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ANNUAL R~PORT (TECHNICAL) OF THE WORK DONE 
' DURING THE YEAR 1945 

·PART [-INTRODUCTION 

1. STAFF AND TI!EIR ACTIVITIES 

Director: Sir Claude Inglis, C.I.E., B.A., B.A.I., l\1Inst. C.E., 
1\I.Am.Soc.C.E.,l\I.I.E.(I)(till 21 .. 3-1945 when he proceeded on leave 
to England preparatory to retirement). 

Rao· Bahadur D. V. Joglekar, B. E. (from 22-3-1945). 

K. K. Fra.mji, Esq. B A. cBom.), B.Sc.(Lond.), A.K.C. (Lorid.), M.D.E., 
I.S.E., <from 6-lf-1945). · 

Dtputy Director: Rao Bah~ddr D. V. Joglekar, B.E. (tili 21-3-1945) and 
from 6-12-19!5.· The post was vacant from 22-3-1945 to 5-12-1945. 

Assistant Research Officers 

1. Mr. G. M. Panchang, B.A. (Hons), M.Sc. (Lond.) (for Statistics). 
2. Mr. S. T. Ghotsnkar, 1\LSc. 
3. Mr. S. C. Desai, B.E. 
4. Mr. J. M. Parikh, B.E, (till 28-2-1945). 
5 Mr. C. V. Gole, B.E. (from 1-3-1945). 

Research Assistants 

1. Mr. C. V. Gole, B.E. (till 28-2-1945). 
2. Mr. S. N. Mulekar, B.Sc. (Elect. and.Mech.). 
3. Mr. S V. Chitale, B.E. 
4. Mr. D. P. Kulkarni, B.E. 
5. Mr. P. K. Kulkarni, B.Sc. <Elect. and Mech.). 
6. Mr, P. M. Damle, B. Sc. 
7. Mr. P. H: Wagh, B.Sc. (till 31-5-19~5). 

Works A1ri1tatit 

Mr. N. K. R. Iyengar 

Mr. S. B. Barve . 
Mr. S. R. Chandork:ar, B.Sc. 

The Khadakwasla Welfare Centre which receives some contribution from 
the staff and labour of this Station continued good work during the year. 

At the instance of the Government of Bombay, the Director (Sir Claud& 
Inglis) and Rao Bahadur Joglekar, Deputy Director, visited between 19th and 
22nd January 1945, the areas near Surat and Broach in Gujarat, damageq by 
the 1944 monsoon floods in the Tapti and Nerbada rivers, for suggesting remedies 
to prevent sim;lar damage in future. The Government of Bombay accepted the 

, recommendations of the Director regarding prevention of damage to the Burat
Rander Road and the City Wall of Surat, and sanctioned an estimate amounting 
to Rs. 7000 for model experiments ai the Indian Waterways E'l:periment Station 
for invest.i~ting measures to prevent damage to Surat City Wall by floods in 
the Tapti Hiver, vide their Press Note No. ~67 of lQ-4-1945. Data are being 
collected for these model experiments. . 

As desired by the Government of India in the ·ta'bour Department, the Director 
(Sir Claude Inglis) presided over a meeting ol the Chief Engineers of the Punjab 
and U.P. held at Delhi in the 2nd week of February 1~45 for determining the 
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shares of each of. these two Provinces in the waters of the Jumna River vis-;·vis 
that of the Delhi Province in connection with the Delhi Water Supply Scheme. 

On 2U-4-.1~45 Rai Bahadur A. N. Kh':"sla, Consulting Engineer to the 
Government of India for Waterways, Irrigation imd Navigation visited the Indian 
Waterways Experiment Station. 

On the 13th and 14th May 1915 the I'irector (Rao Bahadur D. V. Joglekar) 
inspected the Hooghly River from Calcutta upstream up to Triveni, incluoing the 
foreshores or the Anglo-India Jute Mill, Dunbar Cotton Mill and the Titaghar 

·Jute Mill, covering a distance· of 35 miles; and, on the 15th May, he inspected 
in company with the Consulting Engineer to the Govt. of India for Waterways, 
Irrigation and Navigation, the River from Calcutta to Hooghly Point, a distance 
of 37 miles. On the 16th May, the Director inspected the Rupnarain River at 
Kolaghat Bridge on the B. N. Railway in order to have an idea of the condition 
of the river after the 1945 freshet season .. He also wanted to ascertain the effect 
on scolir at the Briage of the measures carried out by the Railway, based on 
Model Experiments done at the Indian Waterways ExP,eriment Station. . 

Between 17th and 20th May 1945, the Director was at Cuttack in the 
Province of Orissa, from where he and the Consu1ting Engineer Tisited the 
following rivers and canals ·in that 'Province : · 

Mahanadi Central Sluices, 
Birupa river, 
Kendrapara Canal, 
Naraj Weir, 
Birnasi Gap. 

On the' 22nd of May 194:5 the Director visited 'the Bengal River Research Insti
tute at Galsi, 15 miles from Burdwan and also the Punjab Irrigation Research 
Institute and_the Hydraulic Station at Malikpur in August. 

· On 11-8-1945 he visited the Pumping Station at Delhi Gate, by prior 
engagement with Messrs. Merz, MacLellan & Co., Consulting Engineers to the 
Delhi Elec. _Power Authority, in connection with their proposal to construct 
cooling towers on the island in front of the Delhi Gate Power House.. The 
representative of Messrs. Merz & McLellan was also present. The.Directorgave _ . 
his opinion that it was-unsafe to construct the cooling towers. on the island. 

From 5th to 14th October 1945 the Director was in Mysore State where he. 
saw the following works in company with the Consu)ting Engineer, Waterways 
Irrigation & NaVigation: · . 

Ganesh Iyer's Volute Siphon Spillways at Markonaballi 

Krishnarajasagar Dam and the Krishnarajasagar Hydraulic Institute, 

Jog F.alls and the Hirebhasgar Dam and the volute siphons under 
construction. 
Between 9th and 15th November 1945, be was inJodhpur State where he· 

inspected the Rail way Bridge over the Luui River on the Samdari-Raniwara 
:&aneh· of the Jodllpur Railway. Th_e left flan~ of this bridge .was e!oded 
during the 1944: floods and model e:xpenments are m progress at th~s Stat10n to 
investigate the best position of an island or i"Slands, and other remedml measures, 
to centralise. the flow and hold it axially, permanently. · 

The following are some of the prominent.visitors to the Station during the 
year: . . 

1. Rai Bahadur A. ~- Khos~a, I.S.E., Consultmg Engmeer to the 
GoTernment of India for Waterway8, Irrigation & Navigation, New Delhi. 

2. Mr. Wang Shu-Fang, Public Health Engineer from China. 

-3. Mr. J. Shaw, Superintending Engineer, Eastern Circle, Orissa. 

4:. Mr. M. J.-Haquami, Deputy General Manager, Nizamsagar Factory,. 
Hyderabad,· (Deccan). · 



P.£B'I J 

5. Mr. W., X. :Mascarenhas, Principal, College of Engineering, Poona. 

Sind. 

6. 
7. 

8 
. Poona. 

Mr. W. Lawley, Superintending Engineer, North-W .F. Province. 

Mr. M. L. Champ bekar, Superi~tending Engineer, Project Circle, 

Mr. C. G. KalE', Superintending Engineer, Project Cir~le: Bombay, 

9. Mr. Dildar Husain, Superintending Engineer, Nizam ;p.W.D., 
· Hyderabad (Deccan). 

10. Mr. K. C. Mazumdar, Assistant Irrigation Adviser tc> the Govern
ment of India. 

11. i ~Mr. Andrew H. Southorn, Deputy Secretary to the Government 
oi Madras. · 

12 .. Mr. K. N. Mathur. Asstt. Director, Scientific and Industrial 
Research, Delhi.. · · 

13. Mr. Kahawita, Engin~er, Desigus, Ceylo~ 
14. Mr. K. R. Gunjikar, M. A·., (Cantab)., B.Sc., (Bom.),'Dy. Director 

.of Public Instruction, Bombay Province. . 

15. Mr. D. C. l'avate, M.A., (Cantab.), Assistant Director of Public 
Instruction, Bombay. , · . .. ' _ \ 

Studen!s and Professors' from the following Colleges also visited the 
Station during the year :-

(1) College of Engineering, Poona. 

(2) College of Agriculture, Poona,.. 

(3) Engineering College, Osmania University, Hyderabad (Dn.) 
(4) · College of Engineering,. Bangalore ... 

,Advice was given without model e:xperiment1 in the following cases: 

1. Scour below the bridges on the lower Jhelum Canals-main line. 
2. Damage ·to railway embankment at mile No. 416/7 between 

Narasaraopet and Santamagulur eM._& S.M. Railway).· Enquiries regard..: 
ing the length of guide banks. ._- · · . 

3. Protection of the Pump House of Jodhpur Railway at Balotra on 
the bank of the Luni River by a repelling splir ... 

4. Protecting the Ogilvie Bridge over the Banas river from out-
flanking (Ajmer). . · 

5. Sakri River Irrigation Scheme: 
Training the river Sakri to divert Portion of the. Hoods to the old 
Sakri Branch (Bihar) •. 

. · 6. Design of guide banks and depth of piers embedded in eand below 
maximum scour level ( En<],.uiry from Bengal and Assam Railway). 

7. Sindri Water Supply Scheme on the Damodar River .. 
8. Mr. Ganesh lyer's Volute• Siphon Spillway for the Hirebhasgar 

Dam-Jog Power Scheme ( :Mysore State ). I · · 

9. Siphon Spillway design for the Neersagar Water Supply Scheme 
for Hubli and Dharwar (Bombay ). . . . 

10. Protection of piers of the Kathora Road Bridge on the Tapti with. 
concrete blocks (Bombay). · · · · · 

11. Training the Gogra river at the Inchape Railway Bridge (Bengal 
and Assam Railway ). 



Fig. 1 

4 ANNUAL llBPOBr (l'BCI!NIOAL} OJ!' THE WORK DONE DUBING THE YEAR 1941:) 

Fig. 1 is the map of India showing the places (a) visited by the Director 
(b) where advice.was given without model experiments and (o) advice given 
with model experiments (either complete or in prog'ress ). 

2. During the year 13 investigations were in progress, of which 9 were 
specific in character and 4 basic. 11 notes on 'Basic Problems' and 13 notes on 
'Specific Problems' were written during the year. 

• 

3. The following publications were issued during the year:· 

(1) Research Publication No. ·7-Annual Report (Tech.) of work 
done at the Central Irrigation and Hydrodynamic Research Station, Poona 
during the. year 194~·43, Price H.s. 7-8-0. 

{2) Research Publication No. 8-. .\nnual Report (Tech . .) of work 
done at the Indian Waterways Experiment Station, Poona during the 
year 1943, Price Rs. 7-:8-0. 

· (3) Research Publication No. 9-.Annual Report (Tech,) of work 
done at the Indian Waterwayo Experiment Station, Poona during the 
year 1944. 

. . . ~ . 

-. 
.. 

-,jy,.e.r;.o. is·2'is 

~ '· 

N!'! 5'79 
I. w. E)IPT. ·FI'PfHWIII. 

!~lAP DF INDIA 

./94.5 
II 

'SCALE. I =320MIL£S·. 

.. ~. 

! '• . 

· REJ:'ERENCES:-

' . 

0 PLACES VISITED flY IJIIi'CCTOR 

A loOVICE. GIV~N 

(\ 

WITHOVT NOOI!L E'XPT. 

· · X :Owe& GIVEN 
WITH IIODfL EXPT, 

COI.ONIBO 

Fig. 1 



PABT II 

PART II-1. FIELD RESULTS OF MEASURES ibn~:~ 
AFTER MODEL EXPERIMENTS 

4. Mea11ures taken to control erosion of the left baok of the Rupnarain 
upstream of the Bengal Nagpur Railway Bridge at ~olaahat by 

means of a deflecting groyne. 

5 

• 1. The model experiments carried out in 1944 and the subsequent changea 
in the River up to the end of 1944 caused by constructing a repelling groyne 
on the left banj 4,200 ft. upstream of the Bridge, have already been described. <H 

2. The further changes whicli have taken place during 1945 are dealt 
with below. Fig. 2 is reproduced f.o show the changes between 1938 and 1944 
prior to constructing the groyne ; w bile Fig. 3 shows river conditions in· 
December 1945. The magnitude of the change i& brought out _even mote 
clearly on Fig. 4 which shows river cross-sections at A on . Fig. 8 
observed in 

and 

April 1938 
April 1943 

January 1944 
October 1944 

June 1945 

Still later information reeeived is that 

"The western edge of the shoal on 3-2-46 appears to be still nearer 
to the right bank." · _ 

3. The model did not indicate such a rapid change nor that the change 
would be nearly so great as has occurred, but the Director<s> predicted :-..:. 

"From experience, combined with close observation of flow conditions 
in the model, that accretion would occur in the river for same 
distance upstream an_d downstream of_the groyn~ leaving the groyne 
earthbound ; so that 1~ years to come people 1n1ght wonder wLy it . 

. had been constructed. · · . . 
- 4. The effect of the groyne was to slow down the velocity along the left 
bank, so that the ch~nnel along t-hat ~ank, clearly shown in Fig. 4 gradually 
deteriorated. As this occurred, the nght bank channel gradually carried more 
and more water. · 'J'his was greatly facilitated by there being no large freshets 
in the Damodar or Rupnarain during 1945; so that the river tended to shorten, 
and hence straighten, its course. It is prqbable -that the shoal along the left 
bank will now rise higher and higher until much of it is above normal high tide 
level. The changes which took place between 1938 and 1942 may then be 
repeated; but in that case the groyne would again come into action· to repel the 
river away towards mid-stream or the right bank. Erosion in depth is not, 
however, likely to occur hereafter along the left bank, because the Damodar 
Flood Enquiry Committee have recommended that dams should be constructed on 
the Damodar and Barakar Rivers to reduce the peak flood discharge from 6}lakhs. 
cusecs to 1lakh cusecs. There is: of coutae, the possibility that the Damodar may 
change its course before the dams are constructed, an· avulsion occu~ng into th& 
Rupnarain, but this would probably take some years to develop to a dangerous -
extent. If, however, dams were not constructed, an avulsion would /occur· in 
time; but conditions would then be so different from those in existence to-day-
that the best action to take under those conditions cannot be foreseen. · 

5.1 Rai Bahadur Guba, Chief Engineer Bengal, questioned the statement. 
mad.e in t~e 1944 Annual Repo_rt (Tech.);-that the likely .cause of the heavy· 
erosion, smce 1938, was the mcrease m the meander length following the 
increase in the discharge of the Rupnarain river-remarking:. 

O>Indian Waterways Experiment Station Annual Report (Tech.) 194!1, pages 18-20. 

(2>Proceedings, Institution of Civil Engineers, :Maritime Paper No. 8 "Training Worb 
aonstruc_ted in tbe Rupnarain in Bengal" February 19!16, by Sir Claude Inglis, 0. I. E. 

Fig.2 

Fig. s. 

Fig. 4i 
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PA.R1' II ' 1 

"If meander length increa~ed in one portion of the rive~ also· 
increase in other portions". ·. 
In fact, since 1938, changes have taken place not only upstream but also 

downstream of ,the Railway Bridge as is evident by comparing fig. 6 (a) (showing Fig. fi (a) 
the 1938 survey) with fig. 6 (b) (showing the 1944 survey with the 1938 bank Fig.·5 ~) 
line). It will be seen that the main channel which was along the left bank 
downstream of the Railway Bridge between Orphuli and Khanjadapur shifted 

· towards the right bank iil1944. Similarly, there has been erosion of the right • 
bank above and below 'Iamluk; and as the river is very wide downstream of 
Khanjadapur, large changes are not to be expected. . 

When this evidence is taken together with the fact that the conditions 
below the bridge are controlled more by tidal than by river discharges-or, at 
any rate, the river effect must be relatively small and must Jag behind changes 
upstream-there is sufficient substantiation of the Station theory that the cause· 

. of the trouble was due to the meander length increasing as a coneequence of the 
increase in the discharge of the river. 

6.2 Rai Bahadur Guha has also criticised the reCommendation, as a result 
of model experiments, to construct a ·retired embankment (estimated .to cost 
Rs. 65,000), even if the spur was constructed to avoid cJanger of scour of the 
P. W. D. bund there. He has remarked :-

. 11 But nil such scour developed as anticipated, after the construction of 
the stone spur; on the contrary a fairly wide and high chur was formed just 
in front of the retired embankment recently constructed and scour was 
developing on the right bank about a; mile or so below the stone spur. 
The formation of the chur above the spur and scour on the right bank were 
perhaps not shown in (by?) the model". · 

The model showed that the P. W. D. Bund would be attacked in the initial 
stage~ o_f the shoal formation. So, although the Stati~n has freqnentlr observed 
that sdting occurs very much more slo~ly than sco~r.m ~odels and IS thus not 
correctly reproduce?, because ~e relative. rates of sdtmg m ~odel and prototype 
are still unknown, It was considered desrrable-and very ·rightly too-to take 
no risks. Actually, it ~ppears that shoaling took place much more quickly in 
the river which shifted the main flow away from the l~ft bank and the P. W.D. 
bund was not attacked. 

6. Conclusion• 
Xhe groyne fulfilled its immediate ···object with signal success, so that the 

main flow of the ri v~r i~ now .nearly one mil~ away from t.he point w~ere danger
ous erosion was takmg place m 1943. Nothmg further will, be reqwred provided 
the recommendations of the Damodar Flood ·Enquiry Committee are acted on. 
These we hold to Le essential, not merely to prevent an avulsion into the 
Rupnarain · but still more to preclude the possibility of an avulsion into the 
Hooghly above Calcutta. · - -

s. Training of the Malaprabha River to protect the left Bank and Abutment 
of the M. & S. M. RAilway Bridge No.8 at Hole Alur on the 

Hotgi Gadq Line. 

Havingdeveloped a cut-off a mile below the M. & S.M. Railway bridge, 
the Malaprabh~ river was tryi~g to inc~ease it.s length by eroding the panks. 
This bank erosion nea~: the Rail way bndge was very severe and expenments 
were carried out at this station to devise means to protect tha left abutment 
and relieve it from attack. n) · 

The recommendation of cutting the right bank above the bridge was adopted 
m the river and the spoils were dumped in front of the left abutment. The Fig. 6 

<UAnnual Report (Tech.) for 1942-43, pages 10 to 18. 
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conditions obtained after one flood season showed that in the portion where the
right bank was cut, the deep channel has definitely shifted to the right; and at 
the bridge itself, though the deep channel is along the toe of dumped material, 
the conditions have apparently improved; and, in course of time, it is expected 
that the main channel at the bridge will be safely away from the bank. • 

6, Protection of retainibg walls from scour by means of repelling spurs 
(Baluchistan) (without model experiments). 

In 1944, the C R.E., South Quetta, refer~ed 1:1o case to the Director iri. which 
retaining walls constructed ·to protect roads running along concave banks of 
nullahs were undermined and in extreme cases they collapsed. 

· ·A series of submerged repelling spurs pointing 60° upstream were recom-
_mended for local protection· of the retaining walls. · 

. In ~945, ·the. C.R.E. wrote stating that they had built several: upstream 
facmg, spurs-whtch they -call "shingle catchers"-and they proved most effec
tive. In most ~ases the shingle bed of the nullah has already been built up· 

·level with the top of the submersible ·spurs. .. . . · 

'Fhis ~learly brings out. tpe· .. action of repe!ling spur~ in repelling the bigb 
velocity flo~ away from t.he ban~ and, thus, causmg accretion of the bed. . 

lt115!158 
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Series Experiments. 
No. .. 
(1) I No friction blocks on the pacca pavement. 

' 
(2) of trapezoidal baffle blocks Two staggered . rows 

IS' x 8' x 2' starting 1 0' downstreaul of the toe of the 
glacis. 

(8) Two staggered rows of rectangular, baffle .blocks 
~· x 2' x 2·5' at the toe of the downstream glacis. 

. .. 
(4) 1 Two ataggered rows of rectangular, deflector blocks 

5' x 2' x 2·5' at t~e end of the dfs pacca pavement. 

(6) Two staggered rows of rectangular. baffl~ blocks 
5' x 2' x 2j' starting 10' downstream of the toe of 
glacis and two staggered rows of rectangular, 
dt>flector blocks 5' x 2' x 2f at the end of the pacca 
pavement. 

(6) Two staggered rows of trapezoidal baffle blocks 10' d/a 
of the toe of· glacis and two staggered rowe of rect-
angular, deflector blocks 5' x 2' x 2f at the end of 
pacoa pavement, as proposed in the design. 

TABLE 2. 
(Dowmtrea.m·pavernent level R.L. 18.0) 

R, Ls. of scour observetl for various diecharges. 

200,000 cs./soo,ooo cs.j '00,000 cs.j '50,000 cs.jliOO,OOO ea.j550,000 ea. 

18·0 10•50 8·0 6•0 S·O -2·0 

. 
' 

17•0 18·0 9·0 8.0 5·5 8·0 
' 

' 

17·0 )8•0 li·O 8·5 5·5 8·0 
. .. 
18·0 19•5 15·5 18•0 I 10·0 8·0 

I . 
24·0 28·0 19•5 15·0 15·0 18·0 

' 
28·5 22·0 18·0 14i0 14·0 12·0 

I 
. 
l ]· 

Remarks. 

Undermining just dfs of pavement and 
then a gradual slope of 1 in '· 

Undermining just dfs of pavement for 
Q=450,000, 500.000 and 550,000 ce, 
and then a slope of 1 in 4. 

No undermining dfs of paoca pavement. 
, 

No undermining downstream. 

No undermining but a grad11al slope of 
1 in 4 downstream~ 

No undermining but a gradual slope of 1 
in 4 downstream. , 

I 



Tablel. · 

Table 2. 

Fig. 8 (a) 

}'ig. 8 (b) 
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PART III.-SPECIFIC EXPERIMENTS 

RIVER BEHAVIOUR .AND CONTROL 

Cri) Scour 

7. Experiments in connection with dissipation of energy downstream 
of Lower Sind Barrage at Hajipur. 

( 2400 ft. upstream of site B near Hajipur) 

(1) Object oj the ezperiments :-

(a) To find the extent of scour downstream. 

(b) To find out whether energy dissipation devices as proposed-i.e. 
two rows of traf)ezoidal, baflle blocks near the toe of the glacis and two 
rows of rectangular, deflector blocks at the end of pacca. pavement-are 
satisfactory and sufficient; if not to suggest modifications. 

(2) Model:-
These expe1iments were carried out in the river model-described in item 

14 of this report-except that .. the weir portion was treated as geometrically 
similar to a scale of 1/50. The model below the barrage was a large scale (1/50), 
geometrically-similar part model, with the river curvature imposed upstream. 
The Barrage was reproduced down t.o the pacca pavement 100' long from the toe 
of 'the glac:s. The concrete blocks 4~ x 3' x 4' for a length of 80' and stone 
apron 200' long downstream of the pacca pavement wer~ not reproduced. 
(3) Experiments: _ 

Six series of experiments were carried out (see table 1). In each series, the 
arrangements of blocks was changed and discharges corresponding to those 
ranging from 200,000 to 550,000 cusecs with an allowance of 20 per cent cQDcen· 
tration, as : assumed in the design, were run till scour ceased. The water levels 
maintained were pond level upstream and the minimum of the specific levels 
(allowing for retrogression) downstream as this would be the worst condition :-

I TABLE 1. 

· Di11oharge 
/Pond Level maintained Water level maintained 

upstl'eam downstream 

200,000 cusecs 60.0 45.0 
300,000 " 

61.0 48.0 
400,000 _, 61.0 50.4 
450,000 II 61.0 51.5 
500,000 

" 
61.0. 52.5 

550,000 
" 

61.0 53.3 

In these experiments bed sand was injected at the rate ~f 0. 2 parts per 1000. 

( 4) Results:-
Results as obtained in different series of experiments are shown in table 2. 

(a) Fig. 8 (a) shows the contours observed with Q=550,000 cusecs 
with no blocks on the pavement downstream. The maximum depth of eoour 
observed was down to R. L.- 2. 0. There was undermining just downstream 
of panment to a depth of 1 ft.. · 

(b) Fig. 8 (b) shows the contours observed with Q = 550,000 cusecs 
with two staggered rows of t.rapezoidal, baffle blocks (5' x 3' x ~), starting 
10' downstream of the toe of glacis and two staggered rows of rectangular, 
deflector blocks (5' x 2' x 2rJ, at the. end of the pavement as shown in 
fig. 9. There was no undermining downstream of the pavement and sand 
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piled against the face of the curtain w'all. The maxtmum depth of scour 
observed was down to R. L. 12. 0. 

(o) Two staggered rows of rectangular, baffle blocks (5' x ~ x ·2i') 
sta1-ting 10ft. downstream of the toe of glacis and two staggered rows of 
rectangular, deflector blocks 5' X 2' X 2f at the end of the pacca pave
ment were also equally effective in preventing undermining and R. L.s of 
scour obtained were 'same as in <b) above (see table 2.) 
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'Fig. 9 

Experiments thus ;howed that the design· as proposed tnay be adopted. 
Though rectangular, baffle blocks near the toe were equally effective, trapezoidal, 
baffle blocks as originally designed ar~ recommended, being streamlined. 

No protection downstream of deffector blocks is necessary against dynamic 
action. Actually in the design, however, concrete- blocks over a length of 80 ft. 
and a stone apron SOQ ft. long are provided doyvnstream with the object of 
preventing piping due to exit gradient and release of residual uplift pressure. 
This kacha protection will be tested . on the Kotri Barrage model to see if any 
undesirable flow conditions arise, in the event of uneven settlement of concrete 
blocks and the stone ~pron as shown to occur below the Sarda Barrage model, 
described in 194.0-jl Annual Report (Tech.) p. 24. · 

I ntroduotion. 

"(iv) TIDAL ACTION". 

s. Training the Hooghly River at Dunbar Cotton Mill 
~ith a by-pass channeL 

Experiments described in 1944 Annual Report (Tech.) have shown that 
accretion could be made to occur in the deep scour-hole downstream of the 
knuckle at Dunbar C~tton Mill by driving 4 to 5 rows of piles into the bed 
of the river, in continu~tion of the projecting ledge of the knuckle and· another 
row of piles at right angles to the bank upstream of the knuckle, t_? slow down 

·the bed velocity. During this year e1periments were done to see if conditions 
~ at Dunbar Mill could _be improved by allowing a part of the discharge to flow 
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·through a by-pass ~hannel. . These /xperiments were largely basic in character 
as it was all along realized that it was impracticable to construct a by-pas~ 
channel at this place ovdng to the existing mills and the densely populated area. 
The experiments were, however, carried out with a view to obtain an insight into· 
the fundamental causes and remedies and, thus, collect information which would 
be useful for treating similar cases elsewhere where such remedies are practi
cable. In this particular case, such a by-pass cliannel would be prohibitive in 

Appendixi.cost-see Appendix I; because it would have to be lined; otherwise a cut-off 
might develop along the by-channel with serious consequences. 

Fig.IO. 

Table B. 

On both banks of the Hooghly, there are various mills and other manu
f!lctu~g co~<:ems having their import. and expo~t j_etties ~rojecting into the 
nver; m addttion, there are several br1ck fields JUttmg out mto the river. At 
various places the banks are pitched to prevent local erosion. 

The 'nver was inspected by the Director in May 1945 and erosion was 
observed .on the outside of curves at the following places; the banks which are 
being eroded are shown hatched in figure 10. 

(1) Along-the left bank upstream and downstream of Punhatti; 

(2) Severe erosion along. ~e right bank at Ballamp~r, _Serampur and 
very sev~re at Chatra, where ln many cases walls of bmldmgs and ghats 
were found severely damaged; . 

(3) Severe erosion along the left bank between Nawabgunj and 
Palta Water Works ; . · · · · . 

· (4) along the right bank between Gondalpara and Chandranagore ; 

(5) a new embayment along the right bank opposite the Anglo India 
Jute Mills; · · . 

and \6) along the right bank upstream· and downstream of the Victoria 
Jubilee bridge. . 

It is thus apparent that where Lhe.banks are held, the river cannot swing, 
freely of its own accord a~d it then assumes the sharp curvature as is found near 
the DunbJJ.r Cotton Mills. The curvatures of river banks between Damurdaha 
and Konnagar were analysed and it was found that the curvature of the river at 
Dunbar Mill was too sharp to cope with the maximum freshet discharge. The 
arc to chord ratio at this place was 1.'5 while 11 cut-off occurred upstream of 
Bansbaria when this ratio was 2'0. Since the curvature at Dunbar Mills was 
apparently too acute for the discharge, ·it seemed feasible to improve the condi• 
tions there by allowing a part of the flow through a by-pass channel The shape 
and curvature assumed by the .. river and the changes which occur depend 
on several factors, such as the dominant discharge, the proportion of flood flow 
which is contained within the banks and, hence, the level at which the banks 
are overtopped, the material in movement and its grade, the nature of banks etc. 
The exact relation of all these factors is only partly known; but it has been 
found that the radius of stable· curvature varies as the square root of the 
dominant discharge.n, 

In the past, it has bAeD generally assumed that the only factor which ' 

controls cut-offs is the rati~, c::~ ; a.nd in practice this is' partly true and this 

ratio is useful as a simple guide; but actu_ally an~th~r important factor c~usiog 
cut-offs is "too sharp curvature for the discharge , I.e r/ v' Q, where r IS the 
radius of curvature and Q the maximum discharg~. Table 3 shows the average 
value of r/ v' Q,, bet"!een Thana Damnrdaha .m fig. 10 a:r;td Punhatti <H)-a 

·distance ot 28 rmles-Is 13.1, based on the maximum ebb discharge of 187 000 
cs; whereas the value of the same ratio for the curvature between Damurdaha 
(K) and Thana Hooghly (A> when the cut-off developed and between Chandra
nagore and Bhadreswar is only 7.4. If the average value of r/ v' Q=13·1 iA 

(1 )Annual Report (Tech.) for 1939-40, page 10. 
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accepted as the natural ratio for the discharge of 187,000 cusecs for the Hooghly, 
r works out to 5,650 ft. as against 3,200 ft between. Chandranagore and 
Bhadreswar. "'\Ve know from conditions in the river that the latter curvature is 
excessive and, in the past, ha·s led to a cut-off at Damurdaha. 

E:x:periments. 

Experiments were first done in the rigid 1/300: 1/60 Hooghly model, with 
-vertical exaggeration of 5, for observing lines of How. These are described 
in Part I of this note. As the by-pass .channel 'Would take off from the outside 
of a· bend, it would draw sand-free, top water and the main river woUld carry 
the bed material; it was therefore anticipated that accretion wonld occnr 
in the scour-hole downstream of the knuckle at Dunbar Cotton Mill due to 
reduced river discharge suitable for the curvature. The accretion could not be 

.reproduced in the 1/300: I/60 model.due to the large vertical exaggeration; 
so the experiments were repeated in a large scale, part-length, 1/125 : 1/90 scale 
Hooghly model, after imposing correct entry and exit conditions as obtained 
in the 1/300 scale model and are described in part II of this note.· As the 
vertical exaggeration of the large model was only 1.4, ·it was possible to ·see 
from it whether accretion would occur in the scour-hole in the river. · 

PART !.'-EXPERIMENTS WITH A BY-PASS CHANNEL 
IN 1/300: 1/60 SCALE HOOGHLY MODEL 

V sand passed through 30 mesh sieve having a mean diameter m = 0. 20 mm. . 
. was used as bed material. The model was laid according to the 1940 survey 

L scale= 1/300 
D scale= 1/60 

• Q scale = 1/140,00EY 
T scale = 1/39 

[ N,ce :.,-Ebb -flow of t.he prototype was reproduced in. the model; and . 
. a constant discharge of 1.34 cs = 187,000 cs. was run for 12 hours 

in each experiment. 'l'he · gauge at Konnagar was mai;ntaine<! 
:::: 13.5 ft. a!iove .K. 0. D. S. (Kidderpore Old J)ock Si~l).} 

Experiment No. 1-After running the ebb for 12 hours, surface and bed 
lines of flow at Dunbar Cotton Mill were observed. Velocities at cross Fir. 11. 
section 21 B were also noted. The lines of flow in this experiment were ·used 
as the standard for comparison with lin~s of flow of other experiments. Ffg.ll(a). 

ExpeTiment No. 2--The model bed ·was. readjusted ~ccording to the 1940 
survey and an embankment was constructed on the right bank opposite Mulajore 
Mill! as shown in fig. 12. The by-pass c.hannel s~own in. the same figure Fig. 12 
carried 0.18 cusecs = 25,000 cs. In the lay-out of this expenment, the scour- · 
hole downstream of the knuC'kle was filled up with V sand as silting was ' 
expected to occur in the river with the improved flow conditions. The surface 
flow concent:rated at cross section. 21 as in experiment 1 and the flow there was 
not central. The by-pass channel carried only surface. water. 

Expe'Yiment No. 9 was n.ot satisfactory in design as two factors were 
changed in this experiment., Viz. the embankment was removed and the dis

. charge of the by-pass channel was increased to 50,000 cs.; and. hence the results 
were not comparable. · · · 

In Experiment No.4 the by-pass channel was enlarged to carry 50,000 
cusecs keeping the aligiunent of the embankment th~ same as in experiment 2. 

· The results were still not satisfactory; so the alignment was changed in 
e:rperiment 6. · 

The conditions of flow near the· Dunbar Mill improved in experiment 5; Fig. 18. 
but the flow still concentrated towards the left bank at cross section 21. 

In l!.xperiment No. 6 the scour-hole downstream of the knuckle was filled 
with V sand and the lines of flow anc;I velocities at cross section · 21 were 



Curvature 
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. TABLE 3. 

A.na~?Jsis of C'U'I"Vature in the Hooghly ritJer," (see fig. 10). 

Radius Maximum Ate .Meander 
. of freshet ebb r/.J"Q Chord length 

curvature discharge~ 

•Q' (cs.) (ft:) 
2 I s I 4 I 6 6 

8,200 187,000 7•4 2·0 
I 

16,000. 

8,000 .. 18·5 1-2 25,000 ... 

. - - - - -
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S,SOO 
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observed; and it was found that flow had become central, and this is what would 
occur in the river after accretion had taken place. The river dowmtream of 
Bhadreswar up to Ichapur is almost straight. The by-pass channel joins the 
main river at Bbadreswar on the outside of the curve. The model showed that 
the conditions with the by-pass channel were 'better than without it ; because the 
flo}" which was previously following the ~ight bank became central. 

· Discussion of results. 

· .. In the river, under the existing conditions, the surface flow concentrates 
over the knuckle and persists all along the left bank ; the bed water is deflected 
away from the bank by sub-surface water diving towards the bed. The flow in 
the bight is very disturbed, surface eddies and boils Leing prominent. 

In experimant 2, with a by-pass channel carrying an equivalent discharge 
of 25,000 cusecs and an embankment, tb.e concentration of flow shifted away 
from the knuckle, but persisted on the left bank downstream of eros~ section 21 : 
and even pfter filling the scour-hole, there was no change in lines of flow, 
showing that, even under such conditions, the left bank downstream of cross 
section 21 would be subject to erosion, which might result in the formation of a 
knuckle downstream. 

With· a. by-pass channel carrying the equivalent of 50,000 cs. the concen
tration of flow shifted away from the knuckle; and the flow did· not persist along 
the left bank, as it did when the by-pass channel carried only 25,000 cusecs; 
but it still concentrated towards the left bank downstream until accretion occurred 
in scour~hole. (This was simulated in this model by filling the scour-hole with 
sand). · 

An embankm<:~nt is desirable together with a by-bass channel as it would 
make it possible to reclaim a large· area of land, the sale of which would help to 
pay for the cost of the work. · 

•• Though, to start with, there might b~ a tendency in th~ river for the flow to 
concentrate towards tlre left bank, the scour-hole would fill up fairly quickly and, 
thereafter, the flow would become central. · 

It may be noted that when the discharge in the by,..paRs channel was 
increased to 50,000 cusecs, there was still no appreciable reduction in velocities 
on the left barik; but when an embankment was added, the velocities on the 
]eft bank were reduced, and velocities near the embankment (right bank) 
increased. This means, as we have· always found in the. past, that an 
embankment suitably positioned and aligned tends to pull the flow towards itself 
and this is true for tidal as well as non-tidal flows. · 

Conclusion:-

Curvature between Chandranagore and Bhadi-eswar seems to be suitable for 
a maximum ebb discharge of about 140,000 cusecs; central flow would then be 
obtained. This could be achieved by building a by-pass channel to carry 

• 50,000 cusecs and constructing an embankment along the right bank. . · 

PART II-EXPERIMENTS WITH 1/125:1/90 HOOGHLY MODEL 

In the experiments described in Part I the water level at Konnagar was 
mainted z 13.5 ft. above K.O.D.S. (Kidderpore Old Dock Sill); and water level at 
Shamnagar without a by-pas~ channel was found to be equivalent to 16'5 ft. 
above K.O.D.S; which with a by-pass channel dropped down to 15.9 ft: above 
K.O.D.S. ' 

In the large, 1/125:1/90 model the water level at Shamnagar was maintain• 
ed at the equivalent of 15.9.ft. above K O.D.S. Conditions of flow were impos~d 
at the entrance as were obtained in the 1/300 model w~th a by·palis channel. 

/ 

Fig. U(a) 
& U(aj 



16 ANNUAL BBPOR'l (TECHNICAL) OF TBB WORK DONB DUBING t'I!K YEA.B 1!145 

Descript~on oj the model. 

The m.Jdel was laid with Khadakvasla dam sand sieved through a 20 mesh 
screen having a mean dia. of 0. 26 mm. The banks for 7 ft. upstrfam and 
14: ft. downstream of t~e knuckle •in the model were constructed in clay and 
sand layers; and the model bed and knuckle were laid according to the survey 
of March 1941. · 

· Sand having a mean dia. of 0"20 mm. was injected in all the experiments 
at the rate of 2 cft/hour, ie. 0"3 parts per 100. . 

Experiments with the "1/300 model had shown that an embankment was 
necessary to improve the conditions of flow; these experiments were therefore 
repeated in the 1/125 model to see if similar results would be obtained. 

