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ANNUAL REPORT (TECHNICAL) OF THE WORK DONE
DURING THE YEAR 1945 .

"PART [—INTRODUCTION
1. STAFP AND THEIR ACTIVITIES

Director ; Sir Claude Inglis, C.LE, B.A., BAIL, MInst. CE,
M.Am.Soc.C.E., M.LE.(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. Framji, Esq. B A. (Bom.), B.Sc.(Lond.), A K.C. (Lond.) M.B E,
I.S.E., (from 6-12-1945).

Deputy Director : Rao Bahadur D. V. Joglekar, B.E. (till 21-3-1945) and
from 6-12-1945. The post was vacant from 22-3-1945 to 5-12-1945.

- Assistant Research Officers

Mr G. M. Panchang, B.A. (Hons), M.Se. (Lond.) (for Statlstlcs)
Mr, S. T. Ghotankar, M.Se. o

Mcr. S. C. Desai, B.E.

Mr. J. M. Parikh, B.E, (till 28- 2-1945)

Mr. C. V. Gole, BE. (from 1-3-1945).

Research Assistants

. C. V. Gole, B.E. (till 23-2-1945).

. S. N. Mulekar, B.Sec. (Elect. and Mech)
. § V. Chitale, B.E.

. D. P. Kulkarni, B.E.
. P.
P.
. P.

*

e 0 10

K. Kulkarni, B.Se. (Elect. and Mech. ).
M. Damle, B.Sec.
H: Wagh, B.Se. (till 31- 5-1945)

Works Assistant

N o

Mr. N. K. R. Iyengar _
: ) Computors
Mr. S. B. Barve -

Mr. S. R. Chandorkar, 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 Claude
Inglis) and Rao Bahadur Joglekar, Deputy Director, visited between 19th and
22nd January 1945, the areas near Surat and Broach in Gujarat, damaged by
the 1944 monsoon floods in the Tapti and Nerbada rivers, for suggesting remedies
to prevent similar damage in future. The Government of Bombay accepted the
recommendations of the Director regarding prevention of damage to the Surat-
Rander Road and the City Wall of Surat, and sanctioned an estimate amounting
to Rs. 7000 for model experiments at the Indian Waterways Experiment Station
for investigating measures to prevent damage to Surat City Wall by floods in
the Tapti River, vide their Press Note No. £67 of 10-4-1945. Data are being
collected for these model experiments.

As desired by the Government of India in the Labour Depariment, the Director
(Sir Claude Inglis) presided over a meeting of the Chief Engineers of the Punjab
and U.P. held at Delbi in the 2nd week of February 1945 for determlmng the
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shares of each of these two Provinces in the waters of the Jumna River vis-a-vis
that of the Delhi Province in connection with the Delhi Water Supply Scheme.

On 20-4'--1945' Rai Bahadur A. N. Khosla, Consulting Engineer to the
Government of India for Water ways, Irrigation and Navigation visited the Tndian
Waterways Experiment Station. : .

On the 13th and 14th May 1945 the Tirector (Rao Babadur D. V. Joglekar)
inspected the Hooghly River from Calcutta upstream up to Triveni, including the
foreshores of the Anglo-Tndia 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 scour atthe Bridge of the measures carried out by the Railway, based on
Model Experiments done at the Indian Waterways Experiment Station.

Between 17th and 20th May 1945, the Director was at Cuttack in the
Province of Orissa, from where he and the Consulting Engimeer visited the
following rivers and canals in that Province: -

Mahanadi Central Sluices,

Birupa river,

Kendrapara Canal,

Naraj Weir,

Birnasi Gap. ' -
On the 22nd of May 1945 the Director visited the Bengal River Research Insti-
tute at Galsi, 15 miles from Burd wan 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
sngagement with Messrs. Merz, MacLellan & Ce., Consulting Engineers to the
‘Delhi Eleec. 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 Director gave
his opinion that it was unsafe to construct the cooling towers on the island.

From 5th to 14th October 1945 the Director wasin Mysore State where he,
saw the following works in company with the Consulting Engineer, Waterways

Irrigation & Navigation : i
Ganesh Tyer’s Volute Sipbon Spillways at Markonahalli
Krishnarajasagar Dam and the Krishnarajasagar Hydraulic Institute,

Jog Falls and the Hirebhasgar Dam and the volute siphons under
construction, '

Between 9th and 15th November 1945, he was in Jodhpur State where he
inspected the Railway Bridge over the Luni River on the Samdari-Raniwara
Branch of the Jodhpur Railway. The left flank of this bridge was eroded
during the 1944 floods and model experiments are in progress at this Station to
investigate the best position of an island or islands, and other remedial 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. Rat Bahadur A. N, Khosla, I.S.E, Consulting Engineer to the
Government of India for Waterways, Irrigation & Navigation, New Delbi.

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). ’
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5. Mr. W, X, Mascarenhas, Principal, Coilege of Engineering, Poona.
6. Mr. W. Lawley, Superintending Engineer, North-W.F. Province.

S 7. Mr. M. L. Cbamphekar, Superintending Engineer, Project Circle,
ind. . . . .

p 8 Mr. C. G. Kale, Superintending Engineer, Project Circle, Bombay,
. Poona.

Mr. Dildar Husam, Superlntendmg Engmeer, Nizam PWD
E -Hyderabad (Deccan).

