapid or lined flume, 
or (ii) a series of falls : only the fir~t fall required at present. 

(i) would be unnecessarily expensive in first co'st ; 
(ii) has the advantage that it can be built by stages, as required, and the 

wor]<: may be stopped, when scour stops. 
As a first step, it has been proposed that a single baffie fall-see figure 150-

should be constructed. When scour belo:w this baffie increases to the stage at 
which undermining is threatened, a simple weir fall may be added downstream, 
etc. The only essential at this stage is to see that the drop wall under the baffle 
is designed as the main wall of a 4 feet weir fall to be constructed later when 
required. This is provided for in the design in figure 150. 

·, NoTE.-Figure 150 is a hydraulic diagram and does not show details of construction of glacis-which will dopond on bod mn.torinls 
below the dam. 
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