SERIES I 

lkperiments without embankment opposite Victoria Jute Mill and with a. 
by.pa&s ~hannel • 

. Bxperimmt No. 1. In · this experiment a constant discharge of 1.37 
cnsecs :: 147,000 cusecs was· rnn with water level at Shamnagar main
tained :: 16 ft. above K. 0. D. S. The by-pass channel was assumed to carry 
40,000 cusecs of ebb discharge. 

The object of this.- experiment was to determine the mm1mum carrying 
capacity of ~he by-pass channel for improving flow conditions near_ Dunbar 
Mills. 

This experiment consisted of two parts. In the first part the ebb flow was 
rnn continuously for 24: hours with the injection of sand. The accretion down
stream of the bight was then ~oted and the bed contours .were observed. 

In the second part of the experinl:ent, the bed in the bight was adjusted• to 
approximately. three times the accretion actually obtained; this was done to . 
accelerate results as silting in a model is relatively very much slower<U This is 
a normal practice at the Station-precaution being taken to prevent excess 
material being .added. · 

Lines of flow were observed after 24 ho~ of run .as· is shown in 
Fig. 16 (a) figure 15(a). 

. The experiment was then continued for further 24 hours with the injection 
of sand. The lines of flow and bed con~urs were again observed after 48 hours 
of total rnn. · · 

Fig. lli (b) The flow persisted on the left bank and concentrated upstream of cross 
section 21. Eddies were visible downstream of the knuckle. 

Figa.U (c) Bed contours ~ere observed after 24 hours and 48 hours of mn and are 
& (d) shown in figures l5Cc) and 15(d). 

. Comparison of figure 15(c) and 15(d) shows that there was greater sco~ 
-opposite the left bank after a longer run, as is indicated by the increased area of 
the 60 ft. contour. 

Concluaiot& :-The flow conditions did not improve and the experiment 
showed that the- by-pass channel should carry more than 40,000 cs. 
discharge. 

Experimer&t No. 1'-The disl'harge through the by-pass channel was 
increased to 50,000 cs, the river carrying 137,000 cs. Water level at Sbamnagar 
was maintained=15·9 ft. above KO.D.S. as was observed in l/300zl/60 
Hooghly modeL 

UJAnnual Bepon (Tech.) for 19U, p. 7. 
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Lines of Bow and bed contours were observed before and after the e_xperi-
ment, :te. after 72 hours run. Comparison of figure 16 (a) and 16 (b) shows that F!g· 18 (a) 
the lines of Bow shifted away from th~le£t bank resulting in centralising the Fig. 16 (b) 
Bow. The intensity of eddies downstream of the knuck~ was also reduced. 

Scour occurred on the right side of.. the bight which extended down to cross Fig. 16 (o) 
section 21 and the 60ft. contour also extended downstream to cross section 21. Fig. 16(d) 

Soundings at cross section 21 D 2 were taken after 24 hours, 48 hours, and 
72 hours of run.· They show the nature of accretion in the bight after every 
stage of the experiment. · 

Conclusion :-Though the Bow conditions near Durbar Mills improved when 
the by-pass channel carried,a discharge of 50,000 cusecs, scour occurred near the 
left bank, thus showing that the flow was not sufficiently pulled a way from the ·· 
left bank. 

• 
SERIES 2 

Experiments toith embankment opposite Yictoria Jute Mill 
and w£th the by-pass channel. 

• The experiments described above showed that an embankment was neces
sary to pull the river towards the right bank. It would also reclaim valuable 
land which would partly pay towards the cost of the by-pass channe1. 

(e) 
(f) 
(g) 

In this series of experiment a constant discharge of 1. 28 cs.= 137,000. cs. 
Ci e. the discharge in the by-pass channel=50,000 cusecs) was run. An Fig. 17 (•) 
embankment was constructed opposite Victoria.Jute Mill.-see appendix 1. Appendix 1 

The experiment was run with injection for 24 hours and soundings in the 
bight were taken. It was found that accretion took place and so the,experiment 
was continued for another 24 hours. Lines of Bow were taken after 48 hours of Fig. 17 (a) 
run which showed improvement in flow condition. There was no concentration 
of flow anywhere and the flow, even though not fully centralised, had a tendency 
to shirt away from the left bank. 

Bed contours were observed after 48 hours of run. When compared to those Fi~. 17 (b) 
of figure 16 (c) (Series I without emoankment) they did not show appreciable Fig. 16 (o) 
scour opposite the left bank. Area enclosed by the 60 ft. contour had also 
considerably reduced. - • 

The 12 ft. and 18ft. contours.near the right bank approached towards the 
right bank, showini srour opposite this bank; this was the effect of the embank
ment which tended to pull the stream towards right ban~. Soundings at cross 
section 21 D 2 showed accretion in the bight. 

Conclusion. 
The experiments, thus, showed conclusively that accretion in the scour•hole 

would take pl~ce when by-pass channel carried 50,000 cusecs; an embankment 
on right bank would tend to pull the flow towards the right bank, thus assist
ing the centralisation of flow in the river; this would also enable a large area of 
land to be reclaimed. 

APPENDIX 1 

(a) DESIGN OF A LINED BY-PASS C:U.ANNEL IN Tl{E HOOGI1LY FROM Cll.A.NDRAN.AGOR.& 
TO Bll.A.DRESW A.B. . 

Distance from Atpur to Bhadreswar along the river course 

D
. . = 18,000 lt. 
1fference m water level during the middle of ebb 

.. - = (17 ft. at Atpur} 
. - (15' 9" at Bhadreswar) 
~ 1' a• 
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• •• The slope == 1/14,400 

Distance from Atpur to Bhadreswar along the by-pass~channel = 13500 fl 

. A''25 1 
··The slope = 13500 = 10800 

The discharge that the by-pass channel would carry will be 50,000 cusecs 
out of 187,000 cusecs of ebb. · 

V = 1'486 R21s 8112 
N~ 

=- Q/A 

Using this relation, a section, 240' ')( 20',. would be s~cient. ~ith a low 
value of Nm = '0103 :- 1 

·'\J-· --------2!0' ~ ------+tJ 
Y = Q/A = 50,000 = 9'26 ft/sec 5400 . . . 

R = .A/P = 5i1°2° = 17'31 ft. 

s = 1/10800 
1 N = 1'486 (17'31)2/S 

m 9'26 . (10800)1 / 2 

=': 1'486 X 6'1 X 1 
9'29 103'95 

0'1605 X 6'7 
= ----,1::-::0:-::-3-::-'9-=-5 -

= 0'01034 

The quantity of excavation would be = 5400 X 13,500 
= 72,900.,000 eft . 

.Assuming a low rate of .excavation of Rs. 30/-per 1000 eft. of so[t wet soil 

The total cost of excavation will be Rs. 21,87,000 

To this the cost of lining will have to be added which, at Rs. 30/· per 100 

sq. ft:, would cost a'nother Rs. 312 X 13,500 .X 130~ = Rs. 12,63,600 . 

(b) The design of embankment. 

The top of embankment will be 25ft. above K.O.D.S. 

Area of land reclaimed will be 2, 100,000 sq. ft or about W acres. 

Assuming the average depth of 10ft. below K.O.D.S. within the reach of 
this proposed embankment, the quantity required for its construction will be 
= 2100000 X 35 = 73,500,000 eft. 

This is slightly more than the quantity available from the excavation of 
the 'by-pass channeL 
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RIVER CONTROL 

( i) "FLOOD CONTROL" 

Experiments with a vertia~lly-exaggerated Model (1/.400, 1/66) of the Mahanadi . 
a.ncl its branches at Cuttack (Orissa). 

{U !ntrocluction :-
A preliminary note dealing with the history of the case, its diagnosis and 

anticipated treatment, etc. has already been published (q.v.)<l> . · 

Figure 18 is a plan of the Mahanadi and its group of branching rivers as Figs. 18 
they existed in 1838-42 and fig. 19 shows the condition in 1930, i.e. 62 ye~rs & 11 
after the Naraj weir was constructed. It will be seen that the right bank of the 
Katjuri from Naraj down to the Kuakha.i head has been considerably eroded 
with concurrent deposition of sand on the )tlft bank. This process has been 
going on apparently for more than 100 years; so that though the Katjuri still 
flows along the revetment to the south of Cuttack, yet the main flow upstream, 
has been swinging more and more to the south (vide fig. 1'9 dotted lines). 

The Birnasi spill, which at one time flowed from the Mahanadi into the 
Katjuri, except at high flood, now flows from the Katjuri into the Mahanadi, at 
.all flood stages, inspite of the Jobra Anicut. . - . · 

These facts indicate that the crux of the problem is th~.deterioration of the 
Katjuri below Naraj; by which is meant that a much heavier. load of san~ is 
-entering the Katjuri at Naraj weir than the river can carry. Water levels, 
unless examined over a long period, may not show up this deterioration; because 
water levels do not rise steadily, but. by jumps at long intervals -when a 
critical condition is reached; further, the Banki Road Spill helps to keep down 
-the water levels. But, the erosion of the right bank with accretion of sand on 
the left which is steadily taking place, is an unmistakable sign of this deteriora-

. tion of the Katj uri. . . 
To reduce this deterioration it appears necessary-

(a) to increase the carrying capacity of the Katjuri ·by preventing 
spilling of the water out of the Katjuri on either bank above Cuttack; i. e.; 
by stopping the Banki and Birnasi spills; ' 

and/or (b) to reduce sand entry into the Katjuri at Naraj weir by reducing the 
discharge of the Katjuri at Naraj. · · 

{2) Distribution· of discharge in the riveri:-

The crest of the ~araj weir is at R. L. 72.60. When the water level at 
J obra llfalls below R. L. 6 7 the crest shutters are raised ·to maintain tha~ 
level: at this stage the correspo{lding water level at Naraj is R. :L. 71 "0. It 
follows, therefore, that on a rising flood, initially the whole flood. passes down 
the Mahanadi till the water level at Naraj rises to 1.{. L. 72. 6, when Katjuri 
begins to flow. As the river rises further, the discharge over the Naraj weir 
increases, till at about 6 lakhs cusecs flood above Naraj Katjuri draws 70 per 
cent of the flood while the Mahanadi takes only 30 per cent. As the floods rise 
further, t.be percentages tend to equalise: and with a 15 lakhs cusecs total flood, 
the percentage of discharge in the Katjuri is 56 per .cent.. . 

(3) · Sta.ncl&ng wave conditions at Na.raj weir:-
When the water level upstream of the Naraj weir is at R. L. 75.28, there is 

a clear standing wave all across the weir. As the .floods increase, the standing 
wave near the right end gets drowned; and the length of smooth .flow when the 
wave is drowned goes on increasing till, nt peak flood, the weir is drowned 
throughout its length. As the floods fall after the· peak has passed, sand 
deposits on the weir; and the length of the clear standing wave is relatively 
.shorter than when the flood is rising. 

(1 >Annual Report (Tech.) of work done during the year 1943. Pages 37 &o 39. 
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(4) The mooel :....,.... 
The model extended from Gail bank to a mile below the Jobra weir. The

extents of the various branches reproduced in the model were as shown by broken 
lines in fig. 19. 

The scale ratios of the model were : 
L scale = 1/400 
d scale = 1/66 
Q scale = 1/160,000 
V.E. = 6.06 

Slope exaggeration = Bed slope exaggeration = 5.00 
_ It was not possible to reproduce correctly the standing wave conditions at 

the Naraj weir in the model: firstly, because for it to form, the model required 
a relatively bigger loes of head due to relatively greater drag; hence less depths. 
downstream of the weir which meant steeper slopes, which would have caused . 
excessive bed movement. Secondly, the scour produced in the Naraj gorge was 
relatively elongated, and extended much too far downstream in the model. This. 
was becauee the model was vertically exaggerated six times,, whereas the· angle 
of repm:e of bed sand was not. In addition, a very small error in water level in 
the model just above the Naraj w~ir caused a relatively large error in the distri
bution of discharge iri the Mahanadi and Katjuri. And, finally, though Naraj. 
weir is at the same level all across, in the model it had to be tilted to allow for 
longitudinal slope exaggeration. 

These difficulties were overcome, so far as practicable, by making the bed 
upstream of the gorge sEmi-rigid to obtain suitable entry conditions; and the 
Naraj weir was given a longitudinal tilt by raising the upstream end by 0.079 ft. 
compared with the downstream Cuttack enci, Excessive sand movement was. 

· reduced by making bed slope exaggeration:: 5 against vertical exaggeration= 6.06. 

(5) Experiments :-
The following experiments were done, .during the year, to test the qualitative

effect!!_ of stopping the spills on the water levels in the Katjuri :-

Experiment 1 :-
With ext'sting cor.ditions: the model was run to stability with six flood 

cycles, each rising from 6 to 12 lakhs and falling back to 6 lakhs; in the
final 7th cycle, the discharge was raised to a peak of 15 lakhs. The diatri
bution of discharges obtained in the model compared satisfactorily with 
the distribution observed by Rhind in 1872. 

Experiment 2 :-
With· only Banki Road spill c1osed and a discharge cycle nsmg to 

15 lakhs cusecs run to observe the effects of closing this Fpill. The Jobra. 
gauge rose by 5" due to increased dischai'ge through the Birnasi gap. 

Experiment 3 :-

With only Birnasi spill closed by an embankment on the left bank of 
rho&o 3021 Katjuri -photo 3021-; the embankment ended in a spur pointing roughly 

60° downstream. With 6 lakhs cusecs flood, the main high velocity surface 
flow followed the left bank of the Katjuri down to the nose of the groyne;. 
from where it tended to concentrate on the Cuttack embankment at a point 

Fig. 20 1 mile below the Bellevue gauge -Fig 20- . As the floods rose, this 
high velocity concentration moved towards mid-stream; and, with the 
embankmt:nt in position, the· Bellevue gauge was in back water. 

Experiment .4 :-
With both Banki Road and Birnasi spills closed. 

Y~g. 21 Fig. 21 Ehows the water levels at the Collectorate gauge in experiments 
1 to 4. It will be seen that the affi.ux in experiment 3 was markedly less 
than in nperiment 2; while in experiment 4 ~he affi.ux with 15 lakhs was 
nearly 4! Ct. Bellevue gauge which was masked by the bund re
corded a rise of 4 feet. 
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Experiment 5:-
With the Banki Road and Birnasi spills closed, the waterway of the 

Naraj weir was reduced from the right end, so as to obtain the sa.me water 
levels as at present (vide expt. 1} at the peak flood (15lacs cU:secs). This 
cJuld be achieV'ed by reducing the Naraj weir waterway by 35 per cent, 
thus diverting an additional 1.5 lakhs cusecs into the Mahanadi below 
Naraj. This, however, caused an affiax of 1.38' at the Jobra. weir. As 
this rise in water level may be considered objectionable, a 25 per cent 
contraction of the Naraj waterway was tried; the Jobra gauge then recorded 
a rise of 8" and Katjuri gauge of 10" at the p9ak flood. With 12 lakhs 
cusecs flood, however, there was na appreciable afflux in the Katjuri. · 

IJ, Conclusions:-
(1) Experiments showed that, with a peak flood of 15 lakhs cusecs, closing 

off the -Banki spill would cause a rise of 3.5 ft. in the 'Kat} uri water levels; and 
the rise folbwing the closing of Birnasi spill would be mukedly less, viz. 1ft • 
.at peak flood. 

(2) If an embankment ending in a spur pointing 60° downstream were 
<Jonstructed on the left bank of the -Katjuri below Naraj weir, the river would 
develop a channel towards the Collectorate gauge. 

{3) "Before closing off any s.pills, it is apparently necessary to reduce the 
waterway of the N araj weir so as to maintain substantially the same water level 
in the Katjuri as at present, at the peak flood of 15 lakhs cusecJ. This would 
increase the discharge of the Mahanadi by 1.5 lakhs cusecs, but would cause a 
rise of 1.38-ft. at the Jobra gauge. 
. (4) If a rise in water· levels o£ about s• is permissible on both sides of 

Cuttack, the "Naraj weir length would require to be reduced by 25 per cent. 

10. Experiments to determine a suitable Profile of the Lower Shiel 
Barrage to cause minimum afflux with gd'tes fully open. 

(1) Object. 
The object of the experiments was to ascertain a suitable profile for the 

proposed Lower Sind Barrage at Hajipur.. This involved the determination of 
the following :- .. . 

(1) What is a suitable upstream slope of the glacis ? Whether any 
curve for the upstream slope will improve the coefficient of discharge and 
reduce the afflux. ' 

(2) To determine a suitable downstream t.lope of the glacis. 
C3J To determine the optimum combination of upstream and down-

stream glacis slopeP. . 
. (4) To rletermine the:coeffi.cient o£ discharge at all stages of flow. 

(2) 1Vhy alterations were made in the old design. 
{)rigimlly the upstream pavement level of the weir was R L. 34, crest level 

ltL. 40 and cistern level R.L. 30. The length o[ crest (in line of flow) was 6'. 
In the new design, proposE>d by the Project Division, Sind, . the upstream 

R.L. was changed to 3 6, crest R.L. to 42, and ci,tem level to ~8. . Crest length 
was maintained the same. 

The reasons for altering the · design were summed up as follows: 
"The 01iginal design suffers from the following defects:-
(i) The barrage is too loose in waterway with the result that it would 

remain permanently gated for all practical discharges that are likely to come. 
(ii) The cistern bed leyel required for .the undersluic~s to hold t~e sta!lding 

wave would be very low, viz.R.L.26.7, while tbe lowest cistern that 1s desirable 
from practical considerations and difficulties during construction should not be 
lower than R.L.28." 

In order to determine the coefficient of discharge and the scale effect under 
different conditions, experiments were carried out with geometrically-similar 
models to three different scales. 
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(3) Descriptior..ofthe 1/50 geometrically-similar model. 
A 1/50 scale, geometrically-similar model of the Lower Sind Barrage weir, 

with smooth cement finished surface, was constructed in the 4.5' wide, right 
bank, parallel sided, flume. Fig. 22 shows the position of piers, bed levels, crest Fig. 22. 
level and crest length. 'fhe model consisted of thre.e spans, e1ch of 1.2' E 60'. 
The width of the pier was 0.14': 7' and its overall length was 1.44' E 72'. 
Length of crest in line of flow= 0.12':: 6'. It was anticipat~d that the side walls 

·would affect the distribution of velocities up3trelm, due to the retardation 6f 
velocity near the walJsCP, 'fhis was reduced by literally contracting the flow, 
a short distance upstream aq shown in Fig. 22. The effect of contraction in 
equalising velocity< 11 > is well known. The effect of retardation of flow by the 
.side walls bel ween the bell-mouth and the weir, h?wev6r, still remained. 
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(UAonnal Report (Technical) 1940-U (P. 42, 43); 
(2)H, Roose •·Flnid Mcchaob~ for 1Jydraulic Engineers'• HISS. p. 263. 
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Another anticipated effect of side walls was the retardation of velocity or 
flow over 'the wieru>, In order to offi;et the effect of this retardation in 
increasing the velocity away from the wall, the side walls downstream were 
given .a very gradual divergence. 

The piers were provided with semi-circular, cut-and ease-waters. " 
The scale ratio of the discharge intensity per running foot of the barrage

was (1/50)1· 11 , i.e. '1/353, and the discharges passed through the model were
equivalent to 300,350, and 420 cusecs/ft intensity in the prototype, i. e. cor
responding to a total discharge of 750,000 cs., ~50,000 cs., and 850,000 cs. 
with 20 per cent concentration in midstream, respectively~ it was assumed that 
the canals would be- closed and pocket sluices and barrage gates would b& 
fully open after the discharge is equal to or greater than 550,000 cusecs. 

Groove casting and gate recesses were reprbduced to scale. 
(4) Profiles tested. 

The following profiles were first compared :--
(1) 1 in 3 upstream slope and 1 in 5 downstream slope. 
(2) 1 in 5 upstream slope.and 1 in 3 downstream slope. 

Of these two, the latter gave bettt:lr results in respect of affiu~ and co~fficient o£ 
discharge. In the present Eeries of experiments, therefore, tests have been carried 
out only with 1 in 5 upstream slope ; and the results of 1 in 3 downstream slope
have been compared with those obtaining with a free parabolic downstream 
glacis slope. The profile of the latter was shaped to the under-surface of a freely 
discharging jet, with a discharge cod:esponding to the normal maximum flood 

Fig. 23 of. 6f.O,OOO c~:~. as shown in figure 23; the toe of the glacis was given a reverse
curve of R :: 11 ft. 

hQ, !17 
/.W. E6Pr. 5TATIIJN I'IIDN~. 

J'r. R#ltKHI. 

~0 G.S. MODEL OF l.OWEH SIND BARRAG£ WEIR 

FlU'£ FLOW PARABOLA FOR .OjS GLACIS. 

C. S. OF' WEIR PROF'/Lc 

• 

(5) Weir formUlas. 
Fig. 23 

R.L.:ZB 

The diecharging capacity of a weir of infinite width may be represented by 
by the dimemionless coefficient 0 1 in the equation · 

q = cl "'2g Dl·ll 
where q =·rate of diecharge per. ft. width and D = equivalent still pon.d depth 

O>Annnal Report (Technical) 11140-41 (P. 42, 48). 
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upstream above the weir crest level. It is, however, more convenient to eliminate 
g by using the coefficient 0 = 01 .J 2g in the equation ' 

.. q = CD•·5 . 
where C is not dimensionless, This formula has been used to find out the 
coefficient of discharge. · 

(6)_ Velocity h!ad. 
•To obtain the true ~oefficient it was necessary to evaluate tl:ie equivalent 

head of. the velocity of approach to the weir, which was added to the observed 
.depth D1 above the weir crest level to determineD, the total upstream energy 
head. · · .. 

The mean velocity head on a cross section was taken as x v 2 /2g, where 
x =correction factor varying with ~h_e height of the weir above the upstream bed, 
and v =mean velocity~ An approx1mate value of 1.27 was assumed for x and 
hence the' velocity head was assumed to be 1.28 v"/64 = v 2 /50 approx. In 
subsequent experiments it is proposed to. verify this assumption, or tO obtain the 
values of x, and therefore of th~ velocity head, for yarious·bed levels. 

EXPEBIM&NTS WJTI:{OUf & WITH GROOVE AND GATE RECESS 

FOB PIERS, SCALE 1J50. 

(7) Procedure 
Experiments were divided into two series. In the first, the piers. were pro

vided with neither groove casting nor gate recesses; in the second, these were 
introduced, to pee their effect on the coefficient of discharge. Groove castings 
and gate recesses were found to have practically no effect with either free flow 
parabolic glacis or 1 in 3 downstream slope. An eddy formed in the. groove but 
this had only a surface effect and did not affect the coefficient of discharge 
appreciably. Therefore, only the results obtained with the groove castings and 
gate recesses have been analysed below. · · · · 

(8) Summa1y ~~ r~sult~ . 
(i) Ooeffioiento(discharge :-Fig. 24 shows the relationship between C (= qJD 1 •5.) Fig.~~ 

: D -D 
and percentage loss of head ( = D 

1 

3 x 100, where D 1 is the depth u/s over sill , • . . 

_ . and D 3 ~' ,~ , d/s , , ) 
. Fig. 25 shows' the curves of the comparative loss of head under the condi- Fig. 21; 

tiona specified. The following ~table sho"\Vs the variation in the value of C . -
with different downstream water levels and with different discharges (with 
groove casting and gate .recess for piers). 

Qp 

(1) 

7,50,000 cs. 

8,50,000 cs. 

8,50,000 with 20 per 
cent concentration 

I 

I 

TABLE. 4 (scale 1/50) 

Downstream 
glacis slope 

(2) 

1 in S 
. free parabolic 

1 in 8 
free parabolic 

1 in S 
free parabolic 

-

1-

I· 

Range of dls water 
leve c;+ 

(S) 

R. L. 50 to 62 
R. L. 50 to 62 

R. L. 50 to 68 
R. L. 50 to 68 

R. L. 50 to 67 
R. L. 50 to 67 

+See note below table 7 

,. 

Range of variation 
of C ~ 

(4) 

8.17 to 2.80 
8.17!> to :.61 

8.18 to 2.90 
8·215 to 2·69 

8·245 to 2·745 
8·265 to 2·785 

It is clear from this that the parabolic glacis gave only slightly better results 
than the 1 in 3 glacis. · 
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As, however, it is likely to pre:s~nt · constructional difficulties the small 
reduction in afllux due to the slightly better coefficient does not justify the 
adoption of the parabolic glacis in preference to the 1 in 3 glacis. 

(ii) Position of standing wave.-Positions of the standing wave in the 1/50 
geometrically-similar model for 8,50,000 cusecs discharge, and with minimum 

Photos and maximum downstream water levels, are shown in photos 4018 & 4019. The . tg:: and wave forme~ well up on the glacis for the range of water levels given. 

J'iga.26&27 
· tables 4:, 5, 

· Similarly, in the 1/40 and 1/30 geometrically-similar Models the standing 
wave formed well up t.he glacis for the range of water levels tested. 

(9) ScalfJ Effect. 

In order to determine the coefficient of discharge in- the prototype br 
extrapolation for eliminating the scale effect, two more models to 1/40 and 1/30 
scales were constructed and the whole procedure repeated. Their results are 
given in tables 5 & 6. · 

Note :-Ratio of number of piers : number of spans was maintained nearly 
the same ~n all experiments, as proposed in the prototype. 

The models were two-dimensional, geometrically-similar replicas of the 
prototype, all dimensions being reduced in the same scale ratio except those of 
the surface roughness (smooth cement), which was as nearly uniform as could 
be obtained by hand finishing in all models. 

An important feature disclosed by the experiments was that,· under sub
merged conditions, the coefficient of discharge of a weir decrease• with an 
increase of scale-instead of increasing, as it does due to the decreased viscous 
effect under free flow downstream. The reason for the smaller coefficient in the 
larger models under submerged; conditions is that the region of return flow in the 
bed downstream of the weir is relatively bigger, the larger the scale<H: this 
results in less sharp a curvature of flow over·the weir, a flatter pressure gradient 
in the direction of flow, and a lower coefficient in the larger m<;>dela, despite the 
decreased vi~ous effect, which varies inversely with scale. 

This is shown by the Figures 26 and 21 and tables 4,· 5 and 6. 

& 6• This observation is proposed to be verified· in tests with widely varying 
scales for all degrees of submergence. . • 

In all these experiments, submerged flow was obtained for downstream 
-water levels exceeding R.L.50.0-which is much lower than the lowest water 
level expected at Hajipur for dischargeFI > 750,000 cusecs-even allowing for 
retrogression. 

For tree flow, however, the coefficient of discharge increases :with the size 
J'is. 27 (b) of th~ model, as shown in fig. 27(b), due to the decreased viscous effect. 

Table 5 of results for 1/40 geometrically-similar ModeL -

Qp Glacis slope I Range of d/s water Range of variati 
downstream levela of 0 

on 

(I) (2) (II) (t) 

7,50,000 cs. 1 I 3 R. L. 50 to. 6S 3·12 to 2·6& 

8,50,000 ca. 1 t 3 L. R. 50 to 6S B·Uto 2·85 

8,50,000 cs. with 20 per' '1 : 8 L. R. 50 to 67 8·18 to 2-69 
cent. concentration. 

I 

(I> Annual Report 1939-iO, page 26. 
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PART III 

No. 4018 1/50 Lower Sind Barrage weir profile 
Q = 8,50,000 cusecs: D/s W. L. = 63 (Maximum W. L.) 
Upstream slope = 1:5 
Free parabolic glacis downstream with groove 
and gate casting in piers for gates. 
Looking upstream. 

No. 4019 • 1/50 Lower Sind Barrage weir profile 
Q = 8,50,000 cusecs. 
Downstream W. L. = 59 .6 (Minimum W. L.) 
Upstream slope= 1:5 
Free parabolic glacis downstream with groove 
in piers for gates. 
Looking upstream. 

27 
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TABLE 6. 1/30.geometrically-similar 1\Iodel 

Qp Glacis slope downstream Bange of dfs 
waier levels Range of nriation of 0. 

(1) (2) ( 8) (') 

7150,000 OS. 1;3 R. L. 50 toGS 8·10 to 2·65 
·~ 

8,50,000 cs. 1:8 R. L. 6() to 68 8·09 to 2·64: 
' 

8,50,000 os. 

cent I .1:8 R. L. 50 to 67 8·14 to 2·70 
with 20 per 
concentration 

By extrapolation, the coefficients of discharge of the prototype uri.der 
different conditions were obtained and these are shown in table 7. Figqre 27 a, 
b & c show the extrapolated curves. The extrapolation is, admittedly, over toG 
-wide a range relative to the range covered by the observations. 

Figure 26 a, b and c show various drowning ratios and corresponding value 
of 0, in the threA different m~dels,~ · 

The temperature of water in aU these experiments was practically constant. 

(10) Gonclusio;ia, 

(i) Extrapolation gives the following coefficients of discharge for vanous 
discharges and downstream water levels in the prototype. 

. 

' 

TABLE 7 

Qp I 
Downstream Oin Remarks 
water level* q=C DN 

1 

I 
2 8 4: 

' 
7,50,000 OS. B. L. 56·8 S·Ql Minimum water·level 

B. L. 58·8 
with retrogression 

2·99 Minimum W. L. 
R. L. 62·0 2·75 Maximum W. L. 

8,50, 000 cs. R. L. 57·6 8·00 Minimum with retro. 
B. L. 59·6 2·92 Minimum W, L. 
R. L. 6S·O . ~-78 Maximum W. L. 

8,50,000 08, 
I B. L. 57•6 8•00 Minimum with 

with 20 per cent retrogression 
concentration R. L. 59·6 2·95- Minimum W. L. 

R..L. 68·0 2·76 - Maximum W. L. 

[*The •ninimum and mazit~uun water levels stated in col. S of tables 4: to 6 were 
obtained from the l'nvelope Hues of the gauge discharge curves for site B near Hajipur for ;years 

. 1982-4:3: the maximum, thus, does not take accounL of any further. accretion oonsequent upon 
the coostruotioo of the Barrage; the,.;,.;,..,,., however, allows for an!.!_cipated JeLrogression.] 

Thus, the coefficient of discharge will va.,. from 3.0 during the period of 
retrogression (i.e. during the :first few years after the Barrage comes into 
operation) to 2.76 after conditions downstream are restored and accretion begins. 
As further accretion occurs, the coefficient will be further reduced. _Thus, with 
4: ft. accretion in downstream water levels, i. e. with downstream water level 
= 67.0 for Q. = 850,000 cs and with 20· per cent concent.ration, the extra-

' polated value of 0 is 2.66. 

(ii) The free parabolic glacis gave only sligh.tly better results than with 
1 in 3 glacis; the latter being simpler in construction may be adopted. 
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(11) Further Experiments. . ., .. 
Further experiments are contemplated as indicated below :-

(a) To determine the coefficients for lower discharges, covering the full 
range of water levels; · · . 

(b) In the above experim~nts, the value of x in h .. = x v 2/2g is assumed to 
b~ equal to 1.28. x evidently dep.ends up~n _the depth of the. upstream floor 
below the crest level (1). So expenments Wlll be done to determine the values 
of x for various bed levels upstream, which in a 'river varies due to scour or 
silting; with submerged flow the effect of the levels of the upstream bed may be 
insignificant. . 

(c) To see the effect of side walls on C with various water levels down-
- stream. · 

(d)- To see the effect on 0 and the position of standing wave by rinsing the 
cistern bed level downstream of the Barrage. 

& (e) Linking up these results of CD in flumes -with. those in the Kotri Barrage 
model to evaluate the effects of curvature of flow, uneven silting upstream and 
downstream etc. 

11. Determination of the Coefficient of Discharge of the Automatic Gates 
Spilhvay for the Tansa Dam. 

(1) IntroductiGn. 
Th,e waste weir of the Tansa dam is 2000' long, its crest width being 

12"25'. Fig. 28 shows the sectional view of the proposed automatic gates. It is .ng. J8 
proposed to install 38 automatic gates, each 50'Jong with 3' thick intermediate 
piers, making the reduced waterway 1883 ft. · •. ___ . · . . 

There will, thus, be reduction in the discharging capacity· of the weir 
o~gto- · 

(a) reduction in waterway ;. 

and (b) impact and frictional losses .due to the piers and counter-weights. 

- Also, with the installation of· gates the flood absorption capacity of the 
reservoir ~ill ~e mostly ~ost (see app.endix 1). Full _provision 'for .the disposalAppendix r 
of the entue h1gh flood d1scharge w1th t~e same H. F. L. as at present has, 
therefor~, to be made by improving the coeffici~nt of discharge of the ~~tomatic 
gate sp1ll way. -

.. 

(2) Ob}ect 
The experiments were designed to determine-

1. the discharging capacity of the .existing waste weir ; · 

& 2. the opt.imum profile of gates-cum-weir to give a suitable coefficient of 
discharge, so as to pass the maximum anticipated high flood discharge 
with cilllevellowered by 2"36 ft. to R.L. 418"92, ~nd RF.L. 422.25· 

(3) Too maximum dischq.rge ove' the weir and the flood absorptior, Wfacity 0 the lalce, with and without gates. 

The fan catchment formula<ll) 

Q = 7000 A IV A + 4 where A = 52'5 sq. miles g1ves a discharge of 
48,700 ca. 

From the data of observed maximum run-off on 30-6-41 and 2-1-41 the 
maximum inflow works out to 34,000 ca. 

0>0.1. & B.R Annual Report (Tech.) for 1989-40, p. 4l). 
(II) Indian Waterways Experiment Stn. Annual Report (Tech.) for 19U, p. 67. 

... 
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As shown in Appendix 1, the existing absorption capacity of the lake is 
28,100 cs. cm·responding to a maximum inflow of 48,000 cs: but after the 
installation of gates, the absorption capacity will be negligible. . \ 

· The spillway is, accordingly, proposed to be designed to pass a high flood 
discharge ot 36,000 cusecs with H.F.L. 422.25. 

·(4) Why siph·m spillways could not be .recommended in the present case. 

Had it not been for more or less insuperable difficulties during con~truction, 
this Station would have recommended siphon spillways-preferably Oanesh 
Iyer's volute siphons- because these are truly automatic in action, require 
practically no attention having no moving parts, have a low priming depth and 
give a high coefficient of discharge; unlike gates, they are 1 eak-proof and . 
maintain an almost constant water level over a wide range of discharge. 

For the construction of siphons, however, a working period of about 3-4 
months and a low water level would be necessary for the laying of the foundations 
of the siphons; while by lOth of February (corresponding to a working period 
of 3! months) the water level only falls to R.L 410 ie. 10ft. below the existing 
crest, making installation of siphons impracticable without coffer-dams; and 
construction in coffer-dam~ is 4ifficult because ·of the large height. 

(5) Scale Effect of the Model. . . 
A 1/lOth scale geometrically-similar model of the weir without gates was 

constructed in the 10 ft. R. B. Channel, to find bhe discharging capacity of the 
existing weir. The weir is 130 ft. high but only the top 15ft. were reproduced 
in order to have a large scale model; the effect of velocity of approach would in 
"any case be negligible as the height reproduced was about 6 times the head 
over the weir. 

The results of these experiments were then compared with thpse of 1/8th 
&cale geometrically-similar model in a linking lest. 

The scale effect on the coefficient of discharge was found to be negligible 
(vide table 8). He:r;1.0e, only the results of 1/8th scale model are described below. 

D in 
Qp: 1/18 G.B. 

model 
(cuseos) (ft.) 

111,900 2.44: 

25,000 . 2.88 

86,000 3.58 

48,000 4.16 
., 

(6) 'l'he model tests. 

6.1 Model. 

;Dp in 
1/8 G. B. 

model. 
(ft.) 

2.44: 

2.83 

8.58 

4.16 

TABLE 8 

0 in 0 in Water 
1f10 G. B. 1J8 G.B. level in Remarks. 

model.' model. prototype. 
R.L. 

2.775 2.775 420.81 Gat• horisonlal. 

2.80 2.80 4.21.20 Cill R. L. 418•31. 

2.91 . 2,90 421.90 Downstream llopll 7 
in Sup to 5.35jl.jrom 

8.02 8.01 422.58 the Downstream 4Hd 
and then horisontal. 

The profile of the weir, as proposed to be resectioned, was reproduced to 
scale in the model thus: the crest was lowered from R L. 420.18 toR. L. 418.00 
for t. 75 ft. from the upstream end; then a slope of 1 in 5 maintained to a length 
of 0.335 ft. E 2.680 ft.; and, thereafter, the crest was kept horizontal for the 
remaining 0.668 ft. E 5.345 ft. 

Two staggered rows of piezometers, one in the centre and the other near 
the pier, were provided to observe pressures above and below the gates (required 
in the design of the counterweight) and on the crest of the weir. 
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To secure water tightness the piers were provided with projecting staunches 
agaiD.st which the edges of the gate press and make a water-tight joint: these 
staunches were also reproduced to scale. 

The piers were provided with 0.125 ft. E 1ft. diameter air vents to allow 
air into the pockets below the gates when they fall flat in order to avoid harmful 
vibrations which would be otherwise set up by intermittent aeration. 

-6. 2 Procedure. 
The required water levels were adjusted at a distance of 6·25 ft. :50 ft. 

upstream of the weir; and for each water level the corresponding discharge was 
measured on the calibrated standing wave flume provided in the channel. The 
-coefficient of discharge for the weir was worked out from the formula q = CD1 •6 . 

where q =discharge intensity in cusecs per ft., 
and D =upstream still pond depth including h,, which was negligible 

as already stated. · 
'Water profiles and pressures were obaerved corresponding to each water level ; 
and rollers and eddies were located by woollen threads.. • 

It was apparent that; in order to improve the coefficient of discharge to 
pass 36,000 cusecs at H. li', L. 422·25 with tha reduced water-way, one or the 
()ther of the following expedients was necessary :-
. (a) Sloping the gate and possibly also the downstream profile in 

order to steepen the pressure gradient and induce curvature of flow ;U> 
(b) providing a curved upstream 'lip to eliminate the roller which 

persisted at the upstream end, thus allowing the water profile to cling to 
the weir and thereby ind~ce increased velocities (see fig. 29}; Fig. 29 

- : ... :· 
'. . 

~ ~. 5 > ~- • ' 
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Fig. 29 

S9S4_ 
t.Wo£• T• 

(c) by streamlining the counterweight to eliminate the disturbance 
created by the sharp obstruction caused by it (see fig. 30). Fig. 80 

Sl<E:.Tct-t S\.tOWrNG Ufs& Ofs 
t?ETUQN E:.DDtt:.s -- -

(NOT TO SCAL$:) 

Fig. 30 
-----------=--------------~----~~ CUI. W. E. Stn. Annual Report (Tech) for 1939-40 and 1940-U. 
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6.8 Discussion of rcS'Ults. 

Two series of experiments were designed: 
In Series I, ex.Periments . were done w~th the gate . profile varying but the
downstrea1lL weir profile (1. e. slope 1 m 5 and then horizontal) constant t 
in Series II, experiments e:re proposed with gate profile (viz. sloping at 1 in 10) 
and downstre11m slope 1 m 10 constant, alternately with and without a step 
between the gate and the weir profile. Only experiments of Series I were
completed during the year. 

. ' 
Series L 

In Experiment 1, with the gates horizontal and the profile shaped as 
described above, C varied from 2·81 to 2·95 for water levels ranging from 422·0() 

· to 423·29 ; at H. F. L. 422·25 a discharge of 32,700 cusecs only could be 
Table 9 passed as against 56,000 cusecs required.-see table 9-. But even this. 

showed an improvement over the coefficients with the existing profile (sill 
R. L. 420·18), where the maxirD.um coefficient was o[ the order of 2·83. This 
increase in the coefficient of discharge was evidently due to the change in the 
form of the weir produced by the resectioning of the profile: under existing. 
conditions the weir is broad-cre_sted with parallel flow (L/D = 5·27 at H F. L.), 
while .with gates at R. L. 418·92 it approximates to. a short-crested weir 
(L/D = 1·11 at H. F. L.). 

In Experiment 2, the gate in the fallen position was itself kept to a slope
of 1 in 20, .the downstream profile being kept the same as before, viz. 1 in 6 
'slope and then horizontal. The coefficient of discharge varied from 2·933 to-
3·0805 ; the corresponding flood discharge at H. If. L. being 34,222 cusecs 

. (0 = 2·961). 

In ExpEriment 3, the gate slope was made 1 in 10. and the downstream 
profile kept the same as before. 0 varied from 3·0732 to 3·1124, being 3·0917 
at H.F.L., thus providing a discharge capacity of 35,700 cusecs at H. F. L. 

In all these experiments, two eddies, one at the upstream end of the
gate and other at the downstream. end of the gate,._persisted. The former was 
apparently due to the obstruction caused by the counterweight aud the latter 

Fig. 80 to the step below the gate (see fig. SO). The coefficients with the counterweight. 
removed and with the gate horizontal (Expt. l(a)) were compared with the 
results of experiment 1. The coefficient slightly improved, varying from 

-2·865' to 2·99 against 2·81 to 2·9 5 obtained in experiment 1 (see table 9). 

Pressure Diagrams. 

These are required in the design of the counterweights for the gates. Such 
diagrams were prepared for all the conditions tested and a representative

l'is.ll pressure diagram (for Experiment 3 Series I) is shown in Fig. 31. The diagrams 
show that:-

(a) Pressures below the gate are practically constant and smaller in value 
than those on the top of the gate. 

(b) P'ressures on. the top of the ~ates tJary, reaching the maximum at 
mid-gate and then again falling at the step due probably to rev~r~e curvature
at the downstream end of tbe gate ; and.falling further to a mmtmum value 
at the downstream end of the weir. 
The pressures in the centre of the span were higher than those adjacent to 

the pier ; as the latter appeared to be affected by the piers, the former would be 
more reliable in the design of the counterweights. 

Water profiles were also obiierved in all cases. 

7. · Further experiments. 

In order further to improve the coeffieient of discharge it is :contemplated 
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TABLE 9 

Table 9 showing water letJels and corresponding total discharges passed in each design. Oill R. L~ 418. 92. 
Total waterway 1900 ft . 

.• 
Gates horizontal with counterweight Gates sloping at 1 in 20 with counter. Gates sloping at 1 in 10 with counter. 

Existing weir profile in position weight in position weight in position Remarks 
(1Jl0 G. B. model) (1/8 G. S. model) (1/8 G. S, model) (1/8 G. S. model) . -

W.L. Qp 
. 0 W.L. Qi' 0 W.L. Qp 0 . W. L. Q ~ 0 • p 

.. 
421.65 10,100 2.88 422.00 28,900 2.81 422.008 80,260 2.988 422.00 81,6117 8.0782 It is required to 

• .. pass 86,000 ca • 
422.09 16,000 2.88 422.152 81:400 2.84: 422.152 82,607 2.9586 422.1112 84,049. 8.0889 with upstream 

I W. L. 422.25. 
422.26 17,000 2.81 422.25 32,700' 2.84 • 422.20 88,482 2.966 422.25 35,703 8.0917 . 

-422.50 . 19,90Q 2.80 422.52 87,800' 2.89 422.24 84,222 2.961 422.112 40,898 8.1124 : 

422.89 25,000 2.80 428.29 00.'800 ·2.95 422.80 85,188 2.9788 

422.54:4 89,346 . 2.9882 

4:28.186 50,675 8.0805 . 
... 
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to do other experiments in addition to Series II, with modifications designed to 
eliminate-

(a) the upstream roUe~ by rounding the upstream end of the gate i 

and (b) the eddies c~u~ed by the counterweight by streamlining it. 

APPENDIX I 

1. Calculation of Time of Duration of Flood and Flood Absorption 
Capacity of the T ansa Lake with and without gates• 

Let Q = rate Qf incoming discharge in C.JlSecs. 
T = Time in seconds during which the flood lasts 
A = Water spread area in sq. ft. when water level is midway between 

F.S.L. and H.F.L. 
L ::: Length of the weir in ft. 
0 = Coefficient of discharge. 
H = Maximum height ·over the weir in ft. 

Let W.L. rise by H ft. ·in time T. _ _ 
Total incoming discharge = Absorption in the lake + Outgoing discharge. 

i.e. Q. T =A. H + CLH312 x T x m ••• (1), where (m.C.L.H. 312 ) is ths 
average rate of discharge over the weir; and m is the ratio of Qmean/Qmax• 

To find the average rate of discharge. 

Let at any time t, qh =outgoing discharge 

& h = head over weir 
then qh = CLh312 

Total outgoing discharge in time T when head varies from zero to R 
H .H 

= } qh dh = ~ CLh 312
. dh 

. o· o 

. . . 

H 
= [ 2/5 CLh512

] 

0 

Qrotal = 
Qmean = Qrotai/H = ~ CLH 8 12 

:. m = Qmean/Qmu. = 0·4 .. 
Substituting this value of m in equation (1}, 

, Q.T = A.H + 0·4 T. C.L.H. 3
'

2 (2) 

Now ~ctually in the case of Tan sa reservoir 
Q = 4.8,000 ca. 
A= 7·43 •q. miles 
L::::: 2,000 ft. 
0=2·9 

Note-(0 in 1/lOth scale geometrically-similar model= 2·83 

Allowing for excess frictional-loss in model, 

0 = 2·9 in the prototype) 



PARrill -Substituting for C in eq. (2) and dividing throughout by T 
Q =AH/T + 0·4 X 2·9 X 2000 X 2·321·1i 

:. AH/T = 39,800 
:from which T = 12,080 seconds 

or 3 hrs and 21 minutes. 

35 

In 1941, a flood of 33,000 ca. lasted for 8 hra. and 35 minutes; hence 
a diacharge of 48,000 ca. may last for a smaller period ·and so the period worked 

1 -out above appears to be on the safe side. 

2. Flood 'absorption Capacity of TansiJ dam .• 

Major A. Garrett<l> has evolved the following formulae for calculanng 
th·e length of the waste weir allowing for fo:>d-absorption capacity of the 
reservoir. 

B = Ti/2 h-A 
.and 1 = n i I oh s 12 

where 
i = maximum estimated flood into the reservoir 

in eft. per second . 
. T = Time in ·seconds in which such a flood ~ay be expected 

to last. . . 

h =Difference between H.F.L. & F.S.L. 
A = Area of the water spread o~ the reservoir in ·aft. when 

water level is midway between F.S.L. and H.F.L. 
1 = length of waste weir 
c = Coefficient of discharge of the weir . ... . 

The maximum influx calculated from the lake contents was 34,000 cusecs 
in 1941 when the lake level rose from R.L. 400 to R.L. 401 and time required 
for this was 1 hour .and 10 minutes. An average inflow of 33,200 cusecs lasted 
for 3 hours and 35 minutes when the lake level rose from R.L. 399 to R.L. 402 •. 

~ 

Assuming that the maximum ustin:iated inflow of 48,000 cs. were to last for 
.3 ho:urs and 21 minutes (i.e. 3.35 hours) with F.S.L. = 420.18 andH.F.L. = 422.50, 
. the flood absorption capacity of the reservoir can be worked out as follows-

where" 
B=Ti/2hA 

T = 3.35 hrs. = 12,080 sec~nds. 
h = 2. 32ft. 
A= 7.43 sq. miles. · 
i = 48,000 

;, 12080 X 48000 
•• B = 2 X 2"3.;:! X 7"43 X 5280 X p280 

= 0'603 

Referring to the table for values of Band n (2), the corresponding value of 
n is .385. . • · . · 

4 •• the discharge passing over the "Weir i.e. 
n i is ·385 x 48000 = 18,500 cusecs. 

Actually the model showed that with H.F.L. at. R.L. 422.5, a discharge of 
19,900 cs. can be passed. 

Thus assuming outgoing discharge as 19,900 cs. the flood absorption 
~apacity of the lake works out to (48,000 - 19,900) = 28,100 ·cs. 

n>Irrigation Pocket Book by Buckley (P· 32a) 192a edition. 
<2>Irrigation Pocket Book by Duckley (P· 327) 192a edition. 
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Fjood absorption with gates, 

With the installation of gates, F. S. L. will be 422 and H. F. L. 422'50. 
Therefore the difference between F. S. L. and H. F. L. is only 0·5' . 

.Assuming that the maximum estimated inflow of 48,000 ca. starts entering 
the lake when F. S. L. is at 422 and lasts for 3·21 hours as before, the flood 

. absorption capacity of the resetvoir will be 

where 

0 .. 

B=Ti/2hA 

T = 12,080 seconds. 
i = 48,000 cs. 
h = 0·5 ft. 
A=:= 7·45 sq. miles. 

B 12,080 X 4 8,000 
= ll X 0·5 X 7·45 X 5~80 X.5280 
= 2·782 

Refe1Ting to the table 
n =0·99 to 1 

.Assuming n=0·99 . 
the discharge passing over the weir IS 

0·99 X 48000 = 47500 cs. 
i. e. the flood absorption capacity of reservoir is 500 cs. only, i.e. practically 
negligible. . , 

(vi) "LOCAL TRAINING." 

12. Training of Luni River to prevent it damaging Jodhpur Ra.llway Line. 

PART I : PRELIMINARY NOTE, 

(1) Introduction 

(A) .Main Line between Parlu ar:-d Gole, . 
Due to very heavy rainfall in the catchment, unprecedented high floods- . 

occurred, in .August 1944, in the Luni r~er which takes off from the foot-hills of 
the .Aravalli range near .Ajmer and flows in the south-west direction through the· 

.Fig. 32 Jodhpur State (see Fig. 32). Several breaches occurred along the main Jodhpur 
Railway lino running parallel to the river from Luni to Gole, roughly Ji miles. 
away, particularly between Parlu and Gole Stations, a distance of'about· 20 
miles; and serious damage was- caused to the railway bridge No. 3 of the 
Samdari· Raniwara branch crossing the river near Samdari. To prevent the· 
recurrence of such damage, the rail way authorities d~cided to carry out extensive· 
works costing about twelve lakhs of rupees, and Sir Claude Inglis, the then 
Director of the Station, was requested to advise on the .Proposed works. 

After inspecting the site in November 1944 and scrutinizing the available-
. data, Sir Claude recommended raising the Railway embankment above the 
pret:ent high flood level by about 6 £t. allowing for a probable rise of 3' in river· 
levels due to bun ding up o£ the river and 3' for free· board. Model experiments 
were also suggested for determining the optimum river tmining measures for
centralizing the river at the Railway bridge near Samdari. 

The site was again inspected by the Director (Rao Bahadur Joglekar) in 
November 1945 and he confirmed Sir Claude's proposal of raising the railway 
embankment. . 

The damage 10' the Railway Brid~es and Railway track are due to the high 
~intensity of tainfall occurring over the catchments in a very short lime, thus 
concentrating large floods into the rivers. The floods build up so rapidly that 
the river cces net .get time to scour its bed and water simply spills over th~ 
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country and over the railway track. The breaches in the railway embankments 
are probably due to water falling over the railway tracK' and undermining it from 
the downstream end; the bank then becomes very weak and eventually gives 
way; water also percolates through the bund due to the large head {of the order 
of 6 to 6ft.) and meds the downstream 2 : 1 slope at a higher level than 
the toe. · 

There appear to be two ways to prevent damage : 

c i) to have the railway track, duly prote~ted, running along the ground 
level allowing the spill to go over it; in other words, there should be 
numerous Irish Bridges, the downstream sides of which would be protected 

·with 1 in 3 stone pitching carried below ground level to a depth of 
about 3 to 4 n j 
or {ii) to stop all the spills by raising the railway line above the H.F L . . 
Other measures have been found to be ineffective in preventing breaches. 

n is, however, undesirable to allow the main line-which is the link to 
Sind - to be submerged undt:r water; and so the only course is to raise the 
formation level, as reccmmended by Sir Claude Inglis. -On the other hand, on 
the relatively unimportant Samdari-Raniwara Branch it is possible .to let the line 
be submerged occasionally during high flocds, vide {i) above. 

. The bunding eiTect due to raising the line a hove H.F.L. will result in an 
mcrease in the present H.F.L. ; on the other hand, as the floods would be 
contained within the railway 'embankment, the river will tend to scour its bed, 
(a) partly due to the increased 'diE charge as a result of preventing spills, and (b) 
partly due to an increase in the flocd discharge consequent upon -a reduction in 
the flood abscrption capacity. 'J he net ir.crease over the present H.F.L. is 
expected to be 2 ft, taking into account a natural rise in river levels of the order 
of 1 ft. per 100 years. Allowing a freeboard of 3 ft. the railway embankment 
may be raised, gene.rally, by 6 ft. above tbe 1944 H.F.L.- which is the 
highest so far recorded- but at places where the attack is very severe, it should . 
be raised to 6ft. above H.F.L. The effect of the increase in afflux may extend 
upstream between Samdari and Parlu and some portion of this line would also 
have to be raised. 

Repelling spurs, with their shanks connected to high local ba.n'ks, wherever 
possible, are neceseary to repel the attack of the river downstream o! Balotra. 

(1} Short spurs about 10 ft. long, with semi-circular heads built at 
suitable angles to the embankment;: at intervals of about 450 ft., between 
stations Balotra-Tilwara on the main line, appear to have functioned well,. 
in that they have prevented cross flow aJ!.d have protected th~ embankment 
adequately; these may be constructed wbere the flow is small. 

(2) Where the flow is large and attack severe, long repelling spurs 
will be necessary; these repelling spurs should be at least 1 00 to 160 ft long 
pointing 60° upstream, at intervals of about 1600 ft. The upstream side 
and the nose of these groynes should be provided with 2 ft. thick pitching;. 
and grass should be planted on their downstream side. A stone apron, · 
should be provided at the nose, and continued below ground level, to a 
depth of about 3 to 4ft., 

An independent series. of ·experiments were done at the Statio~ to test the 
stable slopeS'" of an embankment with a similar type of sand as in the Luni 
river. The angle of repose of the saturated sand was found to be 1 in 2.6';. 
so a 1 in 3 ~lope is recommended. 

Indirect evidence in support of the view that rivers in the Jodhpur State 
tend to increase their widths rather than deepen their beds is adduced from the 
following facts :-
- (1) The apron round the.head of the Bell-bund on the left bank up~ 

11tream of the Jawai Bridge No. 32 at mile 33/3 of the Samdari-Raniwa~ 
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Branch has not lauf!ched, though the action at the nose of the head during 
the floods was severe. _ . 

(2) ,Very severe bank erosion took place to the extent of 3 00 [t. on the 
right bank of the Khari River at mila 56, outflanking the Railway Bridge. 

(B) ·The Railway Bridge on the Samdari-Raniwara Branch 
over the Lu.ni river. 

The Luni river debouches from hills near Ajmer, and collecting water on the 
way from· various tributaries, Lilri, Raipur Luni, Sukri, Bsndi etc., flows· west
ward till Gole, where it turns southward and flows roughly straight till it meets 
the Arabian Sea. It is a very wide and shallow river (B/d = 500) and !s mo3tly . 
dry throughout the year except during short periods of the m·:>nsoon season. In 
years of extraordinary floods it overflows the banks, causing damage to the 

. rail wc1y line. - · . · . . 

The average width and depth of the river ne1~ the S1mdari bridge, in floocl, 
are 3800 ft. and 8 ft. respectively and its slope is 1 in 1500. The analysis 
of the bed sand samples shows that the river. bei consists mainly of sand 
of 0·26 mm. diameter, though in places the variation in material is very large, 
ranging from big pebbles (mean dia. about 1") to fine sand; but: it is believed. . 
that most of the pebbles find their way into-the river fro:n the hills on the 
right bank. . · · . 

No attempt has yet been made t:> meagure the river discharge and so reli
able discharge da.ta are not available. Only a rough estimate cJuld therefore ba 
made of the 194-1: flood discharge, which was- the biggest flood recorded since 1911. 
The total sectional area of the waterway through the bridge, the bre1ches, and 
the spill through an<tover the rail way b1nk, measured from Fig. 33, = 67,867 
sq. ft; and, assuming arbitrary velocities in the various sections, b1sed on the 
observed approximate velocity of 10ft/sec. at the centre of the bridga, the 1944 
flood discharge works out to 261,000 cusecs (see appendix I). The discharge 
which must have passed through the bridge before the breaches may, therefore, 
be assumed to be about260,000 cs. This. approximately, agrees with a discharge 
of 2,46,000 cs. calculated by Manning's formula, ag shown in Appandix IL 
. No- gau~s are maintained at any of the railway bridges, but gauge readings 
observed by the P.W.D. in 1944 on various tributaries of the Luni were available, 
from which hydrographs were prepared. These show that .the river is flashy 
and that the whole flood cycle in 1944 lasted only for 16 days. 

(2) A.nr,lysis of the· rainfall data. 

. The data of the annual. rain£~ in the catchment and the figures of maxi
mum rainfall in 24 hours for each year are available. The analysis of these 
shows that-

(a) The average annual rainfall is 19" 

-.(b) The total rainfall and intensity in the years 1909 and 1925 were 
lower than in 1908 and 1926; yet t.he damage done during the lpwer rainfall 
years of 1909 and 1925 was considerable, while no damage has been 
rec rded in years of higher rainfall, namely in 1908 and 1926. It, therefore, 
appears that there is little likelihood of any direct, significant relation 
between rainfall and run-off. . 

(c) The rainfall distribution is non-uniform; and the variation in the 
annual average rainfall at any place in the catchment is very erratic. 

·Hence, it is not accurate to work out the maximum discharge by applying 
any empirical formula, such as the Fan-catchment formula <11; besides, the 
absorption of the flood is very large, as the area on which water spreads is 
considerable. · 

(1) Indian Waterways Experiment SLation, Annual Report (Tech.) of work done during the 
_-year 1943, page 67. 
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·(3) The RIJilway Bridge: 
Figure 36 shows the bridge near Samdari. The bridge is 1295' in length Fig. IS 

and has a clear waterway of 1160' with 29 piers: while, bMore the construction 
-of the bridge in 1927, the river width at the bridge site was 3100'. Thus, the 
present clear wate;wny is only 0·374 times the normal width of the river and 
is only 0·856 times the Lacey's minimum stable width of waterway. 
• The level of the underside of the girders of 10 end spans on each side is 
R.L 447·2 and of the middle 10 spans R.L. 44:6·08; the rail level is at R.L.449·83.· 

The -dotted and full lines showing the lines of the hard st.rata do not seem 
to be reliable as they dQ not tally with the results of the borings recently taken •. 

The river bed of 1926 (J?rior to the construction of the bridge) and of 1944 
are shown, £rom which it Will be seen that the river bed had scoured consider
.ably in the 10 left end spans. 

There is little possibility of the shifting and spilling of the river on the right 
bank as there are hillocks and rock outcrops of sand stone or resish.nt clay on 
~b~~ . 

When the bridge was constructed, the high bank line was continuous upto 
A, shown in Fig. 37,and a concave guide bund (as shown in the figure) was Fig. St: ' 
constructed from this point to the left abutment for prevention of flooding of the 
low level area be~nd the. bund. Since then the river has been gradually ero:ling 
the bank. 

In 1939, high floods occurred in the river, the maximum recorJej water 
level at the bridge being R. L. 443·5. The guide bund braached at the head; 
..and another breach occurred in the· railway bank. Before the floods of 1944. 
this was repaired and the head of the damaged bund was strengthened -by build
ing aT head. A new retired band was also constructed for checking the 
tendency of de~eloping new channels. .. Yag. 87 

During the flood of 1944-the maximum recorded since 19l7_:the water 
level rose to R.L. 447·2, i. e. up to the underside of the end spans: the flow was 
obstructed in the middle portion, where the R. L. of the underaide of the gird·ers 
was 4!6·08 .. ·Big breaches resulted in the guide bands and a 612' length of' 
the ·rail way embankment was severely damaged. Serious damage was also 
caused to the three end piers on the left bank,-one of which-:-No. 29-collapsed 
altogether. Heavy scour took place round these piers-down toR.~ 416·13-
i. e. 15' below bed level. ~· 

All the breaches have now .been repaired and an apron bas been provided 
for the protection of the , guide bands. The bridge has been ·raised by 2', 
according to Sir Claude Inglis, recommendation. 

- The damage to the bridge seems mainly to be due to the adverse curvatur~ 
.and attraction of the old guide bund and the concentration of flow under a very 
high afflux. The difference .between the water levels upstream and downstream 
of the railway bank, in the 194i floods, was approximately 6ft. This inordinate 
afflux at the bridge.appears to be due to a combination of circumstances, such 
.as the insufficiency of lineal waterway, the an-uniform distribution of fllw due 
.to unfavourable entry conditions, and the nature of the river which does not 
readily permit the deepening of its bed. • 

The island near the left·bank is covered with a layer of fine silt and has 
got a growth of tamarisk, indicating its more .or less permanent nature. The 
island near the right bank does not appear to be as permanent. The existence 
-of the natural islands suggests that pitched islands may ba a possibla solution 
for centralising the flow in this case. 

The existing main stream of the river is from the left bank island towards 
the right abutment, there being a bye-channel along the left ban~ On the 
-downstream of the bridge the main channel is ~long the right bank; the large 
-low level area on 'the left side is covered with shrubs. 
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The ground slope being to the south, the tendency of the river is to spill on; 
the left bank and then flow parallel to the railway line. During the 1944 
Hoods, the river Mithi, which normally tails off at Bharwari, 14 miles from the 
Railway line, was in a heavy flood. This water combined with the spill from 
the Luni and Sukri between Majal and Karmawas. The existing bridge No.5 
at mile 6/12 also has insufficient waterway; but instead of increasing the water
way of this bridge, it may have to be raised above H. F. L. and the adjacent 
Irish bridge enlarged. · 

.As regards the spill from the Luni towards Bameni village and the rail way 
track, the existing retired bund will have to be extended with the ol,ject of 
diverting the spill to the channel which crosses the line at Bridge No. 4 at 
mile 5/9. I£ this extem:ion is not found to be feasible, the other alternative of a 
cut through the ridge between the Bameni village and line, together with a 
repelling spur, will have to be considered . 

. As regards measures to prevent the recurrence of damage to the Luni 
Bridge; the following points suggei!t themselves for consideration during model" 
testing:-

(1) To provide one or two pitched islands, as necessary, upstream or 
downstream of the bridge, and allow them to attract and direct the flow 
uniformly and axially. through the existing bridge.· As bed scour may not 
be so certain in a flashy river, islands may not be sufficiently effective' in 
time as in the case of rivers which have longer flood duration; and it 
may be necessary to maintain, in addition, a t~uitably designed guide bund to
prevent any outflankmg tendency. 

(2) As the piers of the .bridge are not founded on rock, due to
scouring of the river bed locally the foundations may be endangered; hence, 
for this reason alone, the waterway of the bridge may have to be increased. 

PART II. MOD.I<~L EX.PERIMENTS 

. 1/200: 1/40 Luni Model Experiments. 

EzperimerJ.t 1 : (with existing conditions). 

, .At the sf art the model was laid with vertical e-xaggeration = 5 and slope 
exaggeration= 3, according to t.he survey made in .April 1945. The modet 
extends for 172 ft. (:: 6'5 miles ) upstream of the bridge and 119 ft. (:: 4} 
miles) downstream. The bridge in the model consi[,lts of 7 spans, ·925 ft. each 
as compared with ~0 spans in the prototype. This was done in order to maintain 
roughly the same B/d ratio of each span in the prototype and model. Portions 
of guide bunds were pitched as in the river with stones of about l/8" size. 
Water level at the bridge for the estimated maximum flood of 250,000 cs. was 
447.~. .ftssuming, discharge «: depth513 , depths for different discharges were· 

Fig. 38 calculated. Time scale adopted is shown in fig. 38. Equivalent depths and 
gauges maintained in the model for various di~:charges are shown below, 
in table 10. 

TABLE 10 

River Model Depth of Depth of Gauge . IDaintaincd 
discharge discharge water in river water in at Dridge in 

Remarks. 
In cusoos. in cusecs. in ft. model in ft. model. 

50,000 1.21) 6 09 .1520 1.847 . 
100,000 2.50 9.28 .2809 1.926 

150,000 8.75 - 11.78 .2940 1.989 -. 
I 200,000 5.00 14.00 .8500 2.045 

250,000 6.25 
,. 

I 
16.00 .4000 I 2.096 . -
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PART III 41 

The large value of the ratio B/d, viz. 110, and the slope of 1 ft. per 1500, 
indicate a heavy charge of l:>ed material; so in the model, heavy silt charge was 
necessary. For the maximum discharge of 6·25 (: 250,000) cs, the charge 
inject~d was 0·6 part per 1000 by weight, as determined experimentally. For 
]ower discharges the silt charge was made proportional to the quantity of water 
flowing; as the duration of discharges was small any error in this assumption 
would make an inappreciable difference in the results. · 

After running the model to stability, average slope obtained was 2.3 per 
1000, giving- a slope exaggeration of 3.45. Depth scale obtained was 4.85 
times the longitudinal scale, as against tJ.O designed. 

The centre lines of the deep channel obtained in the model and in the river 
were practically the same. . . 

Afllux for th~ maximum discha:rge of 6.25 cs. : 250,000 ca. obtained in 
the model was .11' :: 4.5 ft. The difference in water level between upstream 
and downstream, as estimated on the river approximately by eye by a subordinate 
(not actually measured) is said to be 6'. Considering that no other data except 
H. F. L have been given (and even the high flood dischllrge has been estimated) 
it is reasonable to conclude that the model was correctly reproducing th~ prototype. 

Bed 'and surface lines of flow were observed with a discharge of 2·5 cs·. Fig. 8!} 
s 100,00.0 cs. Percentage discharge passing through various spans of the 
bridge, and through the three channels upstream (formed due to natural islands) 
were also measured. There was greater concentration of flow near t.he end 
spans of the bridge than in the midstream. Return flow and eddies were formed Fig.J4() 
in the pocket between the bunds, and at the bead of. the retired bund. This 
caused a big scour-hole at the .head of the retired bund, down to R. L. 421 in 
the river. This gave the depth of scour: 26.6 ft. Maximum depth of scour 
is 2 R where R = ·4 7 (Q/f) 113 according to Lacey. For Q = 2£0'"000 cs. and 
f = .895 for .26 mm. sand, maximum depth would, accordingly, be 62ft .. This 
depth, however, c~nnot be ext:ected in :flashy rivers where the maximum flood 
occurs for a very short duration; and r-articularly not in a river such ~s the Luni 
which widens rather than deepens during floods. 

At the old guide bund the surface water was attracted to it and the bed 
water was deflected away from it. Diving .flow thus produced caufed the bed 
along the bund to scour. The flow b~t the pier near the left abutment at a sharp 
angle. This explains why the end pier near the left abutment collapsed .in the 
1944 flood-due to undermining of the foundations; and the 2nd pier from the 
left bank tilted. Below the bridge most _9f the· flow was along the right bank •. 

Maximum velocity observed at the bridge was 1.64::8.2 ft/sec. in the 
right end span. _ 

At C.S. 17.5 ~ 35CO ft. upstream of the bridge-across the natura] islands
the maximum velocity was 1.1 ::5.5 ft/sec. in the left and central channels. 

With the maximum discharge of 6.25:250,000 cs. only surface lines of 
flow wete observed: bed lines and velocities could not be observed as it would 
have necessitated the running of model for a longer #me, which would have 
vitiated the results due to heavy bed scour. 

Mr. Gaur the Assistant Engineer I/C of the bridge works· who had been 
here to see the experiments was completely satisfied with the behaviour of the 
model in respect of reproducing the existing conditions at the prototype. Further 
experiments are in progress and will be included in next year's Annual 
Report (Tech.). 

APPENDIX I 

Approximate moxin;umjlood discharge through the Luni Railway Bridge 
and 11arious spills during the 19.14 flood season. 

Figure 33 shows the longitudinal se(;tion along the railway bank from the Fig. SS 
railway bridge No. 3 to mile 1. The cross-sectional. areas of the waterways 
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through the breaches, spills and the main bridge and 2 other small bridges were . 
measured from this figure. Actual velocities were not observed but approximate 
surface velocity of 10ft/sec. was observed at the centre of the bridge No. 3. 
Arbitrary velocities were therefore assumed and the discharge calculated as 
shown in table 11. 

s. 
No. 

1 
2 
8 
4 
5 
6 
7 
8 

.. 

9 
10 
11· 
12 
18 
u 
15 
16 
17 
18 
19 
20 

TABLE 11 

Area in Arbitrary velo-
From To cities assumed - sq. ft. in ftJseo. 

Bridge No. S 18510.00. 7 
Ch. 20540- Ch. 21080 7208.60 4 
II 28580 .. 248S4 5628.00 4 

24495 24820 1800.00 2 I .. .. 
" 

25700 
" 

27400 8160.00 2-
,, 27520 .. 27800 868.00 1 .. 27810 .. 27900 788.00 2 

27945 28170 2205.00 '2 . II .. ... 28950 •• 29800 4154.50 8 
Bridge No.4 840.00 5 

Ch. 80600 Ch. 81028 577.80 1 

" 81028\ .. 81200 464.40 1 
II 81400 ., 81000 A 2481.00 2 , 31870 A II 82170 852.00 2 -
•• 82250 

" 
84880 1185.20 2 

Bridge No.5 484.00 5 
Ch. 84880 Ch. 36000 5850.00 ·8 

" 
86000" II 36568 2311.76 2 

II 36568 n 37500 4188.08 1i .. 37500· " ·88154 1066.02 l 

. Total seotJonal area of waterway 67867.36 

APPENDIX IT 
1944 flood discharge according to Manning's formula 

v = 1·486 R2/SSII2 

n 
where 

V =velocity m ft/sec. 
r- R =Hydraulic mean depth. -- S=Slope · 

Discharge 
In ousecs. 

]29570 
28816 
221)12 
2600 

16820 
868 

U76 
4410 

12465 
1700 

. 578 
464 

4862 
704: 

2270 
2170 

.17550 
4624: 
6807 
1066 

261,052 cs. 

n =Coefficient of rugosity ( 0·03 for rivers in bad regime). 
(1) 

.. 2) 

At the cross-section 4000 ft. upst.raam of the bridge 
Area-A= 51,000 sq. ft. 

S = ·6 ft. per 1000 
. R=8·75 ft . 

• V= 1·486X8·75 213 x·0006112 

• • . ·03 ° 

= 5·1 ft./sec. 
:. Q = AV = 51,000 x 5·1 = 261,000 cusecs. 
At the cross - section .5000 ft. downstream of the bridge 
Area-A= 46,000 sq. ft. 

S =·8ft. per 1000 
R=6·88 ft. 

• V 1·486 X 6·88!1/S X ·0008 11
!1 5 04ft./ • • = ·03 = . sec. 

.". Q = AV = 46,000 x 5·0£ = 232,000 cusecs. 
:. Average discharge (Mean of (1) and (2) ) = 246,500 cs. 

. 
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PARr lli 43 

13. Training of Jumna at Delhi Gate Pumping Station with Pitched 
Embankment on the Right Bank. 

1. Introduction :-
Experiments with the Barrage at Parana Killa (l) showed that with existing 

.groynes, the increased depths upstream of the Barraga caused accretion of the 
bed in front of the Pump House inlet; thereby necessitating dredging a low.level 

·channel to feed the pumps-during the low water stage. 

Experiments were, therefore, carried out to determine the measures required 
·to improve these conditions. ' 

.2. Flow conditions in the river :-

Under existing conditions in the river, the main streain follows i.he left bank 
down to groy·ne 3, then gradually swings to the right, misses groyne 5, is more 

·or less central opposite the pump house and crosses to the rigM bank well 
downstream of it. Bankful stage is reached with about 40,000 cusec3 and when 
the discharge exceeds about. 70,00J cusecs, the spill channels on right bank 
-begin to flow. 

When the most westerly channel begins to flow, it meats the main river at 
·the upstream inlet of the pump house, . where a slack return flow occurs, thus 
reducing the forward velocities near the Pumping Station and causing a heavy Fig. U 
-deposit of sand on a falling flood. . · 

With· the barrage, there would be lccretion in the river bed which would 
-cause the westerly ·channel to spill earlier and the period of slack flow would 
persist longer, and hence there would be a rapid deterioration in the present 
·conditions. · 

. . 
3. ExpEriments:...:. In continuai'Jon of four experiments reported in the An-

nual Report (Tech.) 1944<2 >the following further experiments were done (see Fig. Jl'ig. 0 

-42):-
Experimenl 6 :- With the groynes as existing, with a Barrage at Parana ·Killat 

and an embankment 1875 ft. long excluding the curved head, 
upstream of the Pump House inlet. The curved head had a 
radius of 200 ft . 

.Experiment 6 :- Same as experiment 5, but with the nose of groyne 5. receded . 
by 200 ft; tlie mid-depth point being kept correct. . . 

.Experiment 7 :- Same as experiment . 6, but with the length of the proposed 
embankment reduced to·l276 ft, a curved head being provided 
as in experiment 5 . 

. Experiment 8 :- Same as experiment 7, but with the length of the embank
ment increased to 1575 ft. and itd alignment altered with a 
view to improve curvature • 

.Experiment 9 :- Without the Barrage at Purana Killa, ie. existing conditions 
and nose of groyne 5 receded by 200 ft. as in expt. 6. · . 

Experiment 10 i- Same as expt. 9, but with the 1575 ft. long embankment of 
expt. 8 added. · 

Expet1ment 11 :- Same as expt: 10, bnt with the embankment realigned by 
cutting off a portion of the projecting bank near the down· 
stream inlet of the Pump House. Length of the embankment 
was 2400 ft. 

Experiment 12 :- Same as expt. 11, but with the Barrage at Parana Killa. 
<1 >Annual Report (Tech~) for 1944, page 8, , 
C:B >Indian Waterw~:rs Experiment Station Annual Report (Tech.) 19-U, page 8. • 
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4. Prccedure :- Before start.ing each experiment with the Barrage at. 
Purana Killa, the model bed was moulded to the conditions obtained in experi
m~nt 3, with injection of fine silt.. To accelerate results, silting obtained in the 

, experiment was exaggerated three times. The model channels beiore experi--
l'hoto 8055 ment were thus as shown in photo 3055. 

F'ag. 48 

Figs. 43 
&U 

Fig.45 

Before starting experiments without the Barrage, the model bed was mould
ed to the 1942 river survey because to mould according to results of expt. 3-
would have beel;l to impose wrong conditions on the model.· 

Discharge cycles rising from 40,000 cusecs to 90,000 cusecs andfalling 
back to 40,Uu0 cs. were run)ill stability was obtained. The rate of injection of 
sand was .055 parts per lOOu with 40,000 cs. 

5. Discussion of experiments :-Experiments ~ere carried out with differ
ent lengths and alignments of embankments, on the right bank upstream of the. 
Pumping Stat:on, tp ensure forward flow at the Pump House, at all the flood 
stages~ -and to increase the velocity near the Pumping Station by attracting th& 
flow EO that the low water channel would persist along the Pump House. 

Reproducing prototype conditions in vertically-exaggerated models in such 
cases is difficult because act10n at rigid structures is geometrically-similar while 
the rest of the model is vei·tically exaggerated for reproducing curvature of flow 
correctly. Scour-holes round rigid structures are, therefore, usually deeper and 
wider than according to scale in the protot.ype due to the natural angle of repose;. 
which cause relatively greater . con~ntration of discharge at noses, tending to 
vitiate conditions; and results must, therefore, be adopted j~diciously. 

Fig. 43 shows the scour-hole at the nose of groyne 5. This being relatively 
deep and wide caused unnatural conditions downstream, viz. the channel 
downstream of groyne 5 was relatively very wide and shallow. To overcome 
:this defect, the nose of groyne 5 was receded in experiment 6 by 2/3rds its length, 
the mid-depth pc.int being kept cr.'l'rect-a useful model technique. 

. Figs. 43 and 44 show the scour-holes and the low water channels in experi
ments 5 and 6. It will be seen that, when the nose of groyne 5 was receded,. 
the scour-hole was less deep and less wide, and the low water channel was 
well defined as in the river. 

The result of experiment 7, in which the length of embankment was reduced 
from 1875 ft. to 1275 ft., was similar to that of experiment 6. 

In both the.se experiments, th~ low water channel was still nearly 200ft. 
away from the upstream inlet of the Pumping Station. In experiment 8, therefore, 
the alignment and length of the embankment were suitably modified to improve· 
conditions. Results in respect of the low water channel were satisfactory, in 
that it crossed over to the right bank at the Pump house inlet as required. 

Lines of flow were· observed with 4.0,000 cs. jn experiment 5, 6, and 8 from 
which it was seen that, in experiment 5, the high velocity surface flow was 
markedly concentrated at the nose of groyne 5; whereas, in experiments 6 and 8 
it wns well distributed al}.d more natural than in e-xperiment 5. In experimentS. 
the tendency of the bed flow, at the nose of groyne 5, was along the edge of 
the scour-bole and more towards the Pump House bank than in experiments 6 or 
8. This effect, which was relatively exaggerated in the model in experiment 5,. 
was almost overcome in the following experiments by receding tha. nose of 
groyne 5. 

Having obtained satisfactory low water channel conditions with the barrage,. 
it remained to see if the same embankment would be equally effective without. 
the barrage at Purana Killa. · 

Experiment 9 was, therefore, carried out with the existing conditions; the· 
_..,g. 41 ·results showed that (without any device to attract the flow, to the Pump Hous& 
Rlwlo4056 bank) the low water channel crossed over to the left bank below groyne 6, i.e. 

away from the Pump Hcuse as in the river, thus proving the model 
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1/150 : 1/46 Jumna Model Experiments 

rShoal in front of 
~ Pumping Station Bank. 

+-Pitched 
emhankment 
upstream of 
Pumping 
Station. 

Photo 3055: Photo looking downstream frrm left bank above groyne 4 showing 
the model channels as laid before beginning experiments 5 and 6, 
with pitched bank on right bank upstream of Pumping Station. 
This photo was taken at the beginning of exreriment 6 in which 
the nose of groyne 5 wa3 receded. 
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In experiment 10, the 1575' long embankment of experiment 8, which had 
given satisfactory results with the barrage, was added; but the results were not 

Fig. 48 satisfactory as the low water channel was 660ft. away from the Pump House 
bank. · 

In experiment 11, therefore, the alignment of the embankment was altered 
by cutting off a portion of the projecting bank in front of the Pump House, so 
that the em~ankment was concave throughout its length; it was continued 
downstream of the pump house till it joined the high bank. The total length 

· of the embankment from its ilpstreaDl. end to the tail was 2400 ft. excluding the 
curved head. 

Fig. 49 Results were satisfactory as the low water channel was along the Pumping 
Photo 4073 Station bank as desired. 

Having obtained satisfactory conditions without the Barrage, in order to see 
if the s~m~ embankment w:mld be equally effective with it, the BarraiJ'e was 

Fig. 50 added a~ Purana Killa in expt. 12 as in the first 8 e:x:perim~nts. ~he ~esults 
Photo 4076 were satisfactory_ as the low water channel hugged the Pumpmg Stat10n bank. 

Observation of lines of flow with 40,000 cusecs in experiment 11 showed 
~ig. 49 a definite· curvature effect in that almost all the bed lines were deflected away 

from the Pump House bank; bu~. the high velocity surface lines hugged the bank. 

Fig. 50 In experiment 12, though·the curvature effect was not so apparent the bed 

Fig. 51 

Fig. 52 

lines being more uniformly distributed across the section; yet the velocities near 
the Pump· House were higher than without the embankment, which led to 
scouring the shoal formed in front of the Pump House by the Barraga·without 
an embankment so as to give a low water channel, as seen in fig. 50. 

It is anticipated that the results would be appreciably better in the river 
than indicated by the model because of the inherent limitations of this model. 

The model bed movement ceased below a discharge : 30,000 cusecs, 
whereas in the river the bed Rcour is said to c:mtinue with discharges down to 
even 5000 cusecs. Thus, at even the lower discharges, with their reduced 
meander length, the embankment may be expected to further assist the river 
tendency to scour a deep channel along its face. 

6. Effect oj emb~nlcment on the distribution of velocities ac a cross section 150 je. 
upstream of the weir site of experiment S (for location of this croas section 

please see fig. 42):-

Fig. 51 shows the ratio of v mean on the vertical to V mean of the crJss 
section plotted at each point of the cross section with Q : 40,000 cs. in ex
periment 9 (i. e. existing conditions) and in experiment 12 (with the Barrag& 
and the best design of the embankment). It will be observed that the 
embankment caused a decrease in the velocities in the lejt half of the cross 
section and an increase of velocities in the rtght half, i. e. a complete reversal 
of velocities under existing conditions without an embankment. 

7. Details of the optimum embankment :-Fig. 52 shows the dimensions 
of the optimum embankment and its cross section. As the maximum water 
level at the Pump House is R.L. 71, the top of the embankment, with 2: 1 side 
slopes, may be taken up to R.L. 73, having a free board of 2 ft. The stJne 
pitching may be 2 ft. thick. 

Launching apron :-In order ·to protect the toe of the embankment, a 
launching apron should be provided. An apron 30' wide and 4' thick would 

. . appear to be sufficient to form a 2 : 1 slope with a deep channel along the face 
Appendix I of the embankment. (For calculations see Appendix: 1). 

8. Conclusion :-

(1) A pitched embankment along the right bank at the Pumping 
Station as in experiment 12 would induce the river to develop a deep 
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1/160: 1/46 Jumna Model Experirp.ents 

4073 Showing low water channel in experiment 11 with realigned 
embankment upstream of Pumping Station and existing conditions 
(i.e. without Ban-age). 

Shank of 
groyne 6-

Groyne 5 ~ 

Shank of 
groyne 4-

I 

4076 Showing low water channel after experiment ~2 with Barrage. ~ 
Purana Killa and embankment as in experiment 11. 
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'channel along its face, both under the present conditions and even when
a Barrage is constructed at Purana IGlla. at some subsequent date. 

(2) The upstream existing inlet of the Pump lHoust", in case the· 
embankment is construct~d, may be altered' to the position shown in fig. 52, 
i. e. downstream of the present inlet, because, at the downstream site 
the curvature effect produced by the embankment is likely to be mor; 
pronounced. 

APPENDIX I 

Showi?ig the calculation oj the quantt'ty cf stcne required for thefallinrt 
apron to give a 2 jt. thick launched apron, . 

. Data:-
Qmax. = 100,000 cusecs. 
Water level at Pumping Station · 

with 100,000 cu~:~ecs = R.IJ. 71·00 (to G.T.S. datum) 
General river bed R.L. 
at t,he. embankment site= R.L. 58·00 

fd = :.·76 .Jm = 1·00 · ... · 

Toe of the 'pitched embankment may be kept at the gen~ral river bed leve) 
at the embankment stte. · · 

. . . 

Maximum depth of scour at 
.the nose of the pitched 
embankment 

or 
= 1•8 DLace/0 

= 1·8 X ·47 (Q/£)1 13 

=39·3 
. =39ft.. say. 

Lowest bed R.L. in scour pit = 71 - 39 
· = 32 R.L. 

i.e. 26ft. below the proposed toe of pitched embankment .. 

:. ·Length of launched apron= 'II 52 2 .+ 262 
= 58·15 
=58 ft. say. 

Quantity .of sto.ne per running foot of t.he embankment, 
Assuming. a 2 ft. thick 
launched apron . . . = 58 x 2 

= 116 r.ft. 
An apron 30 ft. wide will have to be 3·87 ft. or say 4'. thick. 

12. EXCLuDERS AND EJECTORS 

14. Design of the Lower Sind Barrage: Experiments to test the 
Design for· Scour and Sand Exclusion from Canals-Sind. 

PART I 

(1) NecEssity of barrage for Lower Sind :-

It is expected that, due fo the ·contemplated further Punjab 'withdrawals,. 
there will be a EleriouH lowering of tbe river levels in Lower Sind, particularly in 
the months of May and September which are crucial months for Kharif crops on. 
the lower Sind inundation canals. In order to offset these adverse effects it is. 
proposed to construct a barrage in the Lower Sind reach at some suitable point, 
with feeders on both banks to link up with the existing canal systems. 

U > Annual Report (Tech.) of work done during 194£, ·pages 74-81. 



PART UI 

(2) Selection of site for the barrage. . 
The over·riding considerations in selecting the site for the barrage are:-

. (a) The river course at the point must be stable to avoid costly 
river training works. · · 

(b) It should give sufficiently high levels to command all the lands to 
be irrigated without undue heading up at the BatTage. 

(c) It should be as near the command as possible to"'avoid unneces· 
sarily lo:og Feeders. · 

Iri case of a Project for Lower Sinrl, three alternativ~ sites were considered~ 
(1) Kotri (2) Hajipur and (3) Jherruck. Fir. 53 

The site near Kotri satisfies requirements (a) and (b) above; it would, 
no doubt, involve longer and costlier Feeders than a Barrage at either Jherm~k 
or Hajipur; but, deciding where to build the BalTage on first cost instead of on 
all-time, general superiority would be a folly. 

The site at Jherruck satisfies requirements (a) & (c); but it is too far down 
the river to give sufficierltly high levels required in the canals. 

The site at Hajipur satisfies the requirements (a) and (c), but not (b) with
out. undue heading up which would inevitably lead. to serious accretion or 
meandering and unfavourable sand-exclusion in time; at Hajipur again two sites 
are feasible :- · 

. (1) Site C and (2) Site R Fig. 53 

· Out of these two sites at Hajipur, a Barrage at site C is cheaper as 
construction can be carried out there in the d1y by enclosing within ring bunds 
and. thus, would be continuous and quicker .and less costly than at site B, where 
the Barrage would have to be constructed in co.iferdatms. In order to test the 
feasibility of each of these sites, model tests were carried .out for both the sites 
at the Poona Station~ 

(3) Model. 
In order to test the suitability of site, a model was constructed in Sangam 

sand having m = 0.18 mm. and wit.h horizontal and vertical 1:1cales of 1/250 and 
1/50, respectively. The model extended for an equivalent of 9 miles upstream 
of Hajipur to 5 miles' downstream of old O.S. No. 13. Fig. 56 (b) 

(4) Experiments with tha barrage 'at site 0 anc:l conclusions. 
These experiments have already been described in the .1944 Annual Report, Fig. ·u 

page 55. The experiments showed that : · 
(a) Due to wrong convex curvature imposed by the guide banks and 

the central island, most of the bed material would enter the •canals on 
both banks. 

(b) There would be difficulty in regulating and controlling the supply 
of water in righ& and left bank channels. · 

(c) The excess discharge required to work ~he excluders .and ejectors 
causes an excess load of bed sand to be drawn mto the pockets; and this 
excess bed load has then to be ejected with a relatively small discharge 
(33% of the canal discharge); and this ejected escapage water with its 
supetcharge would then be injected into the river downstream, with the 
inevitable result that much of the bed sand would accumulate at the· outfallst 
as the slope of the river in this reach is too flat ta ·carry away this super
charge; and so dredgers would be required to remove it continuously. 

(d) Once thA ~xcluder "tunnels get blocked, the design would completely 
fail; and the Excluders would act as "includers" or "attractors" of bed sand. 

(e) In order to keep a river channel along the left bank, unnatural 
conditions would have to be imposed which under certain conditions might 
lead to a very heavy charge of bed sand being drawn along the left bank 
and thence into the left Bank canals. 
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Thus, though a Barrage at site C may be more economical in first cost, it 
will not be permanently satisfactory as many serious difficulties will arise after 
the construction of the barrage. 

As "head" is a valu!!ble consideration in Sind, it is importaqt t.o constract 
the Lower Sind Barrage at a place where sand exclusion is achieved by natural 
curvature rather than by means of Excluders and Ejectors, which require a 
minimum of 2 ft. of head. So, site C was condemned and site B near Hajipur 
was recommended by the Station. 

{5) Experimmts withou& barrage at site B. . 
m~s· In order to prove the model and compare results that would be obtained with 
the barrage at site B, the model was first run · wi~hout the barrage at site B, 
according to a rising and falling cycle of river discharges basad on observations 

Fig. 50. at Kotri in 1943. The time scale as adopted is shown in Fig. 05. 
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PART ill 51 

• The model correctly proved the flow conditions and showed three principal . 
-channels D, E and F, the percentage of discharge obtained in the3e channels 
·being 30, 10, 60 respectively. 

(£) Experim~nts wit'~. barrage at site B. 
The barrage was then constructed at site B to test· its suitability. 

· As it is very impOrtant to watch carefully the changes showing the effect of 
beading up at the barrage on the regi~e. of the river upstream, a· heavy ~barge 
-of fine red silt (6 parts per 1000} was InJected. The first effect of headmg up· 
was to cause a straighter flow down the river. Heavy silting took place on. Fig. 55 (h) 
Keti -1\Iehrani; and, after exaggdr<lting the thickness of silt (as the process of · and 57 (b) 
silting in the model is slow), 1t was observed that the extrema right, low· level 
-channel F redeveloped its tendency to meander still further out, which is just 
what has occurred upstream of Bukkur since _the Sukkur B.1rrage has bean built. 

{7) Conditions on tlvJ left bank:-

Three canals have been proposed on the left bank :-

Name of Canal Discharge of canal Discharge of callal 
tcithoul ejector • with ejector 

Fuleli Feeder_ · 16,000 Cusecs · 21,300 eusecs 

Guni perennial Canal 2,600 Cusecs 4,480 Cusecs 

Pinyari Feeder 16,000 Cusecs 21,30Q Cusecs 

34,600 Cusecs 47,080 Cu.secs· 

First, the left bank canals were run with discharges including escapage 
, -discharges. It was observed that when the percentage in the pocket exceeded 

. 1:2 to 1·1: per cent of the total river discharge ( = 300,000 cs. when there was 
bed movement), upstream bed sand entered the canals, even though the curva
ture was favourable for .the left bank canals: As this adversely twisted the 
naturally favourable CJnditions on the left bank~ it was propJ3ed nJt to use 
-ejectors or excluders on the left l?ank (i e. to run only 34,60.0 cs. indte:ld of 
47,080 cs). 

The optimum width of the left pocket for this pocket discharge of 34:,000 
-cusecs worked out to 529 ft. (8 spans of . .-60' with 7 piers of 7'). , 

Next, different lengths of divide walls -were teste1. A divide wall= 2/3 
ihe length of the canal head regulators gave unsatisfactory results owing to the 
very high discharges entering the canals. The optimum length was found to 
be equal to the (ull..J.ength up to the upstream face of the first _canal head 
·regulator.· · 

It was also observed that with the divide Willl at right angles to t.he barrage 
a heavy swirling iiCtion occurred round the nose. The depth of scour was about = 50' for Q:: 5,30,000 cusecs. In order to improve conditions, a bulbous nose 
was tried, which, however, did not improve conditions. . Similarly, a sloping 
nose reduced the favourable curvataren> for sand exclusion, though it reduced 
the depth of scour to :: 40 ft. A divide wall, equal in length to 0 ·6 l (where 
l is the length of the divide wall from the barraga up to abutment of uppermost 
-canal) and theu continued towards the pocket side on a curve of radius=1800' 
-for the rest of the length, reduced the swirling action and depth of scour-hJle 
and hence was adopted. · 

The maxiinum differential head, observed across the left divids wall for 
·Q :: 5,30,000 cusecs, under still pond conditions, was 3. 70 ft. 

<UBombay (Tech.) Paper No.l52, page 81. 
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1 (a) &our at the nose of divide walls:- ~ 

As regards the shape of the ecom'"'hole, allowance has to be ,made for 
vertical exaggeration of the model (vert. exaggeraticn = 5.0.) Previous experi• 
menta of similar nature carried out at the Station have sho~n that the horizontal 
scale of scour-hole in the prototype is approximately half the horizontal scale of· 
the river model o>. Fig.· 58 shows the probable prototype contours of the 
scour hole (i. e. after allowing for a V.E. in the model scout-hole of 2.5) round 
the nose of the left divide wall, with still pond conditions and river discharge = 5W,OOO cusecs which will be the worst conditions for ecour. It was recom-· 
mended that the protection round the nose t:hould be laid approximately accord
ing to the shape of the scour·h_ole. 

no:-5654 
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Fig. 58 
(8) · Londitions on the right 'hank:-

On the right bank, there is only one canal- the Kalri Baghar Feeder
with a discharge of 11000 cs. and escapage of 3300 cusecs. 

. When. a heavy charge of red silt was injected it was observed that, due to· 
txmcen~rah?n of flow on the left bank, the portion near 1 he right bank silted up; 
and t?ts ~1ll be. accentuated when' the islands in the loop have built themselves· 
up mtb s1lt -_Just as has occurred at Sukkur. At Sukkur, its adverse effects 
on sand exclut;;IOn from the Right . Bank Canals have been remedied by means of 
an approach channel, recommended by the Station. . 

.As the _:veloc!ty obtained at Hajipur site B on the rigut bank was very low,. 
the fi~st deviCe t~ed was a long right guide bank with a view to increase the 
velocity on the nght . end of the barrage by constriction ·of the river portion.. 
1;1pstream. 

H>Page 18 of C.I. & B.~ Annual llepo1t (Tecb.) for 1940-41. 
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Three alternative lengths of guide banks were tested:

(a) A long guide bank 11000 ft. up to the gorge. 

(b) A short one of length equal to 3000'. 

(c) A medium length guide bank, 6000 long ft. 

. 63 

· The long guide bank (a), did not give satisfactory results as water did not Fig. 69 (•) 
follow the banks. · 

. The short guide bank was ineffective in getting the flow tq the right bank. 

The medium guide bank (c) was better in effect. StilJ, as ia clear from the Fig.~ 59 (b) 
figure,, the conditions were not satisfactory. 

In order t<? improve the conditions, four epans out~ide the pocke~ were made 
to have their sllls 2' z,w£r than the banage sills. This helped to mcrease the 
velocity near the right end of the barrage and to pull a small share ?f the top 

. water. In spite of this, however, the tendency of accretion near the right bank 
persisted. · 

In order to pull a fair share of the top water on the right end, three alterna· 
tive measures were next considered : · · 

., 

rt 

(a) An approach channel as at Sukkur. 

(b) An island above the gorge. -

(c) A right bank groyne 

LOWER SIN 0 BARRAGE 
SHOWit;IG ~ROYNE 
!!>C:AI:.E,-1 'a40 .. 10·000 

Fig. 60. 

NO·&A~4 
I·W~E.'IP.ST,...POOKA 

As conditions are not favourable for a right bank approach chano~l at Hajipur, 
only one of the other two alternatives is likely to be suitable. · 

• Fig. 6() . 

An island was not found to be effective in pullmg the flow towards the 
~ght b_ank; eo further experiments were carried o~t with a righ~ bank groyne·; 
1ts ophmum length was found to be 1800 ft. (for lines of flow wlth this groyne 
see fig. 61). Fig. 61 

Though the groyne polled a share of top water, there was still some 
tendency of silting on the right end of the barrage. So it was recommended that FJg,:G2

1 
o:· 

an alternat~ve head at point K may. be kept ready for the Right Bank Canal; Fig.,Gl · 
becauEe this would be preferable on account of the additional head available and 
the better sand excluding prorerfy, as it .takes cff frcm the o,utside of the curve •. 
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Regulation of the barrage. 
The barrage proposed at site B consisted of 42 spans arranged as· under :

(1) 8 left pocket spans at R. L. 42.0 
(2) 30 barrage spans at R. L. 42.0 • 
(3) 4 right pocket spans at R. L. 42.0 

The upstream pavement level was R. L. 36.0 

The downstream , 11 , R. L. 28.0 

.· The upstream and downstream slopes were 1 in 5 and 1 in 3 respectively. 
The designed pond level at full supply is R. L. 61.0. The barrage is designed 
for a superflood discharge of 850,000 cusecs. ·· 

Regu.lationfor 300,000 and 3,50,000 cusecs, 
( still pond conditions ) • 

. For these discharges it was observed that on the right bank, though high 
velocity persists, exclusion of bed sand is-not so effective, unless an equivalent 
set of nine gates outs~de the right pocket is opened more than the rest of 
the gates by 2'5' and 2' for 3,00,0(10 and 3,50,000 cusecs respectively. This 
increased the ratio of the. velocity outside the pocket to the velocity inside the 
pocket and thus helped to create a favourable curvature. On the left bank, 
even with eqtial gate openings, sand is excluded due to the natural, fa·vourable 
curvature of flow: 

Regulations of the barrage for 4,00,000, 5,00,000 and 5,30,000 cusecs. 

With these discharges the barraga was regulated, under still pond condi.:.-
1lions, with all the barrage gates equally opened. But it was observed thllt, due 
to the pronounced c1,1rvature of the left bank, the scour at the nose of the Left 
Divide Wall was excessive;· the differential head across this divide wall was as 
high as 3. 70 ft. for 5,30,000 cs; and the flow in the pocket was not smooth. 

In order to improve conditions, semi-open flow was tested in the left pocket 
and it was observed that {a) the pocket gates nearest to the canal head regulator 
have to be opened less than those furth~st from the head regulator for proper 
exclusion of bed sand; (b) sand is scooped out from the bed of the pocket
which in the design was not protected -and a deep scour-hole is formed down 
to R. L. '24, pointing to the necessity of paving•·the pocket bed at R. L. 36.0; 
(c) scouring action round the nose of the left divide wall is reduced; (d) the 
di.fferentiat head across the left divide wall is reduced; (e) scouring operations 
for flushing out_ the pocket will not be as frequently necessary as under still p:Jnd 
conditions; and (f) ther~ will be less shoaling downstream of the left divide wall.. 

It was also observed that the right pocket could not be run under semi-cpen 
jloto conditions for Q < 600,000 cusecs. 

PART II 

Lower Sind Barrage 2400' Upstream of Site B Near Hajipur. 

(1) Why was it necessary to repeat the experiments with barrage at 
. site B with a change in Plan? 

The experiments described in part I were carried out according to a plan of 
the river Indus· received from the Project Division. In these experiments the 

Fig. 63 barrage was sited as shown in the plan, fig. 63. 

But the Project Division later discovered a discrepancy in the plottings of 
Fig. 64 the survey plan .supplied to the Station. As the curvature in the corrected 

plan, in the vicinity of the barrage, is much more pronounced than in the old 
one and this would have an important bearing in the results previously obtained. 
it was decided to repeat the experiments to test the salient features. 
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.Another difficulty pointed out regarding siting the burage exactly a~ site B 
(mile 0) was that it is not possible to take the left bank cJ.nals cle1.r of the 
Mukams (grave yards) and the crossing of grave yards is considered highly 
impracticable and to be avoided -as far as possible. This could be done either by 

. shifting the barrage line 200' downstream of mile 0 or by shifting it 2400 ft. u/s 
-of mile 0 as the left bank and right bank canals require a clear width of 1350 ft. 
and 600ft. respectively. 

The former was considered unsuitable as the curvature of the left bank 
upstream and do\vnstream of it is rather severe and water after flowing through 
the .barrage would have concentrated more towards the left bank downstream 
and the barrage would have been too near the downRtream bend; sa that water 
would not have flowed away quickly without causing damage to the left bank
which would then have to be protected heavily. 

Besides, had the barrage been constructed 200 n. d/s of c. s. mile 0, it 
would have been very difficult to pull the river on the right end of the barrage; 
·scour at the nose of the left divide.. wall woul'd have been severe and, therefore, 
heavy protection would have been required. 

So it was decided to align the barrage 2400 ft. u/s of mile 0; this recom-
1Dendation was accepted by Sind. ·-
·( 2) . Experiments without barrage : ' 

In order to test the model and compare conditions with those observed 
previously, the model was run with a rising and falling cycle from 3·00,000. 
-cusecs to 530,000 c:usecs with the same time scale as before~ 

After running four cycles, lines of flow were observ'ed. The model showed Fig. 65(•) 
three distinct channels D, E and F, as before, and the percentages of ·discharges · · 
found in these channels were 38·7, 11·3 and 50% respectively. 

Fig. 65 (b) shows the velocity distribution on cross section X- Y, 240J n. Fig. 65(!.) 
upstream of cross section mile 0 and parallel to it. Fig. 65 (c) shows depths Fig. 65(c) 
~f bed as observed on C. S. mile 2 and C. S. 2!00 ft. u/s of mile 0. 

( 3) Experiments witll baN age:_;_ 

The barrage was constructed at an equivalent of 2400 ft. upst.ream of cross 
-section mile 0 so that the barrage line ran clear between the village and the 
.graveyard on the left bank and also of th~ obstructions on the righ~ bank• 

· The head regulator of the left bank was given .a splay. of 1 m 10; the 
barrage consisted of 42 spans arranged as under:--

(1) 8 left pocket spans at R. L. 42·0 . . 
(2) 26 weir spans at R. L. 42·0. 

(3) 4 weir spans just outside the right pocket at R. L. 40·~ 
(4) 4 right pocket Ppans at R. L. 42·0 

. a -

. Thus, the total length of th~ barrage was 2844 .ft., the same as !iefore. 

In order to watch the effect of heading. np on· the re!J'ime of the river 
upstream, a heavy charge of fine red silt was injected. The b~haviour . was the -
11ame as in experiments described in Part I, viz. Channel F persisted and the 
model showed that there will be a tendency of the river to meander still further 
1owards the right ba:q_k. Fig .. 66 {a) shows the lines of flow as observed. Fig. G6(a) 

( 4) CO!"ditions on the left bank :- ' 

The optimum length of the left divide wall, Qle optimum width of, th& left 
pocket, the shape and depth of the scour-hole. obtained, and the differential 
heads across the left divide wall, were found to be the same as before.,. 
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The loss of head in the left bank canals was observed to be as follows :-

Name of Canal Loss of head 

Fuleli Feeder _ 0·65 ft. 

Pinyari Feeder _ 0·60 ft. 

Guni Perennial Canal 0·50 ft. 
-. 

As the barrage is shifted by 2400 ft. upstream of C. S. mile 0, the curvature.. 
effect was not so predominant as would have been had the barrage been 
constructed on C. S. mile 0 or a~ in experiments described in Part I. There was. 
no Ewirling action as in experiments described in part I and hence the divide.. 
wall need not be curved near the nose, as recommended previously. 

~?> Conditions on the right bank of the barrage. 

(a) In order to increase the velocity,on the right side of the barrage
different lengths of guide banks were tested. The details of the alignment .. 
which gave the best results are shown in ;Fig. 67 (b). 

(b) Fig. 66 (b) shows the velocity distribution -as observed at C. S. 
iii:ile 1. Velocity obtained on the right side was 0·60'/sec.: 4·2 ft./sec. 

(c( In order to pul.l additional-top water, different. lengths of groyner 
as tested in previous experiments (part 1} were again tested, but there was 
no appreciable change produced by the groyne in the conditions on the right 
end of the l:arrage. So a groyne need not be constructed. 

(d) That the barrage haR a tendency to reduce the effect of sharp 
curvature and thus tend to equalife flow can be seen by comparing Figs. 65(a). 
and 67 (a). Thus, without the barrage, top water had a tendency to hit 
the left bank directly and thus concentrate on the left side. Whereas the 
barrage has the effect of bringing water round the corner of the gorge 
'section, at mile 2, and thus drag a share of the top water on to the right 
side. Most of the bed material of channel F concentrates on the right side· 
of the barrage, especially along the 9 spans just outside the right pocket. 
Silting took place along the Right guide Bank and as this would be
accentuated in' the river-due to· silting in models taking place more slowly 
than according to the model time:...scale- the Right Bank Canal may 
tend to silt; eo, to be ready for this contingency should it occur, it would 
be advisable, if this design were adopted, to assume an alternative head· 
for the canal; taking cff from the right bank above the bend at point K, 
shown in Figure 66 (a); and land t:hould be reserved• for this purpose~ 

The head at K was tested in the model: wit}l the head at right 
angl~s to the pacca edge of the right bank; the flow conditions were not. 
t~atisfactory; the head facing upstream gave sweeter and more uniform 
flow at the entry than when it was at right angles; Hence hea-l at K 
should face upstream as shown in Fig.66 (a) 

(6) Right bank pocl·et :-

(a) It was observed that with a divide wall equal to 2/3 the length 
and at right angles to the barrage, as recommended previously, sand 
entered the canals for Q ::: 300,000 cueecs, even though four spans out
t:ide the pocket were at R.L. 40.0, i.e. 2 ft. lower than the barrage crest. 

(b) With.four spans at R.L.40.0 it was observed that these had an 
eiTect of Jeversing the desired curvature along the ngbt guide bank and 
attracting a greater amount of bed sand, towards it from the midstream. 
and thus. would accentuate the rate of formation of. sand bank along the 
right guide bank. . It is,_ therefore, recommended that these spans outside 
the right pccket may be at R.L.42.0, i.e. at the same level as the barrage· 
spaiis. 
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(c) When a divide wall diverging with a splay of 1 in 10 and equal 
in length to the upstream abutment of the Kalri-Baghar Feeder was 
tested, sand exclusion improved. . . 

(d) Loss of head observed in the right bank canal was:: 0.45 ft. 
(7) Regulation ofthe baf'rage :-

(a) Regulation for 300,000 cusecs :
(Still pond in both pockets) 

As it was observed that four spans just outside the· right pocket at R. L. 40 
adversely distorted the conditions favourable to the right bank canal, these 
spans were made at R.L: 42.0. Bed sand was excluded effectively with the 
opening of these four gates being kept 2ft. more than the other openings .. 

(b) Regulation for 350,000 cusecs. 
eStill pond in both pockets) 

For Q :: 350,000 cusecs, sand waa effectively excluded from the left 
bank canals and right bank feeder when all gates were equally opened. 

(c) For other discharges regulation may be cap-ied out as described 
in Part I. 

(8) Intensity of discharge~ in 'Various spans :-
. (a) The intensity of discharge was found out for Q E 300,000 cusecs, 

tbe discharge passing through the barrage being 250,000 cusecs, alterna
tively with the four spans just outHide ~he pocket at (i) R.L 40.0 & lii) 42.0. 

The average intensity for tills discharge· works out to 2~~ggo = 139 cs/ft, 

. where 1800 ft. is the clear width of the weir portion (30 spans of 60' each). 
(b) The inteiiRity of discharge was also observed for .river dis

charge :: 50~,000 cs, the discharge . passing through the barrage being 
450,000 c~, wtth the four spans at R.L 42.0, and under 'still pond condi
tions in both the pockets. The average intensity in the river spans works 

out to 450•ggo 250cs/ft. The rr>sults obtained are shown in table 12. Table 11". 18 .. . .... 
TABLE 12 

(All baf'rage gates were equally opened) 

River Q = 800,000 cs. River Q := 800,000 cs. River Q := 500,000 os. 
(Four spans outside (Four spans outside (The four spans at 
the right pocket ot the right pocket at . R.L. 42·0) 

R.L. 40.0) R.L. 42) 
Spans of the --

Intensity Percentage t. .... ,'!' r ......... , Intonoity Percentase 
weir portion. of over or below of ver or below of above or 

discharge the average discharge the average discharge below the 
intensity of of 189 csJft. · · average of 

189 cs. I 250 csJft.. 
per ft. 

1 2 s 5 6 7 

. 
9-10-11 125 ~ -10% 125 -10% 285 -6 % 

~ 

12-lS-14 125 -10% ISO -6·5% 285 -8 -% 

15-16-17-18-19 146 +5·2% 149 +6·1% 264 + 5·6% 

20-21-22-23-24 146 +5·2% 149 +6·1% 266 + 6·4% 

25-26-27-28-29 147 +5·8% 149 +6·7% 267 + 11·8% 

80-S 1-S !-88-84 145 +4·5% 140 0% 250 0 % 
I 

85-86~87-88 I 140 0 % 

I 
180 . I ..,...6·5% 280 -8 % 

( 4 spans outside the 
·right pocket) 

Note:- ( i ) + shows% of intensity of discharge above average intensity. of discharge. 
?' % , , ,, , below , , .,, , 
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(ii) The first· span is taken from the left end of the barrage; spans 1 to 8 
are in the left pocket 3J-4 <1 are f_,ur ~<pan" iu t.he ri..cht l;oeket. 

(a) It can be seen from the tabla that concentration of flow occurs in 
15 ·spans of the banage, Nos. 15 to 29. 

(b) The results also show that concentration incre'lsPd ne:tr the riaht 
bank when the 4 spans outside the right. poeket were at R.L.40.:l; iu spit; of 
this, conditions for sand exclusiOn f10rn rig hr. hank canal L ·c l)n~:~ worsa as 
water flowing in these four t~pan~ had an unfavourable curvalttre for the 
right bank canal; an•l, ther~fore, all the spans ar, recommended 10 be at the 
samg cilllevel, R.L.42.0. · 

(9) Scouring operations:-

Scouring operations were c~rried out for a discharge:: 200,000 cusecs. 

. It is realised that, during perio.is when scouring operations will be.practicable 
river dic~charges exceeding one lac cuseca will generally not be available; it i~~: 
therefore, propose<! to test out flow conditions for ~:~couringoperations with a river 
discharge:: 1,00,000 cosecs in subsequent tests. 

A discharge =: 70,000 co~ecs was passed throu!{h the left 8 flp:tns and dis
charge =: 35,000 -<mE~ecs w.as passed throu&(h the four trght pocket span6 tt.us 
the inten~ity of discharge Q, was equivalent to 146 cs/ft. run in bot•• pOhkets. 
"The re:.t of the discharge was passed through the barrage gates equally opened. 

. As very fine silt will be deposited in the pocket and this will be in a 
consolidated st.e.te, the fine red silt washed throueh the elutriator<t> having a 
mean dia. of 0.11 mm. was used and consolidated by a rammer and was laid· 

Fig. 68 as shown ·in fig. 68. 

The sill of the pocket spans was at R.L. 42.0 with up!itrea.m and ~own• 
stream slopes of 1 in 5 and 1 in 3 re\4pectively. 'I he upstream p.&vement level 
was :: R.L 36.0 and downstream cistern level:: R.L. 28.0. 

Time of scour was 21 minutes :: 3 days. 

The downstream water Javel maintained was = R L. 5~.2, this being 
maximum water level for Q :: 200,0JO (allowing for accretion do,vnstream), 
as this would be thew rst condition for sand exclusion tests. The pond level 
maintained was :: R.L.60 i.e. cut-off:: 7.8 ft. ..., · 

... 
Obsen'a~ions :-

(~'~) When all spans were equally opened, silt near the head of the 
Fuleli canal was not effectively scoured away, this being cfu~ to the fact 
that water after flowing round the nose of the divide wall concentrated 
in spans 5 to 8. 

(b) Even though spans 5 to 8 were kPpt clof>led and discharge concen
trated through 1 to 4 spans, scouring near the Fuleli head (lid not improve. 

(t:) Sc1uring near the Fuleli was more or less uniform when ~<pans 
1 to 4 were opened 2 ft. more than the t:p:ms 5 to 8. 

- Opening of the spans 1 to 4 being:: 12 6' 
,, , , , 5 lo 8 being: 10. 6' 

(d) No difficulty was observed in scouring right pocket spans (opening 
of the ri;ht. pocket spans being:: 11.6' ). 

(e) In the case of Sukkur barrag-e, the upstream and downstream 
slopes are 1 in 30 and 1 in 70 ref<pectively; f'O, prec:mt.ion has to be taken 
to re!tlllate the gates very carefully in "'ueh a way that the standing wave 
does not form beyond the pacca pavement. ThiH i~:t ensured hy re.tricting 
the cut-off to fi ft at Sukkur. No such difficulty was ob!-erved with even 
a cut-uff of 7.8 ft. 

CUAooual Report (Tech.) for 19U, P. 6,. 
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Retrogres~:~ion will occur during the first few years of the opening of the 
barrage: and, at that time, the p1sirion of the standing wave on the downstream 
glaciH of the pocket will be the over-riding consideration for Pcouring operations a 
but as the downstream bed level in the cistern at Haj•pur will be low ( H.L. 28) 
againHt a high flood level of R.L. 62.2...-and tbe ~lacis ~:~lope will be steep-
1 in 3-, the standing wave will always form on the pavement. Thii may be 
compared wirh the relatively high downstream p1vemenr level and the very flat 
glacis slope of 1 in 70 of the origiDdl Sukkur Barrage de:-~ign, which was condem
ned by the Station t 1 > and rPplaced by a lower pavemen~ with a glacis slope of 1 
in 10, except downstream of pockets where the flat glacis slope had already been 
constructed. . 

The position of the Standing Wave was verified in the model, with the. 
results shown below : 

l'ositaun of Minrmum 
River Ma1rlmom stand ng wave Min'mum Position water levPI Position 

discharge water level from the centre water lovel of Standing (after retro- of standing 
. in cusecs R.L. of the crest Gf R.L. wave gression) wave 

the barrage R.L. 

100,000 48.7 20' 44.9 
Standing wave 

27.5' 40.9 formed just at 
the tue of the 

dJs glacis. 
' 1110,000 110.8 14.8' 47.0 23' 48.2 So' \ 

' 
200.000 52.2 8' 48.6 20' 45.0 ~s· 

As it will be very difficult to unwater to a sufficiently low level to make it 
·possibl~ to have the downstream pavement·at R.L. 28, this is another reason for 
-changing the site for this Barrage from Hajipur to upstream of Kotri where the 
-cistern level will be relatively higher. 

15. Ca\lses of Accretion of the River Bed at Sukkur Barrage and how to 
Reduce Rate of Rise 

PART TI 
1. Introduction 

Part I of this note will be found on pages 99 to -104 of Annual Report 
{Tech.) 1944. Mr. H.P. Mathrani had st~ted in his report:- · 

"In this case, however, accretion is more than normally rapid and 
bas become particularly so after 1940. In my opinion this rapid accretion 
is due to the following causes : , · 

(1) Location of the Barrage a short distance below a gorge resulting 
in sudden chan~e of gradients upstream and downstream and deposition of 
silt immediately below the Barrage. 

(2) The above is accEntuated by the silting u/s- of Barrage when the 
same is ponded · in low river. This cause is normal and exists in case of 
all barrages. 

(3) The deposition of silt on up8tream is further accen~uated by perma
nent closing of 10 spans and about 1 ft. higher ponding generally ·required 
above river spans to give required pond level in right bank pocket when· 
river is low. 

(4) Sudden expansion on downstream of Barrage caused by complete 
non-functioning of 14 spans on right stde and partial functioning of 12 spans 
during high floods. Here it may be stated that the 11ew right side approach 
channel can pass only about 48.000 cusecs in high floods. Ont of this 
about 18,000 cusecs are drawn by right. side canals and about 30,000 cusecs 

n >Bombay T.P. No. 29 (Note on "Experiments car tied out 11ith various design• of l'iers and 
-sills in connection "ith the Lloyd Barrage at Sukknr") 
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flow through spans Nos. 15 to 22. Again owing to the curvature of the
outer bank there is a very sluggish flow through spans Nos. 24 to 26. Thus · 
only spans Nos 27 to 66 function properly in high floods. This causes 
sudden expansion and deposition of silt on downstream, · 

(5) The fact that the rate of accretion has rapidly increased after 
1940 i.e. after functioning of the new river works shows that the causes 
Nos. 3 and 4 play an important part. 

1.1 Bef~re replying to the above the following extracts from ·a report 
incorporated in the Annual Report <Tech.) 1943 pages 12-15 entitled "Technical 
Enquiry into the causes of Breaches in River Bunds in Sind and Steps Required 
to Minimise Danger of a Recurrence", will be quoted:-

J'~g, 119. "Though Bachalshah gauge (see Fig. 69) is situated downstream of Sukkur 

JNg. TO. 

Barrage; yet it is the best Gauge for indicating conditions just above the 
B~n·~age . 

. Gauge readings have been observed at this Gauge since 1919. 

, It is situated where the river is still narrow, and is flowing nearly axially ; 
so that variations in gauge due ~~ curvature effect, are very small for .discharges 
in excess of 100,000 cusecs. ·. .. 

The great value of Bachalshah Gauge is that it is not affected by ponding 
above the Barrage, as is the case at Outfall, Bukkur, and head of the 
Sukkur Canal. · 

It may be wondered why Bachalshah should indicate the effect of the 
· Barrage on upstream conditions. The explanation is that during high floods 
(when there is very little heading-up at the Barrage), silt which has accumulated 
by deposition upstream during long periods of ponding, is scoured through the 
Barrage during the relatively short periods when the gates are fully open. 
Under these conditions, there is a supercharge of material in movement for 
the slope available downstream, so deposition takes place downstream of 
the Barrage. Consequently, though this is a measure of the rate of de
terioration of the river just downstream of the Barrage; yet this deterioration 
affects, and hence indicates, conditions upstream of the Barrage, which cannot 
be obtained from upstream gauge readings except for discharges exceeding 
4: lakhs-and floods of thi!l magnitude have been a rare occurrence of recent 
years, and even when they have occun,.ed, have been of short duration. 

When the Barrage gates were first closed in 1932, ponding was con
siderable, and large quantities of silt and sand deposited several miles upstream 
of the Barrage, even during the early part and end of the Abkalani (flood 
season). Only a part of this accretion was subsequently scoured away when 
the gates were fully opened during the high flood period ; so that the charge of 
material in movement through the Barrage was considerably les~ than pre
viously; with consequent retrogression of water lev~ls at Bachalshah during 
1933 and 1934; but this relief was short-lived, and since 1935 the rise has 
been rapid. . · · " 

It :will be seen that a somewhat similar drop in specific discharge gauge 
reading occurred in 1925-which was followed by a steady rise from 1926-32. 
It has been suggested that this drop in 1925 might have been due to a 
'good river'. in 1924. This belief that a good river in one year is followed 
by a lower specific discharge gauge the following year is widespread ; but 
statistical analysis did not show any such relationship and the same result 

. was obtai~ed w~en specific discharge gauges were compared with averages 
of 50 maximum discharges of previous years at Sukkur. It was also thought 
that though a single good year might not have this effect, yet a series of 
good years might bring out such a relationship; but ntl such inverse relation 
could be found. Hence, t.he temporary improvement in 1925 must have been 
due to some other disturbing factor. There seems to be little doubt that the 
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improvement in gauge resulted from the banks between Bander and the 
Barrage having been faced with stone pitching. The temporary effect of this 

- would be to cause a deep channel to form alq,ng the left,. concave bank-which 
would persit~t downstream and cause a flattening of the _gradient, and hence 
a lowering of specific discharge gauges. This is actually confirmed by river plans. 

This improvement disappeared as soon as the stone facing got covered with 
silt, and during the period of construction of the Barrage, when large co~erdams 
were constructed, so that foundation work could be done )n the dry, these 
obstructed about l/4th of the river width, so conditions deteriorated rapidly.' 
This was followed by marked retrogression during 1933 and 1934-after 
completion of the Barrage-since when the rise has been rapid. The 3 periods 
l919-24,J~5-32 and !934-44 have been dealt with statistically-vide figure 70 Fig. '1~ 
which sliow\ that there was no trend between 1919 and 1924; but that the 
rises between 19 25.;..32 and 1934 .. 44 were highly significant, statistically. · . 

The fall in 1925 and the subsequent rise between 1925 and 1932 is 
of no importance in this enquiry except to show that H had a physical signi
ficance; but the rise after completion of the Barrage is of great importance, and if 
water levels were to continue to rise at the same rate, the future would be very 
serious indeed. Fortunately, however, it is not so bad as may seem at first 
sight, for several reasons, two of which are :-

(1) As already explained: when the Barrage gates were first closed, much 
· of the silt deposited in low portions of the area covered by the ·ponaed water; 
and much o£ this deposit became permanent. This was followed by deposition 
of material at points from which it could be scoured when the gates were 
opened; but as the process continued the material already laid down above the 
Barrage consolidated, and we may anticipate that as the pond gradually extends 
fmther and further upstream, material subsequently deposited in reaches further 
from the Barrage will be less and less affected by draw-down,·and hence will be 
less subject to scour during periods when the Barrage gates are open during 
high floods. Qonsequently, the rate of rise of ~ater level at Bachalshah will 
gradually decrease; . · 

and (2) as more and more material is deposited downstream of the Barrage
ie. as the Gauge Readings at Bachalshah rise for specific discharges-the 
shorter will be the period during which water has to be headed up at the 
Barrage; and hence the less ponding will there· be; and consequently the less 
deposition of silt will there be, and the longer the period during which the gates 
will be _open to move the material downstream of Bachalshah. Consequently~ 
for this reason also, the rate of rise of the bed at Bachalshah will gradually 
decrease. · 

As a result of these two factors, a condition must eventually be reached 
when the rate of rise of water levels at Bachalshah ·will be identical with the
pre-Barrage rate of rise." 

1.2 Mr. 1\Iathrani's statements contained in para. f were countered in 
Annual Report (Tech.) 1944: :-

(i) The data indicated that the steady rise of water levels after 1935 
for the same specific discharges at Sukkur Barrage was mainly due to water 
being headed up at the Barrage after the movement of silt and sand became• 
considerable when the discharge exceeded 200,000 cusecs. This led 1;(} 
deposition upstream, which was followed by a period when the discharge 
·increased still further, so that most of the Barrage gates were opened to 
pass the flood. Under these conditions; the silt and sand deposited up-
stream was scoured through the Barrage as a super-charge, the excess 
being deposited downstream, thus raising the downstream water levels; 
and though part of this deposit was subsequen~ly washed further down
stream, this did not prevent the river downstream of the Barrage showing 
progressive deterioration. 
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. (ii) .As was anticipated,. the bed.level in the Gorge had been rising, 
smce 1935, but the rate of r1se had not accelerated since the Approach 
Channel was ~onstructe.d. the lev~ls quoted;by Mr. Mathrani for 1942 
and 1943 were 1.n fact qmte wrong, bemg 6 ft. and 1 ft. too high respectively. 

(iii) The data did not indicate any ao'celeration in the rate of rise after 
the Approach Channel was built. 

(iv) Statements (3) and (4) para. 1 were shown to be inaccurate. The 
Barrage originally designed for 1,500,000 cusecs was now required to pass 
a maximum of 900,000 ousecs and the (maximum recorded flood was 
730,000 cusecs, so the reduced length of Barrage is ample to pass the 
~ischarge .and is more than that normally provided for a similar discharge 
10 the PunJab. So far from the waterway downstream of the &.rrage being 
reduced unduly, the cross-section area of the river downstream of the open 
spans of the Barrage has become much greater since the Approach Channel 
was completed. Indeed the area of the whole width of the river was 

·greater in 1944 than it had been for many years before the Approach 
Channel was constructed. · 

(v) Afflux at the Barrage when all gates were open was negligible. 
(vi) Much larger ·fluctuations in specific discharge gauge readings 

occurred before the ~pproach Channel was constructed, for which the 
.Approach Channel cannot be blamed. . _ 

1.3 The· aim of this-part II-is to analyse the available data in greater 
detail in order to see whether the relative effects of various factors can be traced 
and, if possible, evaluated. 

2. Gradients. 

Mr. H. Mathrani stated:-
"The gradients upstream of Barrage have steepened very materially 

while those from Barrage to Bachalshah flattened up to 1942 and steepened 
in 1943. 

Steepening of gradients upstream of ·Barrage denotes reduction in 
waterway upstream and results in increase in charge of silt. Flattening of 
gradient downstream increases the differences between upstream and 
downstream gradients, reduces silt carrying capacity down stream and causes 
silt to drop, which is what is actually happening". 

Here Mr. Math rani has 'put the cart before the horse'. The increase or 
decrease in slope results from, and is not the cause of, increase or decrease of 
charge. Actually changes in ~.lope are going on continuously, often very rapidly, 
as indicated by abrupt changes in water levels relative to discharges (Fig. 71), 
so that steepening occurs in one part of the River and flattening in another, and 
vice versa; and it is unsound to jump to conclusions from single observations of 
slope taken at considerable intervals of time. Further more, the data, when 
corrected, do not bear out the statements made. 

· 3. Progressive Reduction of Silt O'ltarge and Load. 

'Table 18 Table 13 shows average discharges, silt loads, and charges (in grains per 

Fig. 72 

cubic ft) during 183 day flood seasons (from 1st April to the end of September). 

3.1. Trends related to Time. 

Fig. 72 shows the variations with time of average discharges, charges, and 
loads-based on a 183 day season {Abkalani). All the parameters showed a 
gradual decline prior to ponding at the Barrage in 193i., and also a gradual 
decline subsequent to ponding in 1932 (the sudden drop in discharge after 
ponding at the Barrage was due to withdrawals for the canals), but the only 
statistic"ally significant time trend was for the decrease of silt charge after ponding 
at the Barrage. 
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-3.2. Trends relative to Disoharge. 

When silt load values (average for 183 days) were plotted against average 
-discharge for the same period it :was found that high degrees of association were 
-obtained, especially for the period 1913-1932 and for sub-groupings in the period 
1933-44. The relations are shown in figs 73 and 1(, the former after correcting Figs. 78 ll 

for cable suspension, the latter without correction. The. correlations obtained 
7
' 

-were similar but were slightly higher for the uncorrected figures. 

TABLE 13 

OutfaU.Sectlon 
. 

I Average 

Bachalsbah 

Not corrected for cable Corrected for cable . , silt-charge 

Years 
suspension suspension Discharge Silt-load · in· . grains 

per 

~ 
Discharge Silt-load Discharge Silt-load (cusecs) cftJsec. eft. 

- -
(cusecs) (cftfsec.) (cusec:s) (cftfsec.) 

2 I 8 I 4 I o a I 7 8 

I ' 1918 289098 524 261184 478 -261184 478 -1206 
19U 409268 802 856187 698 8o6187 698 lSOS 
1916 . 870820 688 

. 
826246 605 826246 605 U8S 

. 1916 8!1)96~ 598 290827 584 290827 584 1206 
1917 818886 '752 285151 678 285151 . 678 1569 
1918 8o9628 679 317400 599 817400 599 1254 
1.919 297164 467 267700 421 267700 421 1016 
1920 292899 580 263825 473 263825 478 1205 
1921 263278 . 482 - 239847 439 289847 439 1217 
1922 852811 646 311991 571 311991 571 1219 
1928 829629 639 293736 569 293736 569 1288 
1924 342956 608 34295().. 608 1179 
1925 From 19 24 onwards 801137 541 801187 541 1194 
1928 current meters have 283270 489 288270 489 1149 
1927 been rigidly suspended 256922 ·. 42'4 25692i 424 1098 
U28 on a metal rod~ No 297685 580 ~97685 I ,5£,0 1188. 
1929 corrections are 285208 548 285208 I 548 1278 
1980 therefore necessary 350508 600 850508 600 1188 
1931 for these observations 252767 412 252767 412 1085 

.1982 From 1982 the figures 249671 386 220728 841 1()29 . 
1983 for Bachalsbah are . 

I 
312631) 566 278247 491) 120S 

1984 less thazvthose 27224() 497 220068 402 1214: 
1935 measured at Outfall 289191 395 236891 . 824 1109 
1.936 due to canal 315422 5&8 ~68307 462 1166 
1987 withdrawals 268258 880 217686 808 91! 
'1988 817819 488 262918 404: 1020 
.1989 290825 408 I 288302 880 921 
1940 232904 290 177984 222 828 
1941 280631 299 175846 227 86S 
194.2 . 807614 847 !60405 !94 750 
1948 882452 4(5 285806 882 sst 
19U 281586 I 840 288475 

I 
282 801 
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The data for 1917 and ~942 were abnormal:-

( i) In 1917 the. river changed its couriJe upstream of the Gorge as
shown in fig. 69. 

(ii) In 1942 the silt load at Outfall was relatively low after the Indus-
. breached the Mahomedabad Loop Bund upstream of the Barrage on 21-7-42 
(~e. just when the peak discharge was reached). This reduction was due
to the breach drawing away a large proportion of the silt in movement down 
the river. The recovery in charge in 1943 and 1944 waE! small. 

Note :-Though the charge was not observed from 16th October to 31st
December 1929 and during the month of August 1935, the· Joad ·carried in the
river during these periods has been estimated assuming that the charge for
the missing months was equal to the average charge for the same monilia in 
previous years, so the error will be small. . . 

The scatter in the Pre-Barrage group (1913-32) was less than for the whole
period 1913-44, showing that the relation governing the quantitative variation~ 
between the average discharge a.nd the load was 'IJery precise prior to ponding
at the Barrage. During the post-Barrage period; when the discharge in the River· 
downstream of the Barrage·was reduced considerably by canal withdrawals, the 
apparent scatter in the silt-load distribution became relatively. great. This was 
to be expected; because ponding at the Barrage made a marked change in the 
quantity of silt and sand in movement; thus· during the winter_ months the· 
water, instead of being silty, was at first bottle green. .The silt Joad during the
flood seasons 1933, 1934 and 1936 was, however, similar to that during the 

- pre-Barrage period for the same discharges, indicating that the silt load during· 
the flood season was, at first, little affected by the Barrage, though the sand 
charge was markedly less; but between 1937 and 1940 a marked decrease in. 
silt charge.occurred, followed by a sudden further decrease in 1942, caused by 
the breach-as already explained. · • 

At first Bight( the progressive ·decrease in silt charge might not be expectedt· 
for it might be thought t.hat as the water levels upstream of the Barrage rose to 
a new and steeper gradient, silting would become progressively less and hence
the silt carried, and observed at Outfall, would incre&.se; but though accretion 
has been occurring along the edge of the river, the rising water level in the river
commands a greater length and area of low-lying berm behind the silted lips of 
the berms, so that these low areas have been flooded with silty water; and until 
nearly the whole width of the river berm has been silted-which will'not be. 
until the rate of rise of water levels caused by affiux: at the Barrage almost 
ceases-the charge .of silt passing down to Outfall will continue to decrease. 
.After that, the charge will again begin to incrtlase. The above takes into account 
the differences· in silt (net sand) charge caused by ponding at Sukkur Barrage ; . 
bot differences caused by ponding and by more water being drawn off in the 
Punjab have not been considered, though_ they may have affected the question to
a small extent. 

I 

3.3. A second confirmation of the close correlation obtained between discharge· 
and silt load was obtained by a method which is not subject to the criticism that 
the co-relation may be spurious and a result only of the mutual dependence of" 
both these variables on time. 

The standard method of eliminating the time effect consists first of fitting: 
time trend Jines ~eparately to the data for the variates, discharge and silt load in 
this caee, and then correlating the departures of the observed values of these· 
variables from time trend lines ; the resulting conelation, if any, is free from. 
the influence of time-effect on the variables. . . 
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The data for 1917 and ~942 were abnormal:-

( i) In 1917 the. river changed its cour.se upstream of the Gorge as-
shown in fig. 69. 

(ii) In 194~- the silt load at Outfall was relatively low after the Indus-
breached the Mahomedabad Loop Bund upstream of the Barrage on 21-7-42 
(i_e. just when the peak discharge was reached). This reduction was due
to the breach drawing away a large proportion of the eilt in movement down 
the river. The reco:very in charge in 1943 and 1944 wa~:~ small. 

Note :-Though the charge was not observed from 16th October to 31st 
December 1929 and during the month of August 1935, the· Joad ·carried in the
river during these periods has been estimated assuming that the charge for· 
the missing months was equal to the average charge for the same months in 
previous years, so the error will be small. 

The scatter in the Pre ... Barrage group (1913-32) was less than for the whole 
period 1913-44, showing that the relation governing the quantitative variations
between the average discharge and the load was very precise prior to pondinir 
at the Barrage. During the post-Barrage period,- when the discharge in the River· 
downstream o£ the Barrage·was reduced considerably by canal withdrawals, the 
apparent scatter in the silHoad distribution became relatively. great. This was
to be expected; because ponding at the Barrage made a marked change in the 
quantity of silt and sand in movement; thus during the winter_ months the
water, instead of being silty, was at first bottle green. J'he silt Joad during -the
Hood seasons 1933, 1934 and 1936 was, however, similar to that during the 

- pre-Barrage period for the same discharges, indicating that the silt load during· 
the flood season was, at first, little affected by the Barrage, though the sand 
charge was markedly less; but between 1937 and 1940 a marked decrease in. 
silt charge.occurred, followed by a sudden further decrease in 1942, caused by 
the breach-as already explained. • 

At first sightf the progressive decrease in silt charge might not be expected, 
for it might be thought that as the water levels upstream of the Barrage rose to 
a new and steeper gradient, silting would become progressively les11 and hence
the silt carried, and observed at Outfall, would increase; but though accretion 
has been occurring along the edge of the river, the rising water level in the river
commands a greater length and area of low-lying berm behind the silted lips of 
the berms, so that these low areas have been flooded with silty water; and until 
nearly the whole width of the river berm has been silted-which will'not be, 
until the rate of rise of water levels caused by afflux at the Barrage almost 
ceases-the charge .of silt passing down to Outfall will continue to decrease • 
.After that, the charge will again begin to incrt!ase. The above takes into account 
the differences· in silt (net sand) charge caused by ponding at Sukkur Barrage;. 
but differences caused by ponding and by more water being drawn off in the 
Punjab have not been considered, though, they may have affected the question to. 
a small extent. 

3.3. A second confirmation of the close correlation obtained between discharge· 
and silt load was obtained by a method which is not subject to the criticism that 
the co-relation may be spurious and a result only of the mutual dependence of 
both these variables on time. 

The standard method of eliminating the time effect consists first of fitting: 
time trend lines separately to the data for the variates, discharge and silt load in 
this caee, and then correlating the departures of the observed values of these· 
variables from time trend lines ; the resulting correlation, if any, is free from. 
the influence of time-effect on the variables. • . 
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This method gave ;m identical degree of correlation for the pre-Barrage Fig. 7&t \ 

years (1913-32), as indicated by· the equal value of the correlation coefficient 
(= .94 7), as had been obtained previously from the "absolute values" without 
eliminating the time trend : while, for the post-Barrage years (1933-1944)-

. during which period the downward trend of silt-load is more marked--there is 
a more significail.t correlation obtained between the departures than between 
the absolute values (.8895 against .755). Thus. even during the ~at-Barrage 
period, the correlation between the discharge and silt load is confirmed 
to be real. 
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4. Ponding, Ajjlux, Cut-off. 

· "Afflux",-known as "cut-off" in Sind-has decreased since the Approach · 
Channel was constructed; but Fig. 16 on which eurves of ma-ximum and 
minimum afflux for the years 1940-44 have been drawn, show that the minimun1 · 
afflux for 2~ lakhs cusecs fell from ~ft. to a few inches-between 1941 and 194:2; 
and the minimum afflux for 1 lakh cusecs fell from 6 ft. in 1940 and 1941 to 
less than 2 ft. in 1943 and 1944 ; while maximum afflux was 2 ft. less in 1943 
and 1944 than in 1940 and 1941. From the above, it is clear that the affiux 
was much greater 'in 1940 and 1941 than in 1943 and 1944 after the approach 
Channel was completed. -

The statement-see para 1 (3)-that "about 1ft. higher ponding is generally 
required" is misleading; because the rate of deterioration depe~ds on the amount 
of afflux-for reasons already explained-and fig. 71 shows that the rate of 
deterioration in discharge for specific gauge readinga with all gates open 
deCTeased in 1942, 1943 and 44. 

5. Coming now to what really matters, namely, whether anything can be 
dona to retard deterioration· in the river resulting from heading up water at 
the Barrage~ · - · 

Obvionsly, the position of the Barrage cannot be altered so that such 
accretion as is occurring in the Gorge must continue until a new regime becomes 
established; but what can and should be done is to lower the Full Supply [~vela 
at the heads rfthe Rice and Nnrth lVestern C.anals so that affiux will cease 
with a discharge of say 2 lakhs cusecs, or even 1 i lakhs cusecs in the river. 
When that is achieved the Barrage would ca~se little further· accretion 
upstream and ·hence _there would be no supercharg~ to lead to deposition 
downstream. 

5.1. Lowering the Full Supply Levels was re~mmimdQd by the Du"ector 
in 1944-see p. 104 Annual Report (Tech.) 1944:-

"this accretion can be largely stopped provided the Full Supply Level 
in the Rice Canal i!! reduced by 1.5 ft. below designed Full Supply Level, 
to give a fl.a tter slope. it will be necessary in· order to flatten the slope to 
1 in 16,000 to lower the bed at the Head by 3 ft.-thus increasing the 
depth by 1.5 ft. from 11.7 ft. to 13.2 ft. if the present width is retained; 
or to widen the canal by 22ft. from 243 to 265 ft., making the depth 
12.3 ft.. by lowering the bed by 2.1 ft. 

Though the bed of the Rice Canal has now scoured almost to its 
designed bed level; the slope in this Canal with F. S. discharge is still 
high. 'fhis is because coarse E-and (m = .28 mm.)-the residue of several 
feet of scoured bed materia l-is exposed on its bed. This concetctration of 
coarse sand must be remooed, and the velocity reduced, before the Canal 
can be run with tbe flatter slope now rendered possible by the exclusion of 
most of the bed sand as a result of constructing the approach Channel 
Lowering the water level at the head of the North West Canal will, 
ho\yever, present. greater difficulties, owing to the designed bed-slope being 
alre:tdy flat-1 in 14,00D-and to the Warah Branch taking off at a high 
level at H.D. 83,824 ". ' 

Even in the case of the North West Canal, however, the full Supply Level 
can be lowered by excavating the bed and flattening the slopes in the main 
canal and Warah Branch. At worst, a small area of high land near the head 
of Warah Branch will be turned into lift. This, however, would be a small loss 
compared to .the great advantage of allowing free flow throug~ the Barrage for 
discharges lD excess of 2 lakhs cusecs, so as to retard or prevent furthet 
deterioration. 
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PART IV 

PART IV.-BASIC EXPERIMENTS 

2. RIVER BE1U.VIOOR AND CONTROL. 

" (ii) SCOUR " 

16. Scour Downstream Df Rigid Structures in Wide Channels. 

1. Introduation. . . 
Whenever ~ rigid structure, constricting the waterway is built across a 

natural:channet,the velocity and the discharge intensity are greater than in the 
natural channel. So, when the water leaves the structurA and flows ove~; the 
bed of the natural channel, the depth of flow gradually increases downstream of 
the pucca floor of the· structure (including a scour-hole) and then gradually 
decreasas again till the stable depth is reached. Under such flow, ultimately a 
condition of equilibrium will be reached in which the scour-hole does not change, 
because the material thrown-up from the bottom on the slope of the scour hole 
is thus stabilized, the excess energy acqqired by water is completely dissipated 
and the bed velocity is adjusted to the extent that neither accretion nor scour 
occurs, as long as other conditions remain the samen>. 

2. Factors affecting downstream scour. 
The predominant factor, determining· the maximum depth of scour down-· 

.stream of structures. like bat·rages and bridges over toide rivers<H is 'the 
disch~J.r:~e in•ensity, the effect of sides being negligible : other important factors 
are the flo·w pattem and grade of bed material. In canals, however, bellies 
generally 6Ccur downstream of structures, as· in the case of bridges over the 
Rice Canal<2 ', the N.W. canal<s>. and the Rohri canal (Sind), causing return 
flow on the sides and jetting in the middle. The bellied sides have an appreciable 
effect on th" maximum depth of scour reached in canals, where the _width of 
channel is not large compared to the depth. Any mathematical analysis is thus 
complicated by virtue of the return flow at the sides. 

3. Object ot the Experime.nts. 
The object of the following experiments was to obtain a correlation between. 

the various factors such as q andV2 /d at the structure and the maximum depth 
'of scour reached downstream of it ; such a con·elation would be useful in 
determining the depth of foundation of pie1·s in bridges or the depth of sheet
piling. loose stone protection, etc. in barrages, and other similar problems. 

4. The Model Experiments. 
The experiments were conducted in a channel, 8.0 ft. wide, having non

erodible aides so as to r~duce the side effect and, thus, approximate to conditions 
· · · Th width • • h · t 1 h 1 10 0 d m wtde nvers. e depth ratio m t e expenmen a c anne was . , an , at 

. the outset, this was believed to be sufficient to eliminate tbe side effect and 
represent wide rivers. Other dimensiqns of the channel are given in Fig. 78; Fig. 78 
from which it will be seen that sufficient entry and exit lengths were provided. 
A geometri.cally-similar model of the bridge with a pavement of coarse sand of 
8.0 mm. diameter representing stone pitchi.ng, formed the rigid stru_cture~ The 
channel upstream of the bridge was plastered. The sides of the channel 
downstream of the bridge were given a slope 1/2: 1 and were also plastered. 
Sand was laid in the. channel downstream of thi bridge to a depth of 2.0' below 
the pavement level. V sand of 0.3 mm. mean dia. was used fo)." the first five 
experiments and Londha sand of 0.3 mm. mean dia., which is more uniform, for 
the rest. Various discharges with different depths at the bridge were run, for 
a sufficiently long time, till stable depths in the scJur-hole were obtained. Sand 
was not injected in the above experiment.s.· 

'q > Maximum depth of- scour at heads of guide bank~J and groynes, pier noses and djs of 
bridges-See Annual Report tTech.) for 19U (pp. 78-83). · · 

(2) Annual Report (Tech.) for 19!2-43 (pp. 21-2')· 
(S) , ,, , for 194' (PP• 28-25). 
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5. Depth and shapes of scour-hole. 
Figs. 79 

& 80 
Figs. 79 and 80 show the typical contours and the shape of scour·holes 

obtai~ed w!th a discharge of 6 cuse·cs but with different V2 /d. The depths at 
the Bides m the scour- hole were generally greater than· in the centre. 
The. term 'da'1 used. in the f~llowing analysis, is .obtained by dividing the 
maximum cross-sectional area of the scour·hole by 1ts mean width. The ratio 

Fig. 81 

absolute max. depth of scour-hole . . 
da generally mcreased for h1gher values of V2/d 

due to the sl~ping.eides causing diving flow, as shown in Fig. 81. 

W.L. 

NR sns 
l.vt.~.t..POC»NA 

DIVING. F'LOW \~--,... ------~Vll'IG f'I.OW 

~ ~~:1 

Fig. 81 

The results showed that, contrary to expectations at the start, the experi
mental channel was not sufficiently wide to make the side -effect negligible, e.g. 

·the absolute maximum depth was as much as 1.28 ds for V2 /d=l5.2 in expt. 
::,Table 111 7- vide table 14, cola. 11 and 13. It is, therefore, proposed ;further to reduce 

the side-effect by using a channel of double the width. 

6. Analysis of sand sample1. 

Analysis of sand samples taken before and after the experiments showed 
that V sand became slightly coarser for higher values of V2 /d while Londha 

. sand did not show any appreciable increase in coarseness. V sand containP flat 
particles and the-size distribution curve is spread over a greater range; while 
particles of Londha sand are more rounded and the distribution is more uniform. 
This may be one reason for the greater scatter in results obtained with V sand. 
than with Londha sand. In both cases, however, the samples obtained at various 

· cross-sections differed greatly. Usually the sand in the deepest part of ihe 
. scour-hole, near the sides, was finer than at the centre, the finer particles in 

the centre being washed away and carried further downstream by the forward 
flow. The mean dia. of sand samples varied from 0. 29 to 0.4 mm. for V sand 
and from 0.3 mm. to 0.37 mm. for Londha sand. 

Increase in coarseness of V sand for higher values of V2 /d is clearly shown 
l'ig. 821 in fig. 82. 

7. Dive'Ygence (1om Lacey'• regime depths due to ditJergence in turbulence. 

In the following analysis, actual nlues of V 2 /d and d. are compared with 
Lacey's values of V 2 /d and R (the latter called RL)• That the grade of sand 
or silt factor affects the depth of scour has been observed in the analysis of 
the depths of scour below bridges<I> and, hence, 'f' has been introduced as a 
variable factor in 1he following tentative analysis. . 
According, to Lacey, · ' 

d 
Vo=(Qf2/3.8)111 

an 
. Yo;= 1.15 '\f'TRZ 
• • • RL = 0. 7305 v 0 

2 /f 
... 

Substituting for Vo from equation (1) in ~quation 

RL = 0. 7305 (Q/3.8 £)11 3 

(1) Annual Report (Tech.) for 19H (PP• 77-SS). 

(1) 

(2) 
(2') 

{2'), 

(3) 
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TABLE ·14 

Scour downstream of' rigid Bt'I"Uctures' in a ·channel with sides held. 

·~ 

I 
. 

Q I q d V I V2Jd I •m' 1·82 f · I a ........ tD ~ • dJB£ d, (mox) .... O..c:l 
Total dis- depth (fi/ at mean ra ..ci .... CI .. ..-. eras ... H ~~ --B---
dis- charge 'of sec.) Bridge dia. of v 2 ~; F: .§ Cl ":' ·- Q) c:r • ., e:_ ~ - ool. 18 L 

") 

- --"-- .:l .. ~ r = 
..d = .... .! a "0 co '0 ... OOI:lr 

t··· charge per water at section 'sand in ~ J:l 0 oo 00 ~ ::to • 0 ..c:l 

No. in I foot at at Bridge mm. t-o - RID~ a-a ~tS·~~ 3 ..c:1 p. - col. 12 
,.:.. L -"'- C::. o....., Cl........ 't-o =--

... ~..c:l • c:r a! g -og-. ""='. coLU cusecs Bridge Bridge section after 0 • ~ D ::s ... "t:J 
iCI>IDID ca"t:J-Q --cs I section section ex pt. -- . ,~ ~ 0 go .... a ..c:~ ID .&> c "'0 - . ~ 1: "c:: u .: 2 < u 1:> u in os.ft. in ft. . . < I "ClOIC> 

1 2 I s 1 4 1 o 1 6 1 7 1 8 · I 9 I . 10 I u 1 12 1 1s 1 u 1 15 1 u 17 -
/7.95 Series No. I with 1 6.to 0.72 0.876 2.08 11.4 0.88 1.085,1.485 0.1 1.!:4: l.lS 1.1 1.614: 1.77 

V sand 0. 8 mm. 2 6.00 0.72 0.276 2.77 27.7 0.42 1.045 1.51 0.6U 1.56 1.325 1.18 18.3 1.91 2.25 
dfa:'"ini tially. 8 6.00 0.72 0.44:4 1.81 7.3 0.36 1.018 1.895 0.71 1.05 \ 0.94 1.11 5.28 1.325 1.48 

4 6.00 0.72 0.500 1.64: . 5.4 0.34 1.01 1.3p 0.72 . 1.02 0.88 1.16 4.00 1.22 1.42 
li 6.00 0.72 0.59 1.81 2.92 10.82 1.00 1.82 0.724 0.85 0.82 1.04 2.21 1.18 1.17 

Series No. II wit 6 6.0 . o:12 1 o.876 2.08 11.4: 0.82 1.00 1.82 0.724: 1.4:5 1,15 1.26 8.6 1.59 2.00 
Londha 1and Mean 7 6.0 0.72· 0.84:9 2.27 15.2 0.32 1.00 1.82 0.724: 1.67 1.30 1.28 11.5 1.80 !.31 
-dia 0. Smm. 

initially. 
. 

I o.32, Series No. III with 8 8.7 1.05 0.8 1.87 2.85 1.00 1.82 . 0.927 1.27 1.09 1.16 1.78 1.175 1.87 
Londha sand o. 8 9 8.7 1.05 0.7 1.575 8.54 0.82 1.00 1.32 0.927 1.86 1.16 1.17 2.68 1.25 1.t7 
mm. mean dia, lni- 10 8.7 1.05 0.68 1.74 4.8 0.82 1.00 1.82 0.927 1.'47 1.255 1.08 8.64 1.85 1.59 
tially and increased 11 8.7 1.05 0.59 1.885 6.00 0.82 1.00 1,82 0.927 1.79 1.825 1.85 4.55 1.48 1.98 

discharge 12 8.7 ,1.05 • 0.55 2.08 7;51 0.32 1.00 1.82· 0.927 1.97 1.35 1.45 5.67 1.46 2.125 

Series No. IV with 18 10.5 1.265 0.8 1.65 3.4 0,32 1.00 1.82 1.05 1.58 1.86 1.13 2.118 1.80 1.46 
Londha sand. Mean 14: 10.11 1.265 0.7 1.895 5.1 0.32 1.00 1.82 1.05 1.66 1.45 .1.14 8.86 1.38 1.68 
dia. 0. 8 mm. ini-

I tially and increased 
I I. discharge I 

I = I 3 
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Now Pw= 2.67 VQ 
• •• . q = OJPw = '\/Q/2.61 
• • • Q = (2.67 q) 11 

Substituting this value of Q ·in equation (3), 

R -0 7305 (2.67)213 lila 
x.- • . (3.8f)1lS'q 

...:. 09 qllls ••• <4> 
- ' fliS 

giving Lacey's regiine depth in terms of q and f. 
the ratio 

d. _Mean depth of maximum section of scour-hole 
ll.x.- 0.9 q2l3ffl/S 

for each observation has been~orked out to give a measure of the divergence 
from ~acey's stable depth in a wide channel1 · 

From equation Vo = 1·15 :..t fRx. 

Vo2/Rr. = 1·32 f • 

V2/gd (Froude's number) is one criterion of turbulence; and V0
2 /gRr. is 

the equivalent Froude's number for Lacey's regime flow; thus Vo2 /Rx. is the 
analogous Lacey's criterion .. 

Th t. V2 /d at Bridge section 
e ra 10 Vo 2 / Rx. for particular sand dia. 

would, the~efore, be a measure of the divef'gence from Lacey's turbulence 
criterion. 

Table No. 14 gives the values of V 2 /d/Vo2 /Rr. and d./Rr. for all experiments. 

Fig. 8S (a) Fig. 83{a) shows the relationship between V2 /d/Vo2 tflr. and d./Rr. in the first 
five experiments with V sand. • . 

Fig. 83 (b) Fig. 83(b) shows a ·similar relationship in experiments No. 6 to 14 

Fig. 88 (a) 
& (b) 

for Londha sand. 

For V sand, 

ds/Rr.=0·88 (V2 /d/Vo2 /Rx.)'27 

and for Londha sand, 

d./Rx.= 1·03[V2/d/Vo~R,.]"21 

... ... 
... 

These relations are shown in full lines in fig 83 (a) & (b). 1 

... (5) 

(6) 

When V2/d/Vo 2/Rx.= 1, d./Rr. should be equal to 1, and then, the constant 
for the equations should be unity. 

The set of equations obtained by making "the constants equal to unity 
are as under :-

For V sand 

dJRx. = [V2 /d/Vo2 /Rr.]'21 
and for Londha sand, 

dJRx. =lV2/d/Vo2 /Rx.] 0 ':za 

••• (7) 

••• (8) 
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These relations are shown in dashed lines ~ _ the same figures. Results 
lor Londha sand seem to be more satisfactory. -Thus d./Rr.=lVi/d/Voi/Rr.J'" is the gemral equation ••• (9} 

Substituting these in (9) 

ll/8 
d.=0·9 i 118 X (V 11/d/1·32f)• 

0·9 i/8 
--X q X (V 2/d)n 
-1·32° f 118 X fD 

Now V=q/d 

. ·. vs =qll/d' 

Substituting for V1 

d.= 0·9/1·3211 
)( q213/f113 X {0 X (q2Jd3)1l ••• (10) 

Substitutin~ n = 0·23, obtained for Londha sand in equation -(10) 

- • ql·lll 
ds- 0 545 X fO·Il6 Xd0.69 '(11) 

for Londha sand; and generally, for any sand-

d.= C • q• t-11 d-e, where a, b and c are indices depending on the grade and 
-distribution of .sand. / 

Equation (11) agrees in form with the type of equation suggested by Sir 
-Glaude Inglis d.= 0 qm (V 51/d)0

• Instead of the constant C depending upon the 
iype of bed material, a separate silt factor has been introduced in equation {11). • 

This is suggested merely as a tcntati11e relationship . and the effect of f has 
_yet to be found out by using different grades of sand; and later, if necesSary, 
using the same grade but different distributions of sand particles, if distribution 
is found to affect the issue. 

~. Assumptions made in the A.r,alysis. 

The following assumptions have been made in the above analysis:---

. 1. There should be forward flow only with no component of velocity 
at right angles to the axis of flow.-

2. The channel is of infinite width, any boundary effect being absent.. 
(As stated above, see para 5, this is proved unjustified and further 
experiments are contemplated with a channel of double the width). 
Further experiments are in progress. 
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RIVER CONTROL. - . 

(V) "FLOOD CONTROl." • .-

17. Siphon Spillways: Gaaesh lyer's Volute Siphon- Factors 
affecting the Coefficient of discharge of-

Depth of floor below crest of bellmouth of sit-hon artd clear space required: 
between the domes of adjacent siphons. 

1. IRtroduction and object of experimen-ts : 

Mf\RKON.AHA)..Ll RESERVOIR WORKS. 

'SECTION 
· · Of 

·MUSHROOM· SIPHON· DAM. , 
. SCM.!. l : :ao F?; • 

._ __ TOP OF PI'IFIAPET, 

Fig. 84. 

Experiments with 1/16th scale, geometrical1y-similar model of volute siphons at 
Markonahally designed by Mr. Ganesh Jyer were carried out at the Poona Station<! > 

YJB.It In the volute siphon design at Markonahally (see Fig. No. 84) the floor is 

UJBe&ulta given in Annual Beport (Tech.) for 1942-48, pp. 27-29: 



f.ur IV 
- . 

5 ft. below the crest of bellmouth and the wall on the rear side of the siphon 
was 2·5 ft. from the outer side of the dome. Due to the high floor level and 
small waterway between the dome and the wall a high velocity of approach 
developed when the siphon was running: full, and resulted in suction of. air 
below the rim of the dome. Lqwering of the floor level in model from := :5.0' 
to := 1 0·_0' below crest.o£ the bellmouth resulted in higher coefficient of dis
charge, and smoother flow conditions-n.ear the siphon. It was anticipated that 
with a "bigger depth of _flow near the siphon (Hoar s 10' below crest) the 
clear space required between the domes of adjacent siphons .could be reduced. 
Thus the e;x:periments aimed at determining the extent of mutual interference 
between adjacent siphons and the reduction of the interference by -lowering the 
floor level and/~r increasing the depth of entrance below the water level. 

2. Experiments ; 

Thrae series of experiments were done with ~wo 1/16 scale. Geometrically
similar models of Markonahally volute siphons. The clear space· between. the 
domes of the two ~iphons was kept E 5·0', see fig. 85. The following. alter- Fig. 8~ 
natives were tested in ea·ch series;-

, 

Series I ; Series. II ; Series III 

(1) Depth Of floor below cre~t of bellniouth = 5' -10' - 10' . 

(2) . Level of lower rim of dome below 
crest of bellmouth = 1.5' = 1·5'. = 6·5' 

(3) Depth of flow at el?-trance to the dome = 3.6~ = 8·5' - = .&·5'·. 

3. SeTiea I . 

The two siphons were first ;run separately and then botk together. Table& 
15 · and 16 show the depth upstream· over crest of siphon and coefficients of Tables 11) 

. discharge and corresponding discharges obtained 'fithA andB siphonrespectively. & 16 

Table 17 shows results obtained when both A and B were discharging~ The Ta~le If . 

depth: discharge. and depth: coefficient cm;es are plot~d in Fig. 86. (a & b). (~g& ~)-
In the depth to discharge curve, the mean discharge of siphon~ Aland B Is plotted . 
against mean depth upstream when both the siphons were· discharging in 
combination for comparison with .the individual discharge when only one was_ · 
discharging at a time. · · -

• 
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TABLE 16 

D~scharge coefficient of siphon ..4. 

D 
Q 0 = cioeffioient 

Discharge of ~isoharge in s. Mean depth of through Remarkl 
No. water over sill siphon in Q 

of bellmouth in ft. = 

I . ouseos A ../2gH 

-
I l .178 2.082 .770 Siphon A discharging only. · 

2 • 176 2.082 .771 · Series I • 
8 .1745 2.078 .768 
4' Ex}lt. vitiated ·- - h ""difference in sill of bell~ 
5 .099 2.012 .768 mouth and centre of out-
6 .078 ·1.1185 .755 let of siphon 
7 • 071 1.985 .756 =2.72 ft • 
8 .071 1.977 .758 
9 .062 1.969 - .751 

10 .057 1.9ll6 .756 A= Area of eross section in 
11 

. 
.056 1.927 .786 aq. ft. of tubular section 

12 .054 1:894 .724 of the siphon 
18 .052 1.886 .721 ;.., .19~ 
u .047 1.845 -
15 .046 Ul61 .712 
111 . .OH 1.7'71 .678 H-h+D 
17 .041' 1.788 .685 
18 .086 1.712 .657 
19 .082 1.72-i .661 
20 .082 1.716 .659 

·TABLE 16 

Di1charge coefficient of siphon B 
' 

'D Q 0 == coefficient 
8. Mean depth of Discharge of discharge in 

No. water over sill through Q 
Remarb 

of bellmouth jn ft. siphon in = 
cusecs A ../2gH .., 

• 
. 

"' 1 .827. 2.200 .804 Siphon B only working. 
2 .828 2.199 .804 Series I. 
8 .818 2.196 .804 
4 • 206 2.126 .798 h = 2.705 ft • 

• 6 .200 2.118 .791 
6 .160 2.048 .770 - A .... 111114 sq. fi, 
7 .121 2.086. .771 
8 Expt. vitiated - - H ... h+D 
9 .OliO 1.11U .7114 

10 .046 1.986 .748 
11 .048 1.882 .728 
12 .039 1.878. .722 
18 .049 ].846· .708 
14 .045 .1.887 .706 
16 .049 1.888 .708 
1S .ou 1.820 .698 
17 .048 1.804 .69.2 
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Y(6TH SCALE MODEL OF VOLUTE StPl-tON. 

St..fOWrNG PLA~I ~ SE.CTLOI\t. 
" ' - ' Sco[G;· 1:::10 = tG. 
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J.jp SCALE VOLUTE SIPHON 

£FF£CT Of: INT£RF£RENC£. 

REF£1?£NC£S. 
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- ---'XI---SIPHOIY B. 
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FLOOR LEVEL BELOW 
CREST DF B£LLMOUTH :' 5' 
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TABLE 1f 

Discharge coe~nts of .d cf B liphon both dilchMging aimulta~ly. 

• D Q ~ ·~ , 
B. mean depth of discharge thro- Ooeffitnent of 

Remark& No water over •ill ugh the siphon discharge 
• of bellmouth in cusecs _ Q 

- A~2gli 

1 I .18"i 8.978 .748 Both siphoni A & B 
discharging. Seriea I. 

s .1796 8.D68 .740 
. h = mean dillerence 

I .177 8.958 .741 in siphons A & B 
ill aill of bellmouth 

' .177 8.946 .789 and cent1e of 
outlet of 

Jj .169 8.8U • 720 aiphona = 2.718 ft • 

t .168 8.9(}9 .788 A == Total Area of 0. B. 
in sq. ft. of 

7 .169 8.889 .120 tubular notion of 

·a .160 8.858 
siphona A and B. 

0.714 = .1964 + .1964 
= .8928 sq. ft •. 

9 .161 8.8U .728 
H =h.+ D . 

10 • 167 8.841 .708 -. 
11 .167 8.821· .718 

1~ .166 8.846 .728 

13 .1114 8.827 .7~9 

u .160 8.791 - .TU 
. 

16 . us 8.802 .715 
~ 

16 .Ut 8.680 .698 
•. 

17:- .141 8.685 .694 

18 .187 8.582 .675 

19 .186 8.567 .678 I 20 .181 8.681 .668 

21 .1296 2.469 .847 ' 

22 .121 . 8.490 .650 

28 .122 8.428 .689 

24 ·121 1.404 - .686 
j 
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Table 18 shows the depths, coefficients and discharges obtained. 

TABLE 18 

. Floor level : 5.0 ft; clear space = 5.0 ft; level of r1m · below crest of 
bellmouth : 1.5 ft. 

Depth of Discharge Discharge mean discharge o· Oa OAB when both A 
water ufs through through A and B coefficient coefficient for both 
ovet cresi siphon A 1iphon B 

were runnini of discharge of discharge siphon• 
in ii. in ca. in OS. in cs. siphon A. siphon B. A and B. 

- -

.Oil' :o.80' 1.900 / 1.940 . not observed .720 I .':'110 -
.1o' .;: 1. 60' 2.010 2.015 1.600 .7611 .770 .600 

.1211~ = 2.00' 2.027 . 2,0114, 1.725 .768 .772 .64.5 

.IIi' ;: 2.40' 2.040 2.047 1.900 .TTO .771. .710 

.1 .. =··"' 1 2.055' 2.062 1.965 .771 .776 .78f 

·. . 
At 2ft. upstream depth, i.e. at H.F.L., the coefficient of each siphon discharging 
singly was 0.71; while wi~h both running together, ~he coefficient dropped to .65 i 
i.e., as a result of interference, a reduction in discharge of 17.0 per cent was 
observed. On the otlrer hand, with D upstream := 2.8 ft., a reduction of discharge 
of only 4.~7 per ce_nt was observf!d. 4pparently, with increase in depth of water 
the quant1ty of a1r sucked below the dome decreased and hence the discharg
ing capacity of the siphons improved. It was, thus, clear that increasing the 
depth of :l:low would improve the coefficient. 

·4. Serie• .lL · ~ . 
In this series, the level of the :l:loor was lowered from: 5' t.o :: 10'. Tables 

Tables 19 · 19 to 21 show the depths and coefficients obtained with various discharges. 
- to 21 With· the lowered floor, the velocicy of approach reduced and the flow through 

the siphon improved, both when the siphons were running separately or together. 
Figs. 87(•) The D-: Q and D : 0 curves obtained are plotted in Fig. 81 (a). and (b) Table 

& (b) No. 19 shows the results obtained. . 

TABLE 19 

-Discharge coefficient of siphon A. 

D =Mean Q 0 
dept~ of water discharga . 

S. No. onr sill of through Q Remarka. 
bell mouth siphon in = 

in ft. cusecs. ·A../ 2 gH 

1 .29 2.187 - .6024. 
Series II 

2 .aos 2.188 • 7986 Siphon A only discharging • 
8 .088 2.170 .8248 
~ .284 2.189 .71121 h = difference in crest of bell mouth 
6 .2225 . 2.18!1 ' .7986 and centre of the outlet of 
8 .224 2.181 • 8091 slpho!l in ft • 
7 .148 2.100 .7898 

H ... total head over the siphen in 8 .08~5 . 2.096 • 7966 n . 
9 .0915 2.058 • ;7848 

10 Expt. vitiated - - .... h +D. 
11 .0985 2.058 .7784 
12 .089 2.049 • 78110 

. A = Area of O.S. of outlet in •q. r. . 
11 .1585 .2046 .7681 
u .030 2.015 .7784 = .196'. 
15 .001 1.994 .76118 
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D =Mean 
depth of water 

8. No. over sill of 
bellmoutb . in ft • 

. - I 
1 .185 
2 ,2125' 
8 ,195 
4 .1855 
6 .110 
6 .1415 
7 ·007 

.PoUT IV 

TABLE 20 

Discharge coeffioie:ne of siphon B. 

Q 0 
/ 

dlsClbarge 
through Q 
siphon in = 
cusecs~ A viSH 

J.1S1 
I 

.7979 

Hemarks 

Series II 

2.118 .7894 Siphon B discharging only. 
2.102 .7859 

~ 2.096 .7916 
2.084 .7905 
2.054 .778\J 
2.02 ,7807 

TABLE 21 

Di6chMge coefficient of siphm. A anc:l B. 

Series ill 
' 1 .044 4.011 .7688 

2 .026 8.932 .7561 Siphons A & B discharging 
8 .018 8.877 .7466 together, 
4 .015 8.841 .7399 
5 ' .0175 8.810 .7866 
6 .0175 3.784 .• 7288 
7 .0211). 3.778 .7269 
8 .0145 8.634 .7003 

TABLE 22 

Floor level :: 10ft; clear space : 5.0 ft; Depth of run below crest of 
bellmouth :: 1.5 ft. 

Depth of Discharge Discharge 
water upstream through through 

over crest siphon A siphon B 
in ft. in cs. in cs. 

.05 = 0.8 2.020 2.040 

.10 = 1.6 2.055 2.070 

.125 = 2.0 2.071 2.085 

.10 = 2.4 2.090 2.100 

r .... ;........ c I c , c .. 
when ~oth coeffi~ent coeffi:ient 1c~efficient o 

A & B siphons f d' h f d' h d1schatge fo 
f 
r 

s 
• • - o I&c arge o ISC arge· . 

wexe runnmg f . . h n A 1 f . h B both Siphon 
• 0 Sip 0 • 0 Slp on 'I A & B JD cs, . I 

2.000 .775 .782 .760 

2.025 .782 .787 .765 

2.038 .785 .789 .767 

2.050 .787 .792 .768 ____ _.;. ____ ..;_ ___ .....,: _____ ..:.,_ ___ ~_---
As compared to results in series I (in which floor level was =·-5.0 ft._ below·the 
crest of bellmouth), the discharge of siphons A & B working separately increased 
by 3 per cent at depth upstream:: 2.0 ft. A much greater improvement was 
observed in the combined discharge, the percentage increase' being 18.15 per-. 
cent, thus showing that the interference is reduced with increased depth of 
flow. 

6 •• Series IlL 
In this series the floor level was kept:: 10' below the crest as in series II; 

but the lower rim of the dome was lowered by= 6.5-' thus reducing the depth of 
flow at entrance from 8.~ ft. to 3.5 ft: Table No. 23 shows the observed depth. Table 23 
and coefficient with various discharges.. These are plotted in Fig. 88 (a) & (b}. Fig. 88 (a) &.(b) 
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TABLE 23 

Floor level : 10ft; clear space :: 5 ft; Depth of r1m below bellmouth 
= 6.5 ft. 

Depth of Discharge Discharge Mean discharge 
CA 

I UAB u Coefficient water ufs when both 8 
through through Coefficient Coefficient of discharge over crest siphon A siphon B A & B siphons of discharge of discharge for both of siphon were running 

in ft. 
in os. in cs. ·, in cs. of siphon A, of siphon B. siphons 

A&B - . 
• 05 = 0.8 1.990 2.030 2.000 .76J .775 .767 

.10 = 1.6 2,025 2.050 2.030 .768 .777 .770 

.)25 = 2.0 2.040 2.065 2.048 .770 .778 .772 

.15 = 2.4: 2.056 - 2.074: 2.060 .773 .780 .778 

.175 = 2.8 2.070 2.084: 2.078 .775 .781 .775 

-
As compared to the results·· with the higher rim level in series II, when 

running" individually the discharge was slightly less, the average discharge {mean 
<>f siphons A and B ..running individually) of 2.079 cs. dropping to 2.053 cs. forD:. 
2ft. i.e. a reduction of only 1.27 per cent. The discharge coefficients were, it 
was observed, of the same order whether the siphons were running. individually 
or in combination, i.e. there i~ little interference under these conditions. 

Considering that the depth of flow, at entrance ·to the dome was reduc-ed 
by 60 per cent, the reduction in discharge is remarkably low; it will also be 
noted that with the depressed rim of the dome, the flow near the siphons was 
very smooth and small vortices which were observed to form at the rear side 
of the siphon in series II were less frequent and the effect of interference was 
not observed and therefore gave slightly higher discharge coefficient. 

6. Pressure observations .in the MarkonahaUy ~iphon Model. 

Pressures were observed along the p~riphery of the siphon tube and in the 
· dome with a depth of water over crest=: 2.0 ft. These are shown in fig. 89. 

From the model pressures it wilL be seen that pressure at the wall in the vertical 
linib below the bellmouth of the prototype siphons w.Juld be very high and would 
cause cavitation. · Similar high pressures were observed at the downstream 
convex bend of the siphon. , 

18. Nomograms for determining commonly required hydraulic 
elements and constants. 

In daily irrigation engineering practice, it is often necessary to ascertain 
whether the available data of a channel indicate that the channel is in regime i 
and. if not, to have a measure of the degree or extent of divergence from regime. 
For this purpose it often. becomes necessary to obtain values of certain hydraulic 

. criteria and constants from given values of certain other hydra11;lic elements. 
General formulae (such as the Manning's formula) and the deservmgly popular 
and the best available regime formulae of Lacey are a matter of daily require
ment and use. To save labour and time over long and often complicated. 
numerical calculations nomograms have been prepared to obtain the values by 
eye. • 

As most of the hydraulic formulae are exponential in character, logarithmic 
11cales have been used. The nomograms cannot, therefore, be read sufficiently 
precisely for statistical and other analysis requiring a high degree of accuracy: 
but they are, never the less, useful to give quick, approximate values <>f the 
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frequently required hydraulic elements and criteria and to serve as a check 
-on values computed by elabor~te calculation. 

l 

R(tN F'!) 
D .. T 1<11!< '""fs/A" 

NOMOGRAM FOR 

R = .Af.E_. 

l 

A(IN sa.~'!) 

Fig. 90 

., 

' t 

· P(\Ni"'!.): 
. . 

The following nomograms have been prepared and are shown in figs. 90 to Figs. so 
100:- · . wlOG 

Fig. No. Nomogram for. 
90 A 

R=p 

91 
. { s £''3 Q·ll8 :0.542 QS 

v = 0.7937 Q118 fll8 
VQ 

92 fv& = 
vs 

0.75& 

93 faa= 193. 15 R113 SSIS 
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Fig. No. 
94 
95 

96· 

Nomogram for 
fm = V fva.fas 

f sy = Vfm fas = 48.215 V SV 

v 
RS 

97 v 
Y RS 

98 s R
1

:0.472 [ ~~ ] '". 

tv-;;-
99 N. = 1.486 R 2 13 Sll 2 

. --v. 
100 Nr. = 1.346 R3

'
4 S112 

--v -
IJ'he reading of the nomograms is generally simple and self-evident. When

there are only three variables, the intersection of the straight line through the -
three scale lines gives the _correlated values of the three variables; when, how-
ever, there are more than· than three variables (as in figs. 9 6, 97, 99 & 100} 
appiVpriate key diagrams ·are added on the sheet to facilitate the correct reading 
of the nomograms. -

6. ACCURACY OF DIFFERENT METHODS OF TAKING 
DISCHARGES 

19. Curvature of Flow in the Throat of a Standing-Wave Flume 
. 1. Synopsis :- The usual theory of the Standing Wave Flume assumes
'parallel flow' in the control section in the throat of two-thirds the depth over the
sill. \In fact, absolutely parallel flow on a horizontal bed is a physical impossibility 
unless the bed slope is equal to the loss of energy head due to side and internal 
friction the latter differing for every discharge. There must be some curvature
of flow even in the throat itself besides the sharp curvature at its entry and exit. 
There is, however, a certain length between the sharp curvatures at entry and 
exit in which contraflexure of curvature occurs with nearly parallel flow. In this
note; "parallel flow" therefore connotes that the stream lines ~ve no substan
tial curvature, the depths of water and pressures on bed observed by means of 
manometer tubes being almost uniform. 

This note describes experiments made to ascertain the extent of parallel flow 
for various .discharges in a Standing Wave Flume. 
2. O~jea of the Exp£riments. . 

. The experiments described below were designed to observe, for various 
depths over silt:-

(i) The extent of curvature of flow at the entrance and exit of a 2~ 
Standing Wave Flume; 

- (iiJ length over which parallel flow occurs in the throat; 
(iii) depth of ''parallel flow"; ' · 

and li v) the. effect of the above factors on the values of 0 and n in the 
_discharge formula for a Standing-Wave Flume, Q = CBDa. 

3. Experimefits. 
The experiments were carried out in a 2ft. Standing Wave Flume. The·. 

details of construction and its principal dimensions are indicated in fig. 101. 
Manometer tubes were provided, for observation of pressures, in the bed and 
sides of the throat and expansion of the Standing Wave Flume. · One side of the 
flume was fitted with glass to facilitate observation of lines of flow. 

The notation used below is set out in Fig. 102. 
The following two series of experiments were carried out in the 2' Standing 

Wave Flurr.e. 
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Series (a.}:-With a stilling chamber, 20' long, 15' wide, and 1.61.' deep, 
upstream of the Standing Wave Jnume. This reduced the velocity of approach 
to a ne7Iigihle value. Water surface profiles and pressures were observed for 
D = 0.41 , 0.807' and 1.2', with free flow and standing wave downstream. 

Series (b):-With an approach channel upstream of 'the Standing Wave 
Flume as shown in Fig. 101 in dotted lines. Surface profiles and pressures were Fig. 101 
o~served for D = 0.4', 0.6', 0 8' and 1.2'. The . object of this series was to see 
the variations, if any, in the surface profiles and pressures from those observed 
in aerie~ (a). • 

4. UbsenJa.tion of lines of flow at entrance and exit. 

. n was at first attempted to observe the curvature of lines of flow at the 
entrance and end of the throat by wool t\lread. This method was, however, liable 
to errors due to high velocities and was dropped. 

The alternative method of finding the direction of flow by. means of a Pitot 
tube was tried. Fig. 103 shows the arrangement that ·:w.as used. It consisted Fig~ lOS 
of a clamp A, for holding the pitot tube fitted into the flange B with a ball and 
socket joint. This allowed the pitot tube to be fixed in any position inclined to • 
the vertical. ' 

• 

.... 
ARRANGEMENT FOR THE OBSERVATION OF" 

CURVATURE OF LINES OF FLOW 

WITH A PITOT TUBE.. 

SCALE· HALF FULL SIZE. 

< . 

· NP. 599r.· 

·,. W.EJfPT. STN . 

SCALE FOR MEA_SIJRIHG 

ANGLE OF .. PITOT TUBE 

. IN VERTICAL Pi..AN£ 

SCREW FOR CLII.MPING 
PITOT TCJBE IH 

Fig. 103 

' •. 

TUBE. 
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. · (The flange B' C'>uld, m?reo;er, be rotated ~orizontally through any desired 
angle on the graduated dtsc 0. Thus the pttot tube could be moved in any 

· direction_ horizontally or vertically and the bearing and inclinat1on observed.] . 

To find· out the curvature of flow at a point in the Standing Wave Fl11.me 
the pitot tube was kept vertical and the flange B was slowly rotated in a horizontal 
plane till maximum deflection in the U tube was obtained. This gave the 
horizontal bearing of the line of flow in relation to the centre line of the S.W.F. 
Keeping this angle with the centre. line constant, the clamp A holding the pitot 
tube. was tilted in the vertical plane of the line of fll>w till maximum deflection 
was again obtained. This gave the inclination of the line of flow to the 
vertical. · · 

The pitot tube was sensitive enough to give a cha·n,:re in deflection when. 
rotated through 1° horizontally or vertically. . Due to the drop in surface profile 
and the inclination of the pi tot tube, (while measuring the curvature of flow 
with the vertical), the static head on both ends of the Pitot tube is not quite the 
saJ?le~· A correction can, however, be made by allowing for drop in profile and· 

Figs. 1.04 inclination of the pitot tub~. · Figs. 104 and 105 show the directions and vela
& 105_ cities ~t the e~trance and the middle of the throat for D = _D.807'. 

Fig. 106 Figs. 106 ·and 107 show typi9al water surface profiles and pressures for 
· & 107 D = 0.81 0' in series (a) and for:'D = 0.4' in series (b) respectively, for free· flow 

Figs: 106 and standing wave downstream. , 
to 111 

Fig. 109 

. Comparison of profiles a~d pressures obtained in series (a) and (b) showed 
that the two different upstream conditions gave nearly similar results. Fig. 108 
shows water surface profiles in series (a) and (b) at the centre of the flume for 
D = 0.4' as almost identical. 

N!l 5987 ,, ;• 
I. W. (i'.S. POONA~ 

SURFAC£ PROF'ILES FOR, D = 0·4' 
\ . ,. . .. ' 

· X~WITH APPROACH CIIANNEL 

0-WITH STILLING-CHAMBER uts· 
I' .. , 

VER. I: 1•0 
SCALE:~ HOR. /'= z·o' 

-- ?·58
1

---·__,~___, ____ 3·0'-----~-....,....... 

Fig. 108 · 
• 

· . For D = 0.4', a characteristic hll'Illp was observed for a certain length at 
the entrance to-the throat, <Fig 108). The reason underlying this formation of 
the undulatory wave has been explained by Bakhmeteff<t> as a "transitory~· 
stag:e of flow in the state of establishing itself. An example is the €ntrance 
JlOrtwn of a flume <Fig. 109). Above section (A) there lies the undisturbed 
lerel of the reservoir. Below section (B), flow is uniform. The stretch between 
sections CA} and CB) is the transitory part in which uniform flow establishes 
itself. In fig. 109 this transitory slretch presents an undulatory surface. Such 
is always the case when the slope of the flume is mild or to be more specifio, 
when flow which is in process of establishing itself, is " tranquil". 

U>"Hydrllulics of open ch1nno'a" by B. A; Bakhm£teli, Pago 62. 
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St.ries (a} :-With a stillfng chamber,. 20' long, 15' wide, and 1.6i,' deep, 
upstream of the Standing Wave Flume. This reduced the velocity of approach 
to a ne?ligible value. Water surface profiles and pressures were observed for 
D = 0.41, 0.807' and J.2', with fre~ flow and standing wave downstream. . 

Series (b):-With an approach channel ·upstream of the Standing Wave 
Flume as shown in Fi~. 101 in dotted lines. Surface profiles and pressures were Fig. 101 
observed forD= 0.4, 0.6', 0.8' and 1.2'. The object of this series was to see 
the variations, if any, in the-surface profiles and pressures from those observed 
in se~!es (a). · 

4. Observation of lines of floto at entrance and exit. 

It was at first attempted to observe the curvature of lines of flow at the 
entrance and end of the throat by wool t\lread. This method was, however, liable 
to errors due to high velocities and was dropped. 

The alternative method of finding the direction of flow by means of a Pitot 
tube was tried. Fig. 103 shows the arrangement that was used. It consisted Fig. lOS 
of a clamp A, for holding the pitot tube fitted irito the ~ange B with a ball and 
socket joint. This allowed the pitot tube to be fixed in any position inclip.ed to 
the vertical. .. 

· \, ' .Nfl.. 599r. -~ 
. '·" ·. ""· . '; . ~ 

' · I. W,EKP~ STN.· 

ARRANGEMENT FOR THE OBSERVATION OF > 

CURVATURE ·oF LINES oF FLOW 

WITH A PI TOT TUBE.. . ' 
SCALE- HAl-F FULL SIZE. 

. *'· . . 
SCA~Ir F_OR MEASl/RIN6 

ANGLE OF PI TOT.. TUBE . 
IN VERTICAL Pt.ANE 

PITOT TUBE IN 

TUBE • 

• 

~Fig. 103 
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[The fla:q.ge B c'luld,· moreover, be rotated horizontally through any desired 
angle on the graduat!3d disc C. Thus the pitot tube could be moved in any 
direction horizontally or vertically and the bearing and inclinat~on observed.] 

To find out the curvature of flow at ·a point in the Standing Wave Flume 
the pi tot tube wa& kept vertical and the flange B was slowly rotated in a horizontal 
plane till maximum deflection in the U tube was obtained. This gave the 
horizontal bearing of the line of flow in relation to the centre line.of the S.W.F. 
Keeping this -angle with the centre line constant, the clamp A holding the pitot 

. tube was tilted in the vertical plane of the line of fll.lw till maximum deflection 
was again obtained. 'fhis gave the inclination of the line • of flow to the 
vertical. 

The pitot tube was sensitive enough to give a chang-e in deflection when 
rotated through 1° horizontally or vertically. Due to the drop in surface profile 
and the inclination of the pitot tube, (while measuring the curvature of flow 
with the vertical), the static head on both ends of the Pitot tube is not quite the 
same .. A correction can, however, be made by allowing for drop in profile and 

Figs. 10' ii!-~Iination of the pitot tub~. .Figs. 104 and 105 show the dire:tions and velo-
& 105 Cltles at the entrance and the mtd<lle of the throat for D = 0.807 • 

Fig. 106 Figs. 106 and 107 show typical water surface profiles and pressure& for 
· & 107 D = 0.810' in series (a) and.fo.r ·n = 0.4' in series (b) respectively, for free flow 
Figs. 106 and standing wave downstream: 

to 111 

Fig. 109 

Comparison of profiles and pr~ssures obtained in series (a) and (b) showed 
that the two different upstream conditions gave nearly similar results. Fig. 108 
shows water surface profiles in series (a) and (b) at tl:ie centre of the flume for 
D = 0.4' as almost identical. 

\ 
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SCALE:~ HOR. /'::: 2·0' 

, . 
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1JY.--B.G.IJ. 29-7-M· 

Fig. 108 

·I 

·' 

• 

For D = 0.4', a characteristic hump was observed for a certain length at 
the entrance to the throat, (Fig 108). The reason underlying this formation of 
the undulatory wave has been explained by Bakhmeteff(l) as a "transitory" 
stage of flow in the state of establishing itself. An example is . t'ye mtrance 
portion of a flume (Fig. 109). Above section (A) there lies the undisturbed 
level of the reservoir. Below section (B), flow is uniform. The stretch between 
sectiohs CA) ai;J.d CB) is the transitory part ~n which uniform flow establishes 
itself. In fig. 109 this transitory slretch presents an undulatory surface. Sucb 
is always the esse when the slope of the flume is mild or to be more specific, 
when flow which is in process of establishing itst>lf, is " tranquil ". 

U>"Hydr~oulics of open ch1nno'a" by B. A. BakhmEteli, Pago 62. 
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In broad-crested weirs, specially, the flow is in the neighbourhood of critical 
·depth, where the depth curve is very steep. ,S:> a large variation in depth can 
take place with very little change in energy of flow. When the movement in the 
transitory stage is r~pid then there are no such undulations. 

In order to see the ranga of D in which this transitory undulating flow 
occurred, an experiment was carried out in which D was· slowly increased 
from 0·2' to 0·6'. The minimum value of D for which this peculiar hump did not 
·occur was.found to be about 0·56 ft. 
.5. Our11ature of flow. 

_ Pressures on the bed, at the centra of the Standing Wave· Flume cor
responding to various values of D are also ·shown in figa. 106 and 107. The Fig. 105 
pressures at the end of the throat were less than the corresponding depths & 107 
of water. This negative pressure on the bed, at the end of the throat (i.e.· 
-difference between dE!pth of water and pressure on the bed), which is a measure 
of the convex curvature, apparently increases for higher values of D. At the 
entrance to the throat there is little difference between depths of water and. 
·corre'3ponding pressures, even for· D = 1·2': the curvature at the entrance of 
the throat is thus less pronounced . 

. The effects of this convex carvature at the end of the throat .is t.o reduce 
the value of the critical dept.h at the ejgi, and to make the critical de;Jth occur 
at a certain distance before the edge of the weir as _explained by Bakh:t;n3tef£0 ) : 

Ei~. 110 
UN:lyJrnolics of Open Channels' by Bnkhmlteti, page 4S. 

I , 
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TABLE 24 

2' Standing Wave Flume experiments. 

Table shewing actual deptlA of water o!JEerved on centre lin.~ at va1'ious places as compar~d to D upstream over sill of Standing Wave Flume. 

'.U 'l I I v, . j I Depth Depth of water Position where 2f8 depth of flow over Position where flow _ . 
-upstream at entrance to D of flow was sill where flow was was parallel from 

D2 ' S.No, over sill in l the throat in 2/3 D observed (measured parallel in ft. (i.e. section noted below Condition of flow 
feet. feet. below entrance equal to pressure I (measured· from. D 

I section in feet.) head) entJanpe in ft.) , 

1 2 8 4 5 6 7 8 9 
I I 

1 0·410 0.280 0·278 0·6' & 1·6' 0·247' 2·0'- 2·4' 0·603 Free flow downstream 
• • 

2 0·417 0·815 0·.278 1·8' 0·278 1·8'- 2·0' 0·60 Standing wave; ~ 8 = ·8 
I ' -

8 0·807 0·598 0·588 0·&' 0·462 1·8'- 2·2' 0·578 Free flow downstream 

4 0·810 0·600 0·540 0·5' ' 0·488 1·5'- 2·2' 0·597 1 Standing wave; ~3 = •7 

5 1·200 0·900 0·8')0 0·67' 0·66 ~-2' 0·542 Free flow downstream 

6 1·207 0-910 0·805 0·67' 0·67 2·8' '2·5' 0·555 
. , D 

Standing wave; D 8 = •88 
-

I .7 0·60 0·442 0·400 I 0.4' I .0·362. 1·2'- 2·4' 0·608 Free flow 
I . 

• In all these experiments, the velocit1 of approQch-was negligible and D~ was ellual to D. 
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"Experiments show that in · actual movement over a broad-crested 
weir-Ftg. 110- the critical depth d.,r = ~ q 9 /g is attained by the surface Fig. 110 
at a certain 4istance before the edge _of the :weir a~~ th.at t~e depth d'er over 
the edge is somewhat smaller. The exph:.nation hes an the fact that 
t.he critical depth d.,r = "9' q 9 /g .was determined under the assumption of 
parallel flow. In other words dcr ="9'"q9 /g corresponds to flow with a 
possible minimum con ten~ of energy in parallel flow and p~rallel flow oilly. 

For curvilinear :Bow, the minimum possible content of energy, cor
responding to a discharge q differs from Data.= 1·5"¥ q2/g corresponding to 
a parallel flow. It is greater for concave flow and smaller for convex 
movement. 

.• 
Also the critical deptl!, determined ;1s the depth at which ·flow ~tll. 

minilllum content of energy takes place is smjlller than 'o/ (!9 /g for ·conve~ 
streaming and:greater than ~q2/g for concave flow.'r · 

Due to this effect of convex curvature on .the critical depth, the depth D 11 
in the throat was always less than .the theoretical value of 2/3 D '(cqmpa~~ Table 2£. 
columns 4 & 6- of table 24}. Value of .ratio .D 1 /D (table 24, col. 8), always less 
than .2/3, decreases for higher values of D due to the increased CQnvex: cur-
vature at the .end of the throat occurring at the greater depths ; with a 
standing wave, ·particularly at the lower depths, the ratio has a higher value than 
with free flow. · · · · 

6. Lengfh of parallel floto. . .. 
'!'able No. 24 gives the depth, D 11 of' parallel flow and the position where 

parallel flow was. observed as compared to position where 2/3D (D ;::·upstream 
. d~p1h over sill) was observed. · 

For D = 0·6', the flow was parallel over a considerable length, i.e. 1·2'. 
The length for which flow'.:J;emained parallel decreased for higher values of D; 
e g. for D = 1·:3', the flow wae parallel over a very short length. For depths 
higher than this there will not be an appreciable length of parallel flow·; 
which is a necessary condition.for the discharge .formula Q = 3·09 BD1 , 5 to hold 
true for a Standing Wave Flume. So D ... = 1·2' seems to be the limiting depth 
in the 2' Standing Wave Flume ·with 3' length of throat. . The rati9 · · · 
Length .of throat t b b t 2 5 · D . comes o e a ou · ~ -.: 

1. Conclusions. , 
/ -

· The experiments clearly showed the existence of C'!ll'Vature in the. Standing 
Wave Flume-see also fig. 111. · ·. Fig. 111 

The curvature at the end of the throat increases for higher. values of D. . . 

The length over Which flow remains parallel in the throat depends upon D 
and decreases with increase of D. . · 

The depth D11 of parallel flow is alway~ less th~ .2/3 D. The ratio 1J1 /D 
· decrease_s for higher values o_f D. · · 

8. Further experimentB. 
The extent of curvature at the. end of the throat, for a given value of n;· 

depends upon the slope of the downstream glacis: a steeper glacis will canse 
greater curvature of ~ow. So the effect of curvature on the max:in}um percentage 
recovery of head and the discha,rge coefficient in .a Standing Wave Flume caused 
by.different do~nstream glacis slopes are proposed to be determined in a separate 
senes of expenment11. " . 



86 ANNUAL BEPORT (TECIINICAL) OJ!' TilE Wotm: DONB DURING TilE YJUB l!lt5 

7. RAINFALL AND RUNOFF 

" (i) TOTAL VOLUME OF RtmOP'll' " 

20. On Sunspot Intensity- Cycles as a Medium ·of Predicting the 
Probable Dates of Occurrence of River Flflods. 

l .. Introduction . 

. Much work has been done in the past - without inuch . success- on 
cycle analysis to determine (a) the maximum extent of weather variations e.g 
temperature, rainfall etc., and (b) the approximate time intervals between 'such 
extreme variations. Quoting A. Streiff :<U "So many periodicities are 
found as to cast doubt on their reality. Different parts. of a record yield 
different sets of elements. These, if continued into the future, do not furnish 
the actual continuation of the record. Correlations, if found, are fragmentary 
discontinuous, irregular. In atte.mpting to resolve. a curve: into variable cycles: 
the problem leaves the field of rigorous mathematics, and IS only solvable in an 
approximate way. Only those cycles which clearly are caused by the earth's 
motions-the diumal and an~ual cycles- are of equal period, but have by no 
~eans a homogeneous amplitude: Horace Lamb states ' The probl~m is indeed 
indefinite, for the solution is possible in an infinite number of ways.' " 

Even granting that the weather may be purely for~uitous or governed 
entirely by terrestrial causes, Shuman <2> says, " there should be no objeclion 
to utilising the fact that a certain cycle can be derived statistically from the 
sunspot numbers, varying in periodicity d·epending upon the length of two 
consecutive solar cycles, and which is named t.he BRUCKNER CYCLE; and 
that also a similar ·cycle derived by similar processes in river runoff, rainfall, 
temperature, lake levels, etc., is identical in its general pattern, although varying 
in phase from place to place." 

Taking a cue from -this remark, in connection with the problem for 
ascertaining the worst conditions of water-supply to Bombay' City. annual 
Sunspot Numbers<a> data for the years 185Q-1943 (which were obtained from 
the India Meteorological Department) have been subjected to a Bruckner<4 > 
cycle analysis to discover what indications, if any, are available of probable 
low years. If confirmatory evidence can be first adduced in respect of the 
similarity of the Bruckner cycles for sunspot numbers and for the quantitative 
measures of climate, e.g. precipitation, in view. of the relatively longer period 
for which data of annual sunspot numbers is available than of, say, rainfall, such 
an association, if it exists, would be most valuable for examining periodicities 
.in weather phenomena, which cannot be directly done for lack of (!Uffi.cient data. 
·There would still remain the firing of the appropriate phase differences before 
the actual periodicity of the weather phenomena can be correctly inferred from 
that of the Sunspot Numbers; but·this difficulty could possibly be overcome by 
-analysing other similar data for purposes of cross-identification of the Phase 
·differences. 

U)A. Streiff "On the Invettigation ofCycles," U.S. Dept. of Agri., Monthly Weather 
Review (1926), p. 289. 

<2>J. H. Shuman in Discussions on •• :Flood Stage Records of the R~ver Nile;• Proceed
ings of the American Society of Civil Engineers, Vola. 61 & 62. 

(S)Sunspot numbers are avsrages of the daily numbetl"of spots counted on standard size 
photographs of the sun's disc made at a number of internationally recognized observations: 
Kodaikanal observatory In South India is one of them, The number of su11spote is known to 
have a periodicity of approximately Uyeara and hence it is possible to indicate roughly the 
-general course of the curve of frequency of sunspot numbers; but the prediction with any accuracy 
of the number of spots in any year is difficult. 

Ct>This was first discovered by Bruckner, and given by him a nrying length of 211 to 110 
years. its average value b<ting set at ± 85 years due to the fact tha~ the cycle was compositely made 
.ap of the secular and 2 solar eycle1. 
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'2. Method. 
The actual method of deriving the Bruckner cycle which is, 1n essence, an 

approximate cycle analysis consists of the following steps: (i)' a five year 
moving average (R4 ) weighted with the five binomial 'Coefficients 1, 4, 6, 4, 1 
is fitted to the data of the five successive years in each group; (ii) The 
departures (S 1 ) of the observed data from the moving average figures (R4 ) are 
then plotted against the corresponding .years; (iii) a median line <M1·) is drawn• 
through the curve for S 1 ; (iv) A plot of the p:>ints for R4 + M1 for each year 
will now yield what is known as the Double Wolf O'F the Hellman cycle; and 
{v) the median line· of this cycle will finally give the Bruckner cycle. • · 
.3. Disoussian oj Bruckner Ourt•e }or Sunspot Numbers. 

The Bruckner curve thus derived from the sun~pot Numbers date (185Q-
1943) and shown on fig: 112 reveals the following features: J'ig.llt 

Peaks are observed in the neighbourhood of 1869-70, 1894-95·, 1917-18 and 
1937-38. 'froughs are observed in the vicinity of 185~-58, 1883-84, 1907-08 
and 1928-29. 'fhus, the intervals between the peaks equal, respectively 25, 23 
and 20 years: while those between the troughs equal 26,. 24 and 21 years. A 
(lontinuity of similar trends would indicate a trough in the neighbourhood· of 
1946-48. Therefore, if any correlation can_be established between the periodi
-city for rainfall and periodicily for sunspot numbers it may be fair to expect low 
rainfall years during 1946-.48. 
2. Companson with Bt uokner Curves for 'fain fall near Bombay. 

With this object in view, two more Bruckner' curves, respectively for (i) 
ihe rainfall recorded at Thana raingauge, which has records going back to 1867, 
.and (ii) the mean r-ainfall of 2 raingauge stations-Vada and Bhivandi-which 
bears a very high and real correlation with the monsoon runoff at Tansa- hav~ 
been superimposed on the curve for sunspot numbers in :fig. 112. , E'ome degree Fig. 11! 
-of general resemblance is seen from the three curves. But .both the rainfall 
curves, perhaps due to other complicating features, reveal a few more peaks and 
troughs, thereby making it unwise to depend on an invariable agreement between 
the corresponding peaks and troughs. It would not, therefore, be safe to look 
to variations in sunspot intensity as a guide to corresponding variations in 
weather pbenomena. 

5. Conclusion 
From a study otthe Nile River data for 1738-1921 Shuman has also come 

to a similar conclusion: ''The Bruckner cycle derived in the flow records of the 
River. Nile, are just about, if not exactly, i.n phase with the Bruckner cycle in 
su 11spot numbers ...... The question arise·s, can any of these cycles be extended 
into the future, with any dependabilit;y? 'fhe answer would have to be negative, 
if these data were available." Shuman further coniludes that extreme values in 
the variation of weather are not brought about ~uddenly, but only approached in 
an oscillating, pyramiding manner, culminating at the extreme values so that· 
only values embraced in, sar, not more than 200 to 300 years, are necessary for 
any type of analysis. . "Great catastrophes", he· says "such as those observed 
in the past did not strike from "a clear sky", but were the culminating point in a 
stormy period of greater intensity than normal, and which developed gradually 
enough so that with proper knowledge, due warning of their approach was given. 
The Ministry of Public Works of Egypt, in discussing the hydrology of the 
Nile Basin, states that these records of the flow of the river have been 
analysed for periodicities, and periods of small amplitude have been found. 
They are, however, so .masked in irregularities as to be useless for forecasting 
purposes. A connection exists between conditions in the South Atlantic and 
the Nile, but up to the present it has not been possible to make a forecast" of the 
flood which is sufficiently reliable for P.ractical purpcses. However, as the 

. science of meteorology develops arid the nature of the mechanisms producing the 
flood becomes known in detail, it may be possible some day to produce an 
accurate forecast of the nature of the flood some months in advance ... ". For 
the same reasons, this indirect analysis cannot be used for predicting Bombay 
rainfall to any degree of dependability. 
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GENERAL 

,21, _Methods followed in fixing .model scale ratios aad overcoming 
model limitations, base~ on experience gained at .the 

Indian Waterways Experiment Station, Poona. 

Contents. 

. . by ~ 
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{b) semi-rigid; 

and (c) mobile: . 
Type I Geometrically-similar models which gi~;-e geometrically-similar 
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(b) Standing wave relations. 
Semi- (c) Lines of flow at off-takes~ 
rigid (d) Scour downstreaJU of falls. 
Example I (a} (i) Coefficient of discharge of Standing wave flume. 

( ii) Determination of the variable coefficient of the 
10,595 cusecs Tando Mastikhan Fall on t.he Rohri 
C!!-nal, Sind. 

(iii) Coefficient of discharge of Nira Left Bank Canal 
Head Regulator. 

·Example I· (b) (i) Position of standing wave with various discharges 
& different designs of sill at Sukkur Barrage. 
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from the Approach channel at Sukkur. _ 

( ii) Lines of flow at off-takes. . 
Example I (d) ( i) Scour downstream of flumed falls. 

~pes I d II combined. Siphon spillways. 

Type 11 Geometricallg-aimilar n:odels which do no' gitJe geometrically-similar 
f"e8Ultl. 

Example II ( i ) . High-coefficient weirs. . ' 
1'ype "Ill Vertically-tzaggerated modelB tpith mobile beds, in which .flow pattern 

u the dominant facwr. . · · 
Example III ( i ) Geometrically-similar models. Flow. pattern down• ' 

stream. of rigid structures. 
( ii ) Vertically-:exaggerated models : scour downstream of 

_ rigid structures. 
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(b> semi-rigid ; 

and (c) mobile. 

Type IV (a) Rt'gid, tJereic(Jlly-e:z:aggerated, models. Scale ratios oftidaZ models .. - . 
Example IV (a) (i) Hooghly rigid tidal models. 

Type_ IV (b) Semi-rigid, tJertically-exaggerated, models. 
Example IV (b) (i) Hooghly semi-rigid tidal model (Ion~). 

Exainple IV (b) (ii) , , , , (short). 

Example IV (b) (iii ) Port of Rangoon tidal model. 

Type IV (c) Yettically-exaggeratecl mobile models. 

Method of calculating scale-ratios 
models: 

(1) Introduction 
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I Longitudinal· scale ratios 
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III Discharge ,) , 
VI Sand 
V Depth 

VI Slope· 
VII Time 
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,. 

" 
·" 

in vertically-~xaggerated ·mobile river 

(3) Dijfi(J'Ulties e:z;perienced in· rive,. model e:z;periments dus to e.ffeat..- .
cau_secl by tJertical-e:z:aggeration. 

( i) Exaggerated scour near· rigid structures. 
( ii ) Incorrect 'throw-off' f~m rigid structures. 
(iii) Necessity of tilting maso.nry structures. 
( iv) ~xaggerated size of vortices caused by rigid strQ.ctnres •. 
( v) Necessity of having different scales for rigid and non-rigid portio~ 

due to excess friction losses-:.in tJ;le rigid portion of models. . 
(vi) Exaggerated length of standing wave in plan. · 

(vii) Longitudinal distortion. ' 
C viii) Different time-scales for scour· and accretion. 

' 
Comlwions 

. 
Equivalent size and specifi_c gravity-of stones and blocks in ·a model. 



P.A.BT I~ 91 

INTRODUCTION 

' 
There are few subjects concerning which so much confusion of thought 

exists as about' the correct role of hydrodynamic models<1 '· Some engineers 
believe that models can always be relied on to give correct results, others that 
they are highly untrustworthy. Neither of these views is correct. . Some types 
of models give results which are almost identical with those in the prototype; 
others give results which require correction for known errors ; while the type 
with which we are mainly con('eJ;ned-models ·of alluvial rivers, the banks of 
which ·are eroding-give only short-term accuracy. In complex river problems, 
correct interpretation depends on wide field knowledge combined with a scientific 
background and long experience of river model investigation. River model 
experimentatation is not, in fact, an exact science, but an art. . . 

The aim of this Note is to explain why some experiments give reliable 
results, whi~e others depend to a marked extent on making correct assumptioilB. 

The methods. followed in designing models and in carrying out experiments 
.are described in detail ; and pitfalls to pe avoided, and difficulties to be overcome, 
.are explained; with suggestions as to how to mitigate inherent discrepancies. 
It must, however, be emphasised that no two rivers present the same problem, 
and that success depends mainly on correct diagnosis of the past and inspired 
prediction of the future. " 

Generally speaking, Research Stations .are not consulted about cases until 
-conditions have reached a serious stage. Drastic methods have then to be 
.adopted to avoid a catastrophe ; and. that too, in a short interval of time. A single 
mistake would generally be fatal, so a heavy responsibility rests on those giving 
advice. Although it is easy to use formulas, the best we know, for working out 
model scale ratios as a first approximation; thereafter the less we think in terms 
of thought- numbing formulas the better. 

Experiments should only be started after the model is considered to be 
reproducing known conditions with a high degree of approximation. This will 
only be attained after the model has been ·run for some time to aHow it to adjust 
itself by sifting the coarse particles from the fine in different parts of the model 
where scour or accretion is taking place. The model also requires time to correct 
errors made in laying-resulting from inadequate or incorrect data. Thereafter, 
when the model is relaid for subsequent experiments, it should be laid for the 
conditions existing after the model has co~.rected itself. 

Various 
each type. 

Type 

TYPES OF MODELS. 

types of models are described below2 quoting specific examples of 

I. Geometrically-similar models which give geometrically-similar 
results. 

Type II. Geometrically-similar mqdels which do not give geometrically 
similar results. 

'l'ype III. Models with a mobile bed, in which "flow pattern" is the 
dominating factor. · 

Type IV. Vertically-exaggerated models of rivers ·(tidal and non-tidal): 

(a) Rigid; 

(b) semi-rigid; 

and (c) mobile. 

. 

(1 >"Hydrodynamic models as an aid to engineering skill" by C. C. Inglis •. Presidential addreu; 
Engineering Section of the 28th Session of the Indian Science Congress, llenares 19U. 
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Type I. Geometrically-similar models -which give geometrically-similar results. 

In this type, the models are rigid and the changes in energy relations 
bet!e~n velocity and pressure are t~e chief factors affecting result~, ~equiring 
a s!m.ila! Froude Nu!llber ~V2/g4) m mo~el. and proto~pe. Thts 1s easily 
attained m some expe.nments m· whtch our atm 1s to determme 

(a) Coefficients of ~ischarge, 
and (b) .Standing wave relations; 

b'?-t approximately accurate results can also be obtained as ·regards 
- (c) lines of flow at off-takes, 
and · td> scoar downstream of falls. 

A few examples of these kinds of models will now be given; with refer
ences to more detailed information contained in Bombay P. W.D. Technical Papers 
and Annual Reports of the Poona Station when it was known as the Central 
Irrigation & Hydrodynamic Research Station; and later. when renamed the 
Indian Waterways Experiment Station. 

Coefficient of discharge o{ S. W. Flumes<l>. 

Standing wave flumes give geometrically-similar results provided the models 
are made relatively smoothe:r than. ~heir prototypesi. but there is a limit to the 

- effect caused by making the surface smoother which occurs when the roughnesses 
are fully covered by· the laminar layer. At this stage flow changes to smooth 
turbulent flow. 

More generally, however, the surface of structures are sufficiently rough 
to produce a type of flow intermediate between smooth and rough turbulent 
flow, or the flow may be fully turbulent. Under such conditions the coefficient 
of discharge for equal roughness increases :with the discharge; so the discharge. 
coefficient tends to vary with the discharge. · 

Discha'fge 

2 to 10 cusecs. 
11 to 50 cusecs. 
.51 to 500 cusecs. 
501 cusecs and above. 

TABLE 25 

a 
c = .97 
c = .98 
c = .99 

-c=l 

Fo'fmula 

q = 3 BD 1
•

6 

q = 3.03 BD1 • 11 

q = 3.06 BD 1 •3 

q = 3.09 BD 1 • 3 

From this it follows that when models are used to determine coefficients of 
discharge, allowance should be made for the greater loss in the model befor& 

·applying .results to the prototype flume. · 

Using Manning's formula-

v = 1.486 Ri si 
N -

and _assuming the same roughness in the model as in the prototype r 

hr (frictional1oss) ~ LV2 /R4t3 
(scale ratio) 2 

oc (scale ratio) 413 

oc (scale ratio) 213 

In other words, the frictional loss is not geometrically-similar. Thus let hr 
in a full scale flume with depth above throat= 10', be= .153'; hr in 1/10 scale 
geometrically·similar model will be=.153/(l0) 213 = .033 ft. Thus D m large flume. 

n> See item 9 of L W.E.S. _!ulnual Report lTooh) 194£, p.8, 
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. . 

including loss in friction= 10.158' and Din small flume, including loss in fric
- tion, 1.088'. To find C, the coefficient of discharge in the model with D = 1.083'• 

assuming C in prototype = 3.09, · 

q of model= q of prot?type 
scale rat1o 1 · 5 

_ 3.09 X (10.153)1• 5 

- (10)1·6 

= 3.16 cs/ft. 

3.16 = c, (1~033)1·5 
or cl (of model)= 3.01 (against 3.09 of prototype). 

. .. '... ' ~,·. /.. . : 

Tan do lifasfilfhan Fait·' Rc)IJri·Canaf·. Sind. 

/01• 78 ( = 1820:19) 
•7S = 12 

. •. ~ ... . . . ....... 4!.._;.~-.;- ~ .• 

. ·Plan {Model st:alefllt{} J~ - ,";{...:· .. 

Vanes 1·26R 1o o:CJ,rfi.· 
.I II . I' 

Sca,e:-. I = 8 
· • 20. 22•· ·:.i z6' zs" 40' 31.

1 

lb = 5·t?s'cfz = o·9'(= t4·4) 

~h6 = d2 ~ a·J7
1
(=2·7s) -: 

\ 

Defkr:lo~ (lop R.t: 1oo:49) · 
·w.L. io1~o8 ( wilh nlroyrission)(=m·sz) · 

w.£: /o,~zic:=.'/74·3;)" · 
• ,. ·, v •• ,.,. • • ";:"' ' • 

·. t. a.i..''. ,(J"t;."sz ( :;, J62· ::r.z) 
•. ~ 'q .. :.!~· .· '_i, : ~ ., 
","". ., 

·rarungors . , 

IOO·S2 ( =162·32)-~ 
C.8-L. wi/6 r~iro_gr~ssion =l~o-.V( 15.9:32) 
/00·37(= IS!J·8Z.) . 

Fig. 113 
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Example I (a) (ii) i 
Fig.1llS DETERMINATION OF l'HE VARIABLE COEFFICIENT OF DISCHARGE 

OF THE 10,395 CUSECS TANDO MASTIKHAN FALL ON THE ROHRI 
CANAL, SIND.o) 

These experiments with a geometrically-similar model, in which the relative 
· roughness was correctly maintained, liave ·shown that the coefficient of discharge 

Fig. IU decreased with increase of discharge and hence depth-due to impact losses at 
pier noses increasing with depth as the proportion of piers submerged~increasecl. 
The discharge formula of the Tando Mastikhan Fall in Sind. was found to be 

Q = C1 (B-KnD) D 1 ~ 11 

where 
K = coefficient of contraction 

= 0·083 in Tando Mastikhan Fall,. 
n =Number of piers:: 9 in T;mdo Mastikhan Fall, 
B =Waterway·.= 100ft., · 
D = D1 (Depth of water upstream over sill of 'flume) + VOZ.,/50, 

and C 1 = a coefficient. 
The accuracy of the results o~tai~~d m the model has been borne out by 
observations in the canal. 

(0) 

, N0:59Z~ 

I.W.E.S.POO~A. 

VARIATION OF tt· WITH DJSCHARGE TN THE 

TANDO·MASTfKHAN FAll. 

2 3·00~;::t;P:++++++++:P+t+l~~~ 
Q 
ro 
u. 

II 2·SD '-tt:l:tftl:tl:~~~;l:t+I~~H=1 C1 1-
2': 
u 2·80~.U...U..J..L.J..L.-+-!-..L..I....I..&...I-L..U~~r":"''l'!l..,.. 

zpoo spoo ro,ooo 
DISCHA~GE (Q) IN. Cs; 

·(b} 
VARIATION OF "c' WITH DEPTH OVER 

CREST OF FLUME. 

u 2-

90BIIIliiBI 
2-so , 

1
., 

4' 6' -a 10 rz .,. 
DEPTI-f OVER CREST OF FLUME: 

h • v. 2 
INCLUDING V l,e. D1 +~ 

R:rrkhi. 

Fig. 114 

'l1 Appendix III of item 9 of Annual Report (Tech.) I 944, pp. 48, 49, also 0.1. & B.R.B.A.IL 
(T) 1989-40 pp. 69-60 "Effect of piers on eoeflicients n. 
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E:r.ample I (a) (iii) 
COEFFICIENT OF DISCHARGE OF NIRA LEFT BANK CANAL 

HEAD REGULATORjl> 

95 

In this case, the problem was to increase the discharge of an' existing 
regulator, consisting of 7 spans Qf 4 ft., by 50 per cent. Not merely was this 
achieved by bell-mouthing upstream entrance and constructing an expansion 
downstream, but the coefficient C (in the formula Q =VA= AC \(2gb) was 
increased from .81 to 1.93, makingjt possible to increase the discharge 2.3 times, 
with the same head. · 

Fi~re 115 shows the original design in full lines and the modified·d~ign 
in dotted lines. The masonry of the sluices in the prototype is of coarsed rubble 
(second sort). In the model, this was represented J>y rough-cast cement plaster 
-4to obtain approximately the same relative roughness. 

\ 

N0."$6B8(b) 
r.w.lt.67'N.-. 

NIRA LEFT BANI< I-lEAD REGULATOR , , 
SCALE. I :r/2. 

ORIIiiHAI. DESIGN SHOWN lit FULL LINE. 
MODIF'IED DESIGN SHOWN IN DOTTED LIN£, 

LONGITUDINAL SECTION. 

g . 
~ ·. D/s.w .... 

Fig. 115 

Exampl~l (b) (i) . 

POSITION OF STANDING WAVE WITH V ARIOT)S DISCHaRGES AND 
DIF~RENT DESIGNS 'OF SILL AT SUKKUR. BARRAGE.c2> 

The original design of the Barrage· pr{)file consisted of i in 30 upstrea~ 
slope, an 80 ft. length of h~rizontal sill at·.R. L. 176 and a downstream glacis · 
:slope of 1 in 70. Experiments carried out at Poona showed that the upstream ~ 
and downstream slopes were much too Hat and they were, as a result, altered to 
1 in 5 upstream and 1 in 10 downstream and the lengih of the sill was reduced 
to. one foot and the pavement level lowered to increase the coefficient of discharge 
.and to hold the standing wave just down itream of the Barrage. The under· 
tiluice pockets had already been constructed according to the original desiga; but 
the main Barrage w~ constru~t~d acc~r?ing to the r~c?mmended ·desig~. The 
model showed that w1th the ortgmal .design and antlmpated retrogress10n, the 
fit an ding wave would, under certain conditions, form downstream of the -pave
ment; whereas. with the modified design, it would always fonn on th~ gl(l.ciB, 
near the Barrage. 

In the undersluice pockets, where the original design had been followed 
before the alteration was recommended, the cut-off (difference of water-levels 
upstream and downstream of the barrage) has to _be restricted to ab:>ut 5 ft.,· 
because there is an unbalanced standing wave condition with large heads, 
leading to dangerous bed-scour downstream of the pavement. 

n> Bombay Tech. Paper No. 5' •Note .on experiments with a model of the Head Sluices of the 
Nira Left Bank Canal'. . · · · 

<2> Bombay Tech. Paper No. 29 •Note on experiments carried out with various designs of 
piers and sill)n connect:on with the Lloyd Barrage at Sukkur• 
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LINES OF FLOW AT OFF-TAKES 

Example 1( o) ( i) 
, 

DESIGN OF OFF-TAKE AT THE ENTRANCE TO THE RIGHT POCKET 

FROM APPROACH UHANNEL AT SUKKUR<1> 

PlAN SHOW/JVS lJESIGN OF' NEW APPROACH CHANNEL, 

AlONG RIGHT BANK6 TO EXCLUDE, SA/'ID FROM 

HIGHT BANK CANALS AT 'SUIJ!!!!!!:. (}HOWN JJOTTED) 
.SCALE:- Z /NCH£5 =111/IJ.£. 

• I 

. . 
Rl61f7" BANK t:AN.AJ.S. 

Fig. 116 
. , 

Figure 116 is an Index plan of the Indus above the Sukkur Barrage with 
the new approach channel, which is designed to control the quantity of sand 
entering the Right Bank Canals. These hitherto drew an excessive load of bed 
sand. As a result of model experirnents carried out 15 years ago<2 ' it was 
predicted that a sand bank would form along the right bank, and that accretion 
would occur in the right bank canals. 

The advice. then given was not acted on; but in the floods of 1936, when 
the River carrie~ an exceptionally heavy charge of bed sand, heavy accretion 
occurred in the North-West and Rice Canals. Various alternative methods of 
reducing the quantity of sand entering the canals were then tested. The design 
recommended consisted of a curved approach channel 5,000 ft. long-shown in Fig. 
116. This investigation presented· many difficulties ; and six different modele 
(with various scale ratios) were eventually used to determine the effect of different 
factors. In this particular experiment, a geometrically-similar, part-width, model 
was used; the same model being later used with increased depths to give a 
vertical exaggeration of 2, compared with a vertical exaggeration of 7 in th& 
mt)del of the whole river. This model showed that the width at entry should be 
;made 35 per cent less than shown by the vertically-exaggerated river mo<!el. 

U>Aoonal Report of C.I. & H.R. Sto, for 1987-88 pp. 26-27 
-do. 88-89 pp. 4-10 
-do- 89-40 pp. 12-20 
-do- 40.41 pp. 12-26 

41-42 pp. 16-18 
• U>Bomba1 P.W.D. Technical Paper Nos. 45, 4~ & 62. 
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Ea:ample J(c) (ii) 
LINES OJl FLOW AT OFFT.AKES. 

In Bombay Technical Paper No. 52u>,experiments have been described 
showing various factoriJ affecting the quantity of sand drawn by off-taking 
channels. It was found from experiments carried out in models with tigid beds 

.. and rMbile beds, that the former are liable to give quite wrong results, a fact 
which has been overlooked by many investigators. It is also very important to 
see that the model has the correc~ degree of nrtical exaggeration. 

Example l(d) (i) , 
SCOUR DOWNSTREAM OF FLUMED FALLS.c2 > 

Scour occurs downst.ream of falls due to : 

CI) excess ~nergy which gives rise 1o eddies and surging flow ; 

and (2) inf'tability of flow, due to a sudden or too sharp· expansion, which causeS. 
' heaving ' and unbalanced flow, with return flow along one . cr both banks. 
This return flow forms a large, slowly-revolving, vortex with verlical axis, wl:ricb 
pushes the forward flow away from the bank and thus causes 'jetring ·~ In this: 
condition of flow, the large vortices rotate with a high peripheral velocity which, 
in tuJ"n, causes bank erosion, especially near the toe, so tha~ the angle of repose 
of the bank is exc~eded and Jarge pieces .. of.ba.nka.shear...off causing deep 
embayments, often called 1 bellies'. This condition can be pr~vented by con
structing ihe ·pavement at such a level relative to the downstream water-level 
that a standing wave will form at the toe of the glacis-of the· fall; and, to ensure 

·that this will occur even should downstream retrogression develop, it is desirable 
to construct a batHe in Eucb a position, and of such height, that the standing 
wave is alway~ held at the toe, thus destroying a maximum of energy. A deB.ec~r 
at the downstream end of the pavement should also be constructed to throw the 
nigh velocity bed water towards the .. surface· thus producing a bed-roller with 
horizontal axis• which .will prevent, or minimise, downatream scour. · 

"'Where a :fall has been constructed with to~· sharp an ~xpansion, it can 
usually be· made to function satisfactorily by building, in addition to a baffle and 
a deflector, diverging vanes in continuation of the piers, so designed as to fait out 
the flow. ; . : · ; · 

~ ' 

'fhe Tando Mastikhan Fall was constructed with much too sharply diverging l'ig. 115 
sides, viz. 1 in' 5 compared with 1 in 10 required, but when vanes were added 
to fan out the, flow the fall worked very efficiently and still does so, confirming 
all the conclusions drawn from the model e.s:periments. · : _ 

! 

Ty~s I & II combined. 
SIPHON SPILLWAYS. · 

Siphon t~pillways provide a border-line case between Type I and II; in that 
though they come under T;Ype I as regards coefficients of discharge and pres-. 
sures, they do not give geometrically-similar priming depths. The prototype ~ 
also behaves differently from the model when the minimum pressure falls to 
the equivalent oi 7 feet of water above absolute zero pressure, or say 27 feet 
below atmospheric pressure at sea level<s> 

<t>Bombay P.W.D. Technical Paper No. 52 •Factors affecting exclnsioo of bed silt taking off 
from allnvial rivers'. 

(2) -do- No. U and AoonaLReport (Tech) for 1944 (pp.29-li5). 

(ll) Annual Report (Tech) 1989-.40 pp. 27-29 
, , , 40-U pp. 27-81 
,. , , 41-42 pp. 26-28 
,, ,. ,, 42-48 pp. 24-29 
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Prof. Gibson<U carried out experiments with various~.eizes .of siphon 
models and has shown that the minimum size of model which gives dynamically
similar results (except priming dPpth) is such that d Vh > .28, so as to ensure 
fully turbulent flow, where d = diam. of siphon an<:} h is. the operating head in ft. 

. Experiments carried out at Khadakvasla in 1928 with a 500 cusecs siphon 
and its 1/Sth scale-model showed that though the nature of•priming curves anu 
c0efficients of discharge were similar in the model .and prototype, the priming 
depth in the full scale siphon was considerably less than in the model, the 
minimum priming depth in the full scale siphon being I. 15 ft against the equi:. 
valent of 1.80 ft. obtained in the 1/8th scale model. Relative pre=sures were 
nearly the same at the inner shell, but pressures at the outer shell were slightly 
greater in the prototype. . Thus we only get an approximation to dynamic 
similarity in pressures. 

o I• . I 

Prof. Gibson in· the above-mentioned Paper showed that wit.h a model in 
which· the head was 3 ft. and a parallel section 12.125'' ·wide by 4", the 
·discharge increased by 3 'l per cent when the outlet was flared as shown i~. figure 
i17, but in experiments carried out at Poona, it was found that though flaring the 
outlet increased the discharge.by 30·6 p::r cent in a model wiih head= 2.95 ft., 
in the full-scale prototype, w.bich·.was 8 times as large {head= 24.0'), the discharge 
increased by c.nly 3 per cent and c JVihtion occurred downl!tream of the crest~ 
as shown in fig. 118. 

SC'fl.~: - ,-" I r;r. 
MODt:L SIPJ./ON· 

Fig. 117 

· . ·. N.9..'i!4sii,) 
C.I.&H.R.S;P;

0 

. ' 

·' '· 

It waa,concluded from thes>e experiments that the limiting negative P!essur~~ 
in a well designed siphon is aL.mt 27 ft. at sea level and that where. a s1phon 1s 
working near to this limiting pressure, flaring the. outlet cannot ~n~re~se the 
discharge to an appreciable extent, and is undesuable, becau~e 1t 1s J1kely to 
induce cavitation and vibration; but where the height of the s1phon 18 small, 
flaring will increase the discharge to a marked extent. 

----------~--~-~~~. 
(l) Inst. of 0. E. Paper No. 4810 (1930-81) on •Experiments with si}Jhon fpllhrays' br Prot 

.A. B. Gibfon. 
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TYPE II. Geometrically.similar models which do nog gifJe BimilM reb-ults. 

Example II (i). 
HIGH COEFFICIENT WEffiS, 

99 

Experiments carried out· at Poona to determine coefficients of high
coefficient weirs<t>showed that where the curvature of the Weir profile was sharper 
than the path which filaments of water would follow if discharging freely into 
nir, the coefficient of discharge in the formula q = c 0 1 •5 Cwhera q =discharge 
per foot run and D =upstream depth over weir) increases both with scale and 
of water over the weir. The former is due to the fact that as Q increases, 
the natural path of flow under aerated conditions diverges more and more from 
the curvature of the weir and hence, so long as the water adhere 1 to the weir 
profile, a reduction of pres&ure occurs ; and as 

p/w + V2 /2g+ Z =constant 
for a filament (Bernoulli's theorem), the velocity is correspondingly increased 
and a I so the discharge. 

No theoretical mtthod of estimating the discharge in the prot.otype being 
known, models to different scales were constructed and their results extrapolated 
to arrive at pressures and discharges to be anticipated in the prototype. 

. . 

H. C. WE/Q PROFILE YJl[B 

. C: D IN MODEL. OF' VARIOUS SCALES 
,,!rf·S ·c = COEF'F/CIENT OF DISCHARGE= l:Jju...:.. 

.D="/~ HEAD= Dr+-<:. '*'~/z.1i . 
LDCU8 OF PD/N7"S 

I 
FDR CJ.:..ZD•I 

I .~ 
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I ~"I' 
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;.;!, 1'ot 
f. 
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o~ct-" 
,tlr 
P."f.. 

tl s' rt' 
T,'lf· ,e. 

"' ,. 1[65 
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T.l'f'SJIIPICA£. 

Fig. 119 

:· .· 

5FT. 

Cl> Annual Report of the C.l. & H.R. Station for 1987-38 pp. 89-44, 
" . " , , ., . ,. 39-40 pp. 46-50. 
, , , , ., , 40-41 PP• 42-60 
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Photo No. 2255. Showing separation of the nappe at l:lide. 
(Note tile silk threads in the centre and at side). 

IYO: 5611!1(0) 
/.W. £. STN.PODNA.. 

SHOWING C: D CURVE FOR 

FULL SCALE MODEL OF 
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Fig. 120 
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Figure 119 shows the coefficients obtained in models with scales of 1/4, 1/4.5, 
1/5 and l/75 of the prototype. From this it will be seen that the larger ;the scale 
th" higher the coefficient. When these coefficients were extrapolated, the 
conclusion arrived at was that the coefficient in the prototype with D = 3.35 ft. 
and q = 30.3 cs. per foot would be 4.93, compared with 4.75, 4.7, 4.63 and 4.53 
in the various scale models. 

In this particular case, as a result of constructing a new 200 cusecs channeb 
we had a check on the accuracy of the conclusions arrived at by extrapolation 
from small models to full scale; but even this presented difficulties-because, 
whereas the weir at Bhandardara is 650ft. long, it was only 4ft. in the modeJ,<H · 
so that the effect of the side boundaries, which is negligible in the prototype, 
was considerable in the full scale model ; and so had to be allowed for. 

The ~ethod adopted after small-scale trials, was to contract the 8 ft. 
wide channel by a bellmouth into a 4 ft.. wide channel containing the model. 
This had the effect of regularising velocities across the 4. ft. ch1nnel. It was 
necessary,· however, to plar.e the model sufficiently far· do\\nstre)m of the 
bell mouth for tho flow approaching the weir to be sensibly parallel. As a result 
of this, slight boundary layer effect was present. A further difficulty arose due 
to retardation of the high velocity flow at the sides at the weir. ProvidinjZ' a 
very small degree of expansion in the side walls reduced t.he retardation effect 
at the sides and permitted more axial flow; but caused slight inward flow 
across the sill, which reduced the negative pressure over the crest, and ~>o 
reduced the discharge coefficient. This inward bed-flow can be clearly seen in 
photo no. 2265, which shows thread~:~ fixed on the weir indicating dist:~rted lines Photo2265-
of flow. , . · 

Figure 120 shows the coefficients of discharge plotted agains~ depths D in the Fig. 120 
formula q =CD 1 ' 11 

. . 
It will be noticed that the coefficient instead of rising to a clear-cut · 

maximum as in figure 119 rises on a curve and, oefore reaching its natural Fig. 119 
maximum, falls and meets the rapidly falling line at C =4.70. Dotted lines show . 
the rising and falling curves extrapolated. These meet at C = 4.9 with D = 
3·05 It. as compared with 4·93 extrapolated from small scale models ; but 
whereas by that method the maximum value of 0 rose to 5·03 with D = •·10, 
this was not attained in the part-width, full-scale model, due to side , effect; 
but would be attained in a wide model. 

'Iype III. .-
llODELB W!,TH MOBILE BEDS, IN WffiCH FLOW PATTERN IB THE 

DOMINANT FACTOR. 

·Example III. (1) 
Geometricalb·aimilar model.· 

Flow pattern downstream of rigid s~ructuru. 
• 

In experiments in which it is desired to reproduce and observe lines of 
flow, a geometrically-similar model will, if laid with suitable material according 
to bed levels ?bserved in the prototype, reproduce ihe prototype flow pattern B(} 

lo?g as the~e 1s no sand in movement; b~t shou~d .sand be. injected, deposition 
w1ll occur m the scour-hole.. A geometrically-similar velocity does not in fact 
create sufficient turbulence to maintain the scour-hole depth · and to crea~ 
additio!-lal t~rbulen.ce while ma!ntaining geometrically-simila; depth, would 
!lecess1tate mcr~as~ng the veloc.tty a'!-d hence the discharge. This would 
u~tro~uc~ comphcatmg factors, such as mcreased impact losses at piers, incorrecl 
distnbut10n ·of sand acro~s the bed, and disto~tion .of flow pattern, which, in 
the case of narrow channels, would lead to distortion in plan and exaggeration 
of "bellies". 

(II Annual Report of C. I. & H. R. Stn, Poona fo'r lUO-U, pp, ,2-,5. 
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I ' 

Example Ill (ii) 
VERTICALLY-EXAGGERATED MODELS. 

Scou.r downstream oj rigid st1u.ctu.re11. 

Provided the width is very great compared with the depth, as in the case of 
large rivers; vertical exaggeration is. not objectionable: but where the depth of 
scour is considerable compared to the width of the channel, so that t.he side-slopes 
and ''bellies" ciJmprise a considerable part' of the wetted perimeter, vertical 
exaggeration briugs in many difficulties; because~ither the side-slopes must be 
verLica1ly exaggerated, in which case the angle of repose is much toJ steep and 
the flow p:.tttern incorrect; or else the banks must be given flatter slopes, nrproxi
mating more closely to the angle of repose;-in which case, th~model will be 
widely distm:ted in plan, the "bellies" being greatly exaggerated. 

Thus, the most that can be dor..e is to give a small vertical exaggeration in 
a big model, holding the sides against scour by the, use of erosion-resisting 
material, and basing one's conclusions regarding the prototype on judgment and 
experience. We have followed this method with success; but it mnst be 
st.ressed that. our recommendations have been mainly based on field experience, 
and very lit.t.le on what the . models showed, except for comparin'l the relative 
value of various alternatives - where the common 1 error could be largely 
discounted. · 

Exampl' Ill ( iii ) 
SCOUR IN THE GANGES DOWNSTREAM OF :rHE HARDI~GE BRlDGE.cu 

In this case, scour depended on 4 factors: 
( i) Curvature of flow upstream, 

( ii) diving and rotary flow induced at the nm es of piers, 
(iii) 'depth: velocity' relation upstream and downstream, 

and (iv) material of bed downstream. 

To reproduce (i), (iii; and (iv), vertical exaggeration was required; while <ii) 
required geometrical-similarity. Early experiments bad been carried out with a 
full-width model m with a vertical-exaggeration of 7. 7, the scale J:"atios being 
1/500 horizontal and 1/65 vertical. -

The object of these experiments was to reproduce the severe conditions 
under which the· right guide bank breached on 26th September 1933 during a 
:ftood estimated at 1.7 million cusecs. The model was exaggerated in order to 
reproduce river curvature and similarity of bed scour : When. however, the stone
faced banks at Raita, Sara, Damukdia and the Bridge were vertically-exaggerated 
to these scales, they were so nearly vertical that the "throw-off" from the banks 
was quite wrong, the flow tending to hug the banks·. Geometrically-similar banks 
were out of the question, as they would be far too large in plan, so a compromise_ 
was made, the banks being constructed to a slope of 1:1 d.e .. V. E. was reduced 
from 7. 7 to 3). The result obtained was thereafter much more satisfactory, in 
that the cross-sections were more approximat~ly reproduf!ed in shape, though not 
in maximum depth upstream and downstream of the bridge. ·1 he reason: for 
failure to reproduce the maximum depth was that the angle of repose was less 
than that required to reproduce correct depth in the scour-hole. This made it 
clear that in cases in which there was deep scour. reasonable similarity CC!uld 
only be obtained by using short-length, part-width, models of such portions, 
modifying the full-width model so as to reproduce, as nearly as might be, what 
occurred in the part-width models. Hence the necessity for several models. 

Cl) Annual Report (Tech) of C. I. & H. R. Station, Poona, 19H-42, pp. 81-82. 

(2) Bombay P.W.D. Teob, Paper No. 55 •Investigations carried out by means of models io 
' connection with the protecUon of, Bardinge Bridge, E. B• Railway. (Now Bengal Assam 

Rly.) · 
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In the present case, the following scale ratios were adopted: 

Longitudinal= 1/500 
Latitudinal = 1/,00 

, and Vert.ical =1/266 
and vertica~ exaggeration = 1.5. 
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Additional curvature was imposed by means of a curved approach channel and 
curved vanes as shown in figure 121. 

The model was shortened to make the downst.ream curved expansion of th1 
Right Guide Bank sharper than in the river, EO as to reproduce similarity o: 
flow in the form of a large whirl which formed in the river downstream of tht. 
Harainge Bridge near the downstream end of the Right Guide Bank. 

Effectively, entry conditions in the model were laterally contracted (a more 
correct. way of visualising vertical-exaggeration) and so gave approximately 

'correct curvature of flow for a short length at the point where it .was required; 
and geometrical similarity also existed in the model fat the part of the river 
under consideration. 

I~ reproducing bridge piers in vertically-exaggerated models, the number of 
piers should generally be reduced to maintain approximately the same width to 
depth relation of waterway through each &pan as in the river; but if the number 
of pier a in the river bridge is even, the number in the model should also be· 
even, and vice veraa. · 

The foregoing examples have been described in some detail to emphasise 
the importance of the various factors involved in examining scour downstream of 
rigid strll'ctures. 

Type IV: Vertically-exaggef'ated river model1. 

(a) rigid 
(b) semi-rigid 
(c) mobile 

Type IV (a). Rigid, Vertically-e:x:tiJgerated, river model•. 

The usual practice is to fix what experience bas shown to be a suitable 
vertical exaggeration for the conditions and the material considered most suitable 
for the model, and then. to verify slopes for various discharges. If the observed 
slope is only slightly in error, which will ~e the case if the model scales and 
selected roughnesses are suitable, intelligent adjustment in the light of local 
differences will produce the desired result; but if the design is incorrect, drastic 
1-oughening, such as is sometimes adopted at Research Stations, will only 
produce a sort of pseudo-co1rectness; and it will then be found that though the 
results may be all right for one discharge, they may be appreciably wrong for 
other discharges. .. 

For this type of model, a large amount of data should be available, 
pre[era~l~ extending ov~r a ~eriod of five. 3:ears or more, becau~e the !Dodel, 
being ngtd, cannot adJust Itself "here It IS wrong; so, much patient 'trial and 
error' work is n'eceesary which, experience at Vicksburg shows, may have to be 
spread over a period .as long as two years. After such verification, . it is 
assumed that approximately correct levels will be obtained for conditions 
outside the verified range-as for instance in a flopd of greater magnitude than 
previously observed or during. peak floods in-tributary streams which may reach 
the main stream at different times from those of previous recorded_ floods. Rigid 
models can undoubtedly give most useful information as regards flood levels, 
lines of flow, and points where violent action will occur under specific conditions; 
but being rigid they ~annot give information regarding changes of the river course 
due to erosion, nor can they reproduce accretion resulting from heavy charges of 
debris entering from tributary streams. All such changes must be inferred; and 
as a consequence, the value of such models is limited to existing or previously 
recorded conditions, unless the experimenter has the skill to predict future 
changes. 
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Example IV (a) (i) 

RIGID TIDAL MODELS. 

· - . Rigid models have been used to a large extent at the U.S. Waterways 
Experiment Station at Vicksburg, especially in connection with tidal model Ptudies. 
In .ma.ny of these, coal dust and.other still lighter materials h~ve been injected 
to mdtcate the movement of sedtment; and the amount of sediment deposited in 

. various positions, marked out on the bed of the model by white-bordered squares 
has been measured by sucking the deposited material through a 'vacuum cleaner; 
type of machine, the material then being separated by a machine resembling 
a cream separc.~.tor. 

SCALE RATIOS OF TIDAL MODELS. 

The velocity of translation of tidal wave<t> is given very approximately by 
BayleiglJ.'s relation <2> 

v w = \[ gd ••• . (1) 

where dis the mean depth of water including the height of wave. This is the 
wave velocity relative to the fl.uid.; the .velocity relative to the bounda~y will be 

Vw ± V - ••• (2) 

where Vis the mean velocit.y of flow. 
-
As both V wand V vary from point to- point and with time, the V w scale 

ratio must equal the V scale ratio. This raiRes a difficult.y which is frequently 
ignored-sometimes justifiably,· but more generally without justification- that 
. whereas the mean velocity varies as \[R(the square root of the hydraulic mean 
depth), V w depends mainly on the depth. Now, in a large river, the depth and 
the hydraulic mean depth differ little from one another; but in a small tidal 
model there is considerable ve.ttical exaggeration and they differ considerably 

Ignoring this for the present, and assuming 

V cc V w cc dt, as a first a.i>proximation; 

V m/V p = V mw/V pw = (dm/dp)i 

where m and p st~nd for model and p~ototype. 

d in (3) :representS' the vertical sc~le of the model ah~ 

S cc d/L 

(3) 

(4) 

where S represents slope and I~ repreRents length ; so the slope 1scale ll:l 

determined by the vertical exaggeration. 

For correct reproduction of the wave profile, especially in curved channels, 
the longitudinal and latitudinal scales must .be equal; so L in (4) represents 
horizontal scale : 

Time scale is given by : 
T cc Ltv cc LJdl I (5) 

and discharge seal~ by: 

Q cc VLd ec Ld 312 (6) 

In order to arrange that the water surface .slope agrees with (4), it has 
been the practice to adjust the roughness of the bed and sides of rigid models 
by trial and error, until the required slope has been obtained. As the slopes 
must correspond in the model and prototype for a wide range of water-levels,· 
the degree of roughness must vary from point to point, and has to be dis
tributed carefully between different parts of the sides and bed. 

n> Based on Basic Note No. 70 by Mr. A. R. Thomas. 
(2) Rouse : Fluid Me~hanics, page 579, verified by experiments at Poooa Station. 
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An indication of the degree of roughness required is given by :Manning 
equation:-

v R!s 1 oc
N 

Combining this with equations (3) and (4). 

N Rl 
~

Li 
••• (1) I 

All the ahove requirements have to be fulfilled in order to reproduce correct; 
"tidal conditions; but in order to achieve this, conditions must be such that. 
a corresponding grade and charge of bed material is transported. 

Example IV(a) (ii) . 
. RIGID TIDAL MODEL .OF THE HOOGBLY.u> 

A rigid tidal model of a 20 mile length of the Hooghly ab.ove Calcutta was 
constructed at Poona to scales of 1/300 : 1/60, with the· object of determining 
lines of flow and points where ·action is severe under various conditions . 
of river and tidal flow. This information was subsequently us·ed in. a large· 
scale, mobile,· short-length model to investigate· specific bed.:scour and bank
erosion problems, using much larger .discharge, and much less vertical ex
aggeration than in the long model. After much patient trial and error work, 
the model reproduced tidal flow conditions with a high degree of accuracy. <2> 

Type IV,C b). 
SEMI-RIGID, VERTICALLY-EXA.GGERAT.&D MODELS. 

In semi-rigid models, the sidefl, and in some cases large parts of the bed,. 
• may be held. This makes it practicable to enforce a . bank-slope exaggeration 

which is far in excess of what would be possible if the banks. were erodible~ 
and also to restrict the widt.h, which makes it possible to increase bed action, i.e. 
the sand charge; but if the problem to be investigated includes future changes 
of the river c;:ourse, and the secondary effects due to such changes, the model 
would help us little. · · 

REYNOLD'S CRITERION OF TURBULENT FLOW IN TIDAL MODELs.<s> 

In ordtlr that the motion in a model shall be similar to that in a river, it is 
necessary that the velocity shall be sufficiently great to ensure 'turbulent flow' 
and from experiments on models of symmetrical estuari~s, Reynolds came
to the conclusion t.hat in order to ensure this, the product h3 e should not be less 
than 0·09, 'h' being the rise of tide in feet at seaward end of the model and 
'e' the vertical exagget·ation of scales. 

'The scales of the Hooghly model are : Horizontal scale= 1/300; depth scale-= 
1/60 and so e = !1·0; and the maximum tidal range at the seaward end. is 12·5 ft. 
for a bore tide so the value of h 3 e works out to 0·045, which is considerably less 
than 0·09; but the model gave satisjactoty results. It must be clearly under
stood, however, that though Reynold's criterion may be suitable for estuaries 
which are very wide relative to their depth, especially if their sides are held S() 

that reproduction of correct shape ceases to be an important factor-yet, where the 
depth is considerable relative to the width-as is the case. in river channels
adopting corr~ct vertical e:uggeration is very important. 

The Station has worked out relationships suitable for the materials used by 
it for discharges found most suitable ; but the final scales have to be arrived at 

O>C.I. & H.R.S. A.R.(T). 1940-41, pp. 18-19. 
~2) , " " ,, " " 

,. , , 1941-42, pp. 23-24. 
<s>Extract of Basio Note No. 189 by Mr. Padsalgikar. 
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by trial and error the model being run until conditions are apprJximately similar 
to those in the river; and experience shows that it is much more important to 
develop known river conditions than try to enforce scales based on assumptions 
regarding sand load etc.; on which formulas have to be based. Indeed, much 
of our most VIccessful work has been done when we have ·had little data except 
an accurate plan. From this, the behaviour, as well as the character, of the 
river, has been inferred; and we vastly prefer a limited quantity of f'eliable data,' 
rather than a large amount of data of doubtful accuracy. 

When we first started m.odel e'l'perimentation we wasted much time trying 
to get results 'with misleading or fragmentary data, which frequently omitted 
important information, such as the existence of submerged rock; but latterly we 
have used the model, combined With our txpetience, to analyse the data, and 
have frequently found that information supplied has been widely incorrect or 
omitted important fe11tures. 

The main difficulty to be overcome in producing similarity of behaviour in 
models of alluvial rivers is how to reproduce bed-movement correctly-about 
which no quantitative data are ever available; so, unless a model is laid correctly 

· in the first instance, and the correct charge injected, highly discrepant results 
are likely to be obtained. . ·.. · 

Example IV (b) (i) .. • 
HOOGHLY TIDAL MODEL RUN AS SEMI-RIGID MODEL. 

After the long,' small-scale, model of the Hooghly had been run as a rigid 
model to observe lines of flow, sand was laid on the bed of the model and it was 
run as a semi-rigid model-ie. with rigid banks and mobile bed. The model 
was then similar in type to several models used in tidal investigations carried out 
in England, notably the Mersey Model of Osborne Reynolds, the Seine model of 
Vernon.. Harcourt<l> and the Severn Model of Gibson<2 >, but the scales and the 
discharges were very much greater in the Hooghly model . 

. It was found that when all parts of the model were laid to a uniform 
vertical exaggeration, movement, though correct in places, was not correct 
generally, the tendency being for movement to be in excess in the shallow por- · 
tiona and in defect in the deeper parts. Thus the depth was more uniform in 
the model than in the river. 

It was· also found that even when the movement of bed-material was suitable 
with dominant discharge flowing, it was obviously excessive with high discharges 
and in defect with low discharges, all movement ceasing in the model at a 
much higher relative discharge than in the river. This is true of all river 
models. 

Example IY (b) (ii) 
SHORT, LARGE-SCALE, TIDAL MODEL OF THE HOOGHLY • 

• 
In order to reproduce correct bed-scour and accrelion in the short model, in 

, which the vertical exaggeration wa,s only 1.4 compared with 5 in the long model, 
it was necessary to reproduce similarity of lines of flow, based on those observed 
in the long, small-scale model. The scales being 1/125 : 1/90, it was easy to 
reproduce and observe the effects of various alternative treatments, a comparieon 
which was quite impossible in the long, small-scale, model in which the side
slopes far exceeded the angle of repose of the material, and the flow-pattern 
was highly distorted. 

In this model, only slight adjustments were required in order to produce 
~similar lines of flow, and bed movement was also found to be satisfactory; but, 

owing to the relatively large scale of the model, a single tide took 56 minutes; 
and results would have been delayed unduly had quantitative results of various 

0) Vernon-Harcourt, Proceedings of Royal Society, Vol. XLV, 1888-89. 
(2) Gibson "Construction and operation of Severn Tidal Model" H • .M. Stationery Office (11131) 
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treatments not been accelerated by adding silt by hand to raise the bed by im. 
amount equal to three times the depth of the deposition; after which the model 
was run for another period; after which accretion was again trebled by hand, 
a procedure which was continued until ac~retio.n almost ceased. In this way, 
it was possible to determine the relative merits of various treatments within a 
reasonable period of time; after which the most promising treatments were 

. investigated in greater detail. · 

Example !V (b) (iiz) 
PORT OF RANGOON TIDAL MQDEL.(l> 

. An excellent example of a small tidal rpodel in which conditions were • 
(l:Jrrectly imposed was the Rangoon model(l>. In that case the model was bounded 
by a curved wall which separated the flow to the east; and the right' bank of 
the River was cut away from time to time at a rate assumed by the experimenter, 
based on judgment. Working on these two assumptions, it was found that 
while the Port w~s not threatened by eventual extinction, it was evident that 
some limitation on the draught of vessels using the Port would be inevitable 
unless rectification of the approaches was car~ed out by arHficial means-a prediction 
which, it is understood, has been fulfilled. The point t.> be emphasised here is 
that the correct result obtained in this model was due to the skill of the experi
menter in making correct assumptions. Had he made incorract assumptions, 
he would have got wrong results. • 

Type IV (c) 
VERTICALLY-EXAGGERATED, MOBILE MODELS. 

Method of calculating scale ratios in tJertically-exaggerated m~bile ritJer moiels. 

I ntroductiQn. 

Experiments carried out at Poona with and without injection have shown 
that channels become steeper, wider, and shallower as the charge of material in 
movement increases. A wide, shallow, river is always found in combination 
with a steep slope relative to the discharge, which indicates a heavy charge of 
bed materialm. I£ it has split into a number of interlacing channels, this • 
indicates that in addition to a heavy charge, the stream is '.flashy'. If, on the 
other hand, the channel is deep and narrow with high berm3, this indicates a 
high proportion of silt in suspension, a relatively small bed· charge, and a 
relatively constant discharge. Between .. these extremes, there is every degree of 
variation. _ 

It is thus possible for the skilled observer with long practical experience 
to diagnose from its appearance what type of a river it is, the approximate 
relation between silt and sand load, and the approximate rate of rise and fall of 
its floods. If data are available about these matters, so much the better; but 
the data will always lag far behind what it is possible to diagnose from observing 
<Jonditions on the spot. Consider, for example, two cases : the Gandak River 
(Qmax = 300,000 cusecs) and the Tapti River (Qmax = 1,000,000 ·cusecs). Th~ 
Gandak is a wide, shallow, river, having a B/D ratio of 310; whereas the Tapti 
with three times the discharge is a relatively narrow, deep, river with a B/D ratio 
of 50.3. If we were to construct 6 cusecs models of each of these rivers, the 
Gandak would be 13 ft. wide; whereas the Tapti would be only 5.8 ft. wide, 
i, e. 1/2 the width of the Gandak for the same model discharge, the Longitudinal 
scale ratios of the two being 1/200 for Gandak and 1/330 for Tapti. In the 
former case, a heavy charge of sand would have to be injected in the model; 
while in the latter case, little bed-sand would be injected, but a heavy charge of 
fine material would probably be desirable, a point which would be-shown by the 
model, provided it was correctly designed and laid. · 

U >Instt. of C.E. Paper No. 5100: •Inv£stigation of outer appro'ich channels to the Port of 
Rangoon by means of a tidal model' by Oecar Elsdeu. . ' 

(2) Annual Report (Tech) 19U-42, page 10. 
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(2) Selection oj ratios for tJertically~ezaggerated m~dels, 

ThE! scale ratios to be selected are :-

I. Longi~udinal scale ratio. 
II. Latitudinal 

" " IU Discharge 
" " IV. Sand 
" " v. Depth 
" " VI. Slope II il 

V~I. Time 
" ·" 

I. Longitudinal scale ratio. . 
This should be determined by the discharge considered necessary to reproduce 

the desired condition. Although we have used discharges up to 30 cusecs in 
models, we have come to the conclusion that river. models of 6 to 10 cusecs are 
generally most suitab1e. Smaller models do not, as a rule, produce satisfactory 
results, while larger models take longer to lay and run, require much more staff, 
and are much more expensive. ·:Where greater detail is required, we prefer to do 
part-length or part-width models to a much larger scale in combination with the 
6 to 10 cusecs model, rather than to have a very large model of the whole of 
the river. · . -

II. L'.l.titudinal scale.-
It is convenient to construct and operate mobile models with 

Longitudinal scale = Latitudinal scale. 

i e. Lp/Lm = W p/W m1 L being the length and W the w1dth (1) 

But- Lp/Lm = .J QP/Qm, vide III below and according to Lacey regime formula 

Wp = Cp -.JQp and W m = c;,. vQm 

Equation. (1) means ../ Qp/Qm = Cp/Cm .J QP/Qm 
Cp=Cm.-

In other words, as we require equal divergence from regime widths to 
prevent distortion in plan, we should aim at having longitudinal_ scale= latitu
dinal scale . 

. It is possible to adhere to this ·provided the material-of the banks is scour
resistant; but where the question under investigation is bank erosion, and hence 
curvature. and meandering, model widths generally ten~ to be too great; a~d, 
though this can be neutralised to a certain extent by usmg a finer. bed material 
and selecting a bank material which is somewhat scour-resistant; yet it is often 
difficult to maintain the correct width and time can often be s11ved by permit
ting some divergence and allowing for it-which- is permissible where the 
curvature is not great, and meandering is not an important feature. 

Ill. Discharge scale. 
Where the dominant discharge of a river is not known it can generally be 

worked out approximately from the meander length; because, d.espite s~atements 
that meander length depends on slope, experi~nce shows that m alluv1al tracts 

Ml =42 VQdom 

and M1 = 30 VQmax (roughly). 
There are three ways in which the discharge scale may be determined :

(i) Q oc L" 
·(ii) Q oc L.d. V'd 

and (iii) by trial and error. • 



P.ABT IV 109 

Of these, (iii) is quick and simple. It consists m altering the discharge 
until approximately correct depths of flow are obtained. Though this is permis
sible where only short-tetm results are required; where long--term . results are 
desired-especially where the reproduction of erosion and meanders is important 
-it is not suitable. (ii> is permissible where flow over a weir is approximately 
axial, and the question to be investigated is water levels and discharge distri
bution; but where there is curvature-due to· embayments or meanders, Q must 
be kept cc to L"; and two models are advisable, one to 6how curvature, and 
the other to determine discharge relations. In ths Lower Sind Barrage Model, 
satisfactory results were, however, obtained in a single model by making the
depth scales for the river and the barrage different :-

Longitudinal scale = 1/250 

Q scale = 1/62500 

River depth scale = 1/50 
. 1 

Barrage depth scale = 1/40 (from 1/62500 == 1/25~ x d t.s ) 

IV. Sand scale ratio 

As the limit of diameter within which ripples form is narrow-about 0.2 
to 0.4 mm. (wei~hted mean value of m.)-and as the power of f in the 
formula d oc Q/fY IS low-approximately 1/3 : it is not possible to alter the sand 
diameter effect to any marked extent without giving rise to other difficulties, buL 
in general a slightly finer sand is desirable in the model. 

In the case of boulder rivers and those with material coarser than 0·6 mm.r 
ripples do not form, and the material in the model must. be much smaller than in 
the prototype- see Appendix L · 

V. Depth _scale. 

'd' is not an independent variable, and so cannot be enforced directly; but 
it can be modified by altering the discharge or grade of bed material ; but the 
former brings in other errors, and the latter takes time, both for relaying and for 
a new regime to be set up. 

VL Slope scale ratio. 

Slope depends on the discharge, grade and charge of mateiial in movement 
on the bed. · · 

. 
Although it simplifies work to have V.E. =S.E., our experience is that this 

is rarely attained in fully mobile models, though it can be produced if the banks 
are held. When the vertical at;td slope exaggerations do not agree, the model is 
said to.__ be tilttd. The depth scale is then different from the slope scale which 
complicates depth measurements; but other effects due to tilting are less than 
might be anticipated. The relation between slopes in the prototype and model 

\ may be worked out by the Lacey formula, . 

S=.000542 f 5
'
8

/ Q116 

and the model bed laid initially to this slope exaggeration. 

The model is then run for some time, being adjusted from time to time till 
suitable movement is obtained at all sections at dominant discharge. The 
slope thus obtained gives the slope exaggeration ; and a comparison of 
depths at various cross-sections gives the vertical exaggeration. This trial and 
error method gives quick results where the designed model scales are 
approximately correct; but neither. this nor any other method will give satisfactory 
results if the scales originaUy chosen are wrong. Hence the great importance 
of adopting correct scales in the first instance. 
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VII Time scale t'atio. 
This factor has got to be determined experimentally. Where silting is tho 

import!}nt factor to be reproduced, the time scale will have to be considerably 
longer than when scour is t.he important factor to be reproduced. Again, due to 
bed movement ceasing with relatively high discharges in the model, and scour 
being in excess above the dominant discharge, low discharges have got to be 
run for a relatively much louger time than high ones; thu-1 the time scale varies 
inversely as the discharge. 

(S) DIFFICUL11ES EXPERIENCED IN RirEU MODEL EXPERIMENTATION. 

(a) Effect of vertical exaggeration OJ embar,kments and rigid structures. 

(i) Exaggerated scour-hole. . 
: Where banks _and rigid structures are vertica:Ily-exaggerated they occupy a 

much greater proportion of the model surface than they do in their protqtypes ; and 
t.he deeper the scour, the greater the exaggeration. This causes disproportionately 
large vortices to form ; because these are developed by the velocity of flo,v which, 
in turn, is determined by the depth scale, which is vertically-exaggerated. From 
this it follows that scour-h9les are disproportionately large in models ; the 
material scoured from the bed' is not carried away .but t.ends to accumu
late downstream and when the discharge falls, the scour-holes do not silt i 
but continue to have a disproportionate effect on flow. 

(ii) Incorrect "Throw off." 
Furthermore, ''throw-off" is ~arkedly different from vert.ically-exaggerated 

banks or structures; as shown by models of the Ganges upstream of the Hardinge 
Bridge<l> and Sukkur Approach Channel.<2 > Careful investigations in connection 
with the former model, showed that in order to reproduce approximate similarity 

. of throw-off the side slopes of Guide Banks should not be steeper than about 1 
to 1 ; but when such slopes are adopted, the extension of the groyne or other pro
jection laterally is disproportionately great, so that its positioning is very import
ant. If receded too far it has little euect, if projecting too far it has a dispro
portionately great effect and causes abnormal scour. Each case must be dealt 
with individually, but generally the projection should be receded till the toe 
after scour is a little in front of the toe in the river. Th~ best position to adopt 
will vary from model to model, but must be such that approximate similarity is 
produced· at the discharge which matters most; for other discharges, this position 
will not be correct, and may haye to be changed. 

Thciugh altering the slope of pr_ojections distorts the model in plan and 
elevation ; the reproduction of correct throw:-off and curvat.ure is in many 
cases of prime importance. Unde.r such conditions, such a compromise is 
essential. · 

The practice at Poona has been to construct at least two models in such 
cases: one of the whole river, to ~ vertically-exaggerated, relatively-small 
scale, and the other, of a part of the river to a much larger scale, 

· with entry conditions imposed and vertical exaggeration kept as low as practi .. 
cable. Entry conditions in the part-model are based on lines of flow in the model ' 
of the whole river; and flow in the whole-river model is then modified in the 
light of throw-off and curvature prod need in the part-model. If this modification 
leads to any considerable change in flow conditions in the whole-river model, 
entry conditions must again _be modified in the part-model, and the whole process 
~epeated until approximate similarity of"effects is reproduced. 

(iii) Necessity of tilting masonry structures. 
An interesting example of the necessity of distorting a model is ~xemplified 

in the Mahanadi·Katjuri model, Cuttack {Orissa)cs>. . . 
(1 > Bombay T.P. 55. 
(2) 0.1. & H.R. etation, Annual Report (Tech.) for lllU-42. 
(8) Indian Waterways Experiment Station, Annual Report (Tech) for IUS (p.47). 
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In this model, Mahanadi is the main river and the Katjuri takes off from its 
right bank at a sharp angle, to flow' over Naraj Weir-which extends along the 
right bank and ·is roughly parallel to the axis of .flow in the 1\Iabanadi. In the 
prototype, the top of Naraj weir is at the same level all across; but the surface 
slope of water in the 1\Iabanadi is much less than in the model, because slope 
exaggeration = vertical exaggeration (approx) ; so, in the model, Naraj Weir had 

. to be built sloping down from the right ban~ to the left bank of the Katjuri. 

(iv)- Exaggerated 11ortices. 

Another cause of dtstortion in the }rbhanadi model results from an· area of 
return flow at the entrance to Naraj Gorge, caused by Silheswar IIill. The length 
of this vortex tends to be proportional to the vertically-exaggerated depth scale, 
whereas its width tends to be proportional to the horizontal scale .. It follows 
that unless steps are taken to minimise this effect the vortex is greatly magnified 
in plan in the model. 

(v) Exaggerated length of standing wa11e. 
, I 

To obtain a correctly positioned standing wave doWn.stre!lm of Naraj 
Weir, the weir should be geometrically similar; but in that case it would extend 
far downstream in plan and would cause water to flow away from the weir at a -
markedly wrong angle. 

What had to be done in all these cases to obtain reasonably correct· 
flow conditions was-to produce the bast compromise, making the weir broader 
(i.e. longer in the line of flow} than correct in plan; but much shorter than 
geometricalty-similar. Obviously, the treatment must differ in different experi
ments according to the discharge and the exact point under investigation at the 
time. • • · 

(vi) Necessity of having different scale ratios for rigid and non-rigid portions 
()I models due to excess frictzon losses in the rigid portions of models. 

Another difficulty was that friction losses over the weir were relatively· 
greater m the model than in the river; so a relatively gteatet depth was required 
to pass the saine discharge.-

In a vertically·exaggerated model of a river, the sill level depends on the 
intensity of discharge per ft. run; and, as the discharge = A x V, and V cc 'I! d, 
discharge scale cc L x d x 'lid . · · · · · 

But the discharge scale in a river model cc L"; hence 
L 2 = L x d x·-Y'd 

. •• depth scale for the rigid structure 
d = Ls1s 

and unless this holds, we will noe get correct water levels in the model. 

In practice two cases ~ill arise, 

{a) L2 = Ld312 

, and (b) L 2 > Ldau 

Case (a) :-Though L 2 = L x d3 f~ jn the channel portion, we still would 
not get tha cottect water level just upstream of the barrage, because the frictional 
losses due to drag are relatively more in the model than in the river, even though 
w_e make the model pavement very smooth. As a result, the coefficient of 
discharge in the model is lower fllan in the river. This can be overcome in the 
model for any particular discharge, by lowering the pavement or by increasing 
the coefficient of discharge by making the length of crest in line of flow less than 
g~metrically-similar and by making the upstream and downstream glacis slopes 
slightly steeper; but depths in model and prototype will differ somewhat for 
other discharges. 
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Fig. 122 Case (b) :-If L9 is not equal toLd 312 the water levels obtained will not be 
correct, so we must adopt a depth scale for the b:nrage portion, which is different 
from the scale for the river portion-{ depth scale given by d = L 21 11 ). 

[Note-The water level should be taken as the datum for this new, local, 
depth scale]. 

,. .·· . 
. ::..· 

·, G._S. Jo fr~lotype\ .· ,', 
. . - "'"' . ------~;..~ _ _,, ''\,, 

•, 

~: \ / 

~~ft!o~~ s/O,tZ. sfjhf!J~ .sler~~---< 
. .'.· ' ..• :· . . : ~ . 

. · ¢ . .S~t;T(ON OF WEIR. ' 

Fig. 122. 

· If, after doing this, we find that the upstre~m water level is still too high, 
we must increase the coefficient of discharge by shortening the crest., making the. 
model glacis steeper, or else we must lower the sill level. 

•• 
Correct conditions can usually be obtained for one- discharge by adopting 

one of these alternatives; but for other discharges some error will remain. 

Let us take the concrete example of the Lower Sind Barrage model :

The length scale for the river = 1/250 

Designed depth scale = 1/50 

:.. Discharge scale= 1/62,500 = va 
Discharge scale fo1· 

. . . 
the barrage = LJ)Sill ·= 250 x150~'~~ = 87,!oo-

. . 
L 2 > Ld '\1(1 

When the discharge is 500,000 cusecs with the canals closed, 

The downstream level to be maintained = B.L. 59·00 

The anticipated upstream level in the river was R.L. 61.00 
( 2' afflux) ; 

but the upstream water level obtained i~_the model was :: R.L. 63.9 
. ( :: 4.9 ft. afflux) 

The upstream water level in the model was thus much too high, partly due 
to the river afflux being underestimated. For the designed discharge the depth 
scale for the barrage with correct water level= L 218 = 40'-i.e. t~e paveiD:ent 
level had to be lower than according to the depth scale of the r1ver portion. 
This does not, of course, affect the depth scale of the mobile ~part of the model. 
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(vii) Longitudinal Distortion. 

Vertical exaggeration is essentially a latitudin-:~l reduction and in many 
cases it is best to visualise it as such. Similarly, slope exaggeration is essentially 
a· contraction of longitudinal scale. In spite of this, it is the general practice in 
model studies, even when the slope es:aggeration is increased by tilting the model, 
to make the longitudinal scale the same as the latitudinal scale in order to prevent 
aistortion in plan. -

.In extreme cases this slope exaggeration m~y lead to ~onditions in the river 
producing hyper-critical velocities in the model ; but, more generally, it merely 
leads to distortiGn~ due to the length in which changes have to take place being 
foreshortened. As a result, the length in which new lines of flow or eddy
pattern {resulting from changes of section or roughness) have to become
established in the model, is often inadequate to establish the change before a. 
further alteration in the angle of flow or roughness occurs in the model: 

Two good examples of this are 
(i) flow from the twin gorges at Sukkur<l_> a~d 

' (ii) the groynes in the Jumna·at Delhi<2 >. 
. . 

In the former, the gorge is foreshortened 7 t times, affecting both lines of 
flow and eddy pattern of the water as it leaves the gorge ; while in the latter 
case, the groynes were seven times closer together relative to depth than in 
the river. · 

(viii) Dijferent time scales for $COur and accretion 

In a river, by far the greater part of the material in motion is in suspension ; 
whereas in models, silt in suspension forms a relatively small part of the total 
charge. The reproduction of full natural silting in the model is therefore well
nigh impossible, because if the time during which the model was run was 
increased to permit more silt deposition, scour--which occurs relatively much 
more quickly than silting-would be excessive, which in turn would lead to 
a disproportionately great accumulati?n of coarser particles. 

This error is accentuated where the model is laid according to 'cold weather'· 
conditions in the river; because, as already explained, scour pits at the noses of 
groynes are relatively much ·larger in the model than in the river, and the 
excess of sand scoured from these pits produces unnatural sand banks in the
model which are not removed by subsequent scour, and this excess sand, unless 
removed, will produce quite wrong results. 

Accretion on top of shoals will, on the other hand, be relatively small in 
the ·model, with the result that a relatively greater discharge will pass over the
shoals. Consequently, reproduction of year to year changes in the river will 
become more and more incorrect, aue to scour and erosion being relatively too
quick and silting much too slow. These difficulties were prominent in the 1/LOO· 
scale model of the Ganges above the Hardinge Bridge<s>. 

Conclusions. 
It will be clear from this note that though some types of problems can bs

successfully solved with the aid cf models, other types, especially problemS. 
connected with rivers flowing in alluvium, present extraordinaf'y difficulties. 

Nevertheless, ~odels are always helpful to enable us 

(i) td visualise the problem, 

(ii) • to verify data, to see whether it is correct and a~equate or whether 
important details have been omitted-such as exposed rock, lime kankar, etc. 

U>Annual Report of C.I. & H.R. Station, 1939-40. 
(2)Ibid 

cs>Annual Report (Tech) C.I. & E.R. Station 1938-39, pp. 22-28. 
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(iii) to clarify the relative effects of different treatments-making 
_ allowance for model limitations..,-but it must be clearly understood that 

success depends primarily on a correct diagnosis and evaluation of all the 
factors causing change. Hence, success depends on a correct analysis of 
all the date available and on conclusions drawn from that data and if the 
analysis is wrong, the model will necessarily give wrong results. · 

Mistakes, normally mads, include to~ great reliance on thought-numbir,g 
formulas. They should be used only as a guide for initial l~ying, thereafter 
observation of model behaviour and ·comparison of this with river conditions 
should be the basis for further modifications. · 

A C?l'I_lmon mistake is .to relay mod~ls for subsequent· experiments according 
to the ongznal scales. This, of ~ourse, IS wrong. The scale ratios should be 
modified ~n the light of results, and the original scales scrapped. 

Let us consider the various factors involved:

( i ) natural slope ex11ggeration ; 

{ ii) natural vertical exaggeration ; 

. (iii) a very much. quicker rate of change in the model (time scale) 
but the same rate of maturing and consolidation; 

(iv) much steeper side-slopes, though the material has practically the 
same angle of repose ; 

( v ) fluctuating discharges, charges, etc. ; 

( vi) meanders, spills, cut-offs ; 

. (vii) exaggerated effects in the model due to_ rigid portions such as rock, 
lime kankar, clay, barrages, groynes, etc.; .. · 

{viii) differences in flood cycles from year to year; 

and ( i~) difference in sand and bed material fr9m point to point. 

No formula can be devised to take into consideration all these varying 
factors. At Poona, we have been doing various scale experiments, for several 
years with ,mobile models-to evaluate divergences from natural conditions 
resulting from various disturbing factors-in order to see how these effects can 
best be minimised by modifying slope scales, discharge scales, silt charge, and 
vertical exaggeration. 

These investigations have given us a clear unders.tanding of why certain 
modifications which we have been carrying out have been successful; but they 
have not, and cannot entirely, eliminate the inherent. divergences, nor resolve 
the numerous complex factors. Natural mobile models do not give similarity; 
but only results which are capable of being translated approximately from river 
to model and back from the model to equivalent river contlitions. ' 

- Frequently. it is stated t.hat river results have been veri~ed and have been 
found to be closely correct; yet those who make this statement relay their models 
.each year. according to the latest survey instead of carrying on from year to year: 

·The reason given for this is that the flood differed from w4at was ar;sumed; but 
the real reason is t}lat only qualitative similarity has been achieved. In any case, 
our object is to predict what will happen hereafter-not for a year or two, b?t !cr 
several years ahead-and if a correct solution were to depend on our prediCtmg 
correct river conditions year by year for several years ahead, t~e model WO';tld 
.always be wrong; because, at best, modela, like sausage machmes, cannot gtve 
you back more than you put into them I 

For our purpose, it is necessary to study the data of a rh·er for as m~ny 
y~ars as available~ Flood hydrographs, annual surveys, data about bed ~atenaf; 
s1lt <:barges, etc.,- but especially river cbanges,-must all be stud1e? _and 
explamed. Only thus can the most probable, and the most extreme var~abons 
in river conditions, be predicted and tested in th3 model. . 
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Our experience of verification is that •here is rarely enough river data 
available to make verification ·satisfactory except as a rough qualitative check, 
and even if there were, it would, at best, be . a very slow and tedious process ; 
because every appreciable change in one faotor affects all the other factors. 

Mobile river models are in {ace a v1luable aid eo engineering skill whic~,. 
however, they can never replace. 

APPENDIX I 

. EQUIVALENT SIZE AND SPECI.FIO GRAVITY OF STONES 
.. AND BLOCKS IN A MODEL. 

Experiments were carried out in connection with the Sarda model. C1 > These 
were more basic than specific in character, in that the object was t.o develop 
a technique to determine equivalent size and specific gravity of blocks and stones 
in models. Various grades of sand were tested to ascertain conditions 

(a) when movement com111enced, and 

(b) when general movement developed. 
The method followed consisted of laying a flat layer of loose stones and 
observing the depth of water when 

Ci) bed movement just commenced ; and 

(ii). general-movement occurred; with different discha~ges. 

The stone was laid. in a single layer on a hard smooth bed . in one series~ 
and in a 2' layer, with similar stones upstream and downstream, but fixed to 
the bed in another. In the case of blocks, a single line of isolated blocks was 
laid across the channel in-one series and a closely·packed layer in another. 

Fig. 123 shows results in two of the se~ies. Fig. 12S 

The following conclusions were drawn:-

(1} When (a) V2/gd in river= V2 /gd in model, 

(b) Specific gravity of blocks or stones in prototype -and model 
are equal,. . · . 

stones above 1/4" grade in a channel less than 1 ft. deep beha~ed similarly 
under conditions of equal Vh/ gd with diameter «=depth; but pebbles.1ess than 
1/4" grade tended to qepart from this relationship. The same was true of 
cubical blocks of various sizes ranging from 1/2" to 2" cube. In other words, 
with equal Fr ( = V 2/gd) in model and river, blocks and stones behave 
similarly when 

median diameter of stone 
depth of flow 

. is the same in model and river, within the limits stated. 

(2) When 

(a) Fronde number of prototype is not equal to Froude number 
of model, 

and (b) specific gravity of blocks or stones In nver and model 
are equal, 

U>Reproduced frd'm A.R. (T), C.L & H.R. Stn.~ 1989~40, PP• 50~51; also see FP· 22-2S. 
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experiments showed that • 

median diameter of stone cc (VIl/gd) 1·3 

d ' 
approximately for commencement of movement., -Thus if the ratio of Froude 
numbers (model: river) is 1·2, the volume of atone in the model should be 
increased in the ratio, (1·2)1·3 x 3 = 2·04 above that given by the depth scale. 
The index here· (1·3) is, however, dependent on the velocity distribution upstream 
and on the similarity in shape of stones. With similar velocity distribution 
and shape of stone, the index would be 1·0. This ·also holds in the case of 
blocks (see 3 below). · / 

(3) In the case of isolated' concrete blocks 

Diameter cc ( F d N )·9 1 
depth of flow rou e 0

' 
'-

(4) When 

(a) Froude No. of prototype is not equa~ to Froude No. of model, 

(b) specific gravity' of mo~el and prototype blocks are also different, 

dia. cc (Frx-P-)·91 
d b-p 

where 
d = depth of flow 

' . 
p' =density of water 

b = density of blocks. 

,As an example, supposing it is desired to reproduce concrete blocks in 
a vertically-exaggerated model to a similar scale than the depth scale, then· the-
density of the material to be used i~ given by . 

b- P y2 do-to 
-- QC ~·,.----:--.-

p (dia.) 1· 1 

or 

bm- p = (V m/V p)2 X { ~ia. p ) 1.1 o (dm/dp)O·l o 
bp- p dxa.m. 

where the suffii:es m and p refer to model and prototype respectively. 
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INDEX OF THE INDIAN WATERWAYS EXPERIMENT STATION, 
POONA, ANNUAL REPORT (TECHNICAL) 

FOR 1937-38 TO 1945. 

[ Nate.-Questions dealt with by the Director, but not described in Annuai 
Reports are marked with an asterisk*] 
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.Analysis of catchment character- ••• 
· istics. 

Analysis of changes in the course ••• 
of the River Indus downstream 

_of Kalabagh, N.W.F.P. 

Analysis of Inundation Canal ••• 
data in Sind and its comparison 
with the data of peren~ial 
canals. 
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data of channels. 
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