10. Mr. K. C. Mazumdar, Assistant Irrigation Adviser to the Govern-
1hent of India.

11.i:Mr., Andrew H. Southorn, Deputy Secretary to the Government
of Madras.

© 12.. Mr. K. N. Mathur, Asstt. Director, Scientific and Industrlal
Research, Delhi.

13. Mr. Kahatha Engmeer, Deslgns, Ceylon.

14. Mr. K. R. Gunjikar, M. A., (Cantab)., BSc., (Bom.), Dy. Dn'ector
-of Public Instruction, Bombay Province.

15. Mr. D. C. Pavate, M.A., (Cantab. ), Asslstant Director of Pubhc
Insltuctlon, Bombay.

Studen’s and Professors from the followmg Colleges also vxslted thef
Station during the year :—

(1) College of Engineering, Poona.
(2) College of Agriculture, Poona..
(3) Engineering College, Osmania Umverslty, Hyderabad (Dn.)
(4) College of Engmeermg, Bangalore._
Advice was given without model experiments 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 (M. & S. M. Railway). - Enqumes regard~
" ing the length of guide banks.

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

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

5. Sakri River Irrigation Scheme : '
Training the river Sakri to dlvert Portion of the ﬂoods to the old
Sakri Branch (Bihar). -

6. Design of guide banks and depth of piers embedded in sand below
maximum 8cour level ( Enquiry from B_engal and Assam Railway )-

7. Sindri Water Supply Scheme on the Damodar River. -

8. Mr. Ganesh Iyer's Volute’ Siphon Sp1llway for the Hirebhasgar
Dam—Jog Power Scheme ( Mysore State ).

9. Siphon Spillway design for the Neersagar \Vater Supply Scheme
for Hubli and Dharwar ( Bombay ). . & g

10. Protection of piers of the Kathora Road Brldge on the Taptx thh‘
concrete blocks ( Bombay ). Q

11. Training the Gogra river at the Inchape Railway Bridge ( Bengal
and Assam Railway ). :
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Fig. 1 is the map of India showing the places (@) visited by the Director

(b_) where advice. was given without model .experiments and (0) advice given
with model experiments (either complete or in progress).

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. . . '

-8. 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 1942-43, Price Rs. 7-8-0. :

(2) Research Publication No. 8—JAnnual Report (Tech.) of work

-done at the Indian Waterways Experiment Station, Poona during the

year 1943, Price Rs, 7-8-0.
'(8) Research Publication No. 9—Annual Report (Téch.) of work

done at the Indian Waterways Experiment Station, Poona during the
year 1944. X : .
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y "\7 2" :/
PART II—1. FIELD RESULTS OF MEASURES A%PTE{
AFTER MODEL EXPERIMENTS

4. Measures taken to control erosion of the left bank of the Rupnaraﬁ
upstream of the Bengal Nagpur Railway Bridge at Kolaghat by
. means of a deflecting groyne.

. 1. The model experiments carried out in 1944 and the subsequent changes
in the River up to the end of 1944 caused by constructing a repelling groyne
on the left bank 4,200 ft. upstream of the Bridge, have already been described. !’

9, The further changes whichi have taken place during 1945 are dealt
with below. Fig. 2 is reproduced to show the changes between 1938 and 1944
prior to comstructing the groyne; while Fig. 3 shows river conditions in:
December 1945. The magnitude of the change is brought out even niore
clearly on Fig. 4 which shows river cross-sAections at A on.Fig. 3

observed in o
April 1938
April 1943
January 1944
October 1944
and 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® predicted :—

“From experience, combined with close -observation of flow conditions
in the model, that accretion would occur in the river for some
distance upstream and downsiream of the groyne leaving the groyne

earthbound ; so that in years fo come people might wonder why it .

“had been constructed.”

4. The effect of the groy;ne was to slow down the velocity aiong the left
bank, so that the channel along that bank, clearly shown in Fig. 4 gradually
deteriorated. As this occurred, the right bank channel gradually carried more

and more water. - This was greatly facilitated by there being no Ilarge freshets

in the Damodar or Rupnarain during 1945, so that the river tended to shorten,
and hence straighten, its course. It is probable that the shoal along the left
bank will now rise higher and higher tntil 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 damsskould be constructed on
the Damodar and Barakar Rivers toreduce the peak flood discharge from 6% lakhs
cusecs to 1lakh cusecs. There is, of couxse, the possibility that the Damodar may
change its course before the dams are constructed, an avulsion occurring into the
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.
made in the 1944 Annual Report (Tech.)—that the likely cause of the heavy
erosion, since 1938, was the increase in the meander length foﬂowing the
increase in the discharge of the Rupnarain river—remarking :’

(1) Indian Waterways Experiment Station Annual Report (Tech.) 1944, pages 18-20.

(2)Proceedings, Institution of Civil Engiueers, Maritime Paper No. 3 “Training Works
nonstruqted in the Rupnarain in Bengal’’ February 1946, by Sir Claude Inglis, C.I. E.

Fig. 2
Fig. 8.

Fig. 4
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‘e .
“Tf meander length increased in one portion of the river 1 %ild also

increasé 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. 5 (a) (showing
the 1938 survey) with fig. 5 (b) (showing the 1944 survey with the 1938 bank
. 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 in 1944. Similarly, there has been erosion of the right
bank above and below Tamluk ; 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 lag 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
increace in the discharge of the river. :

* 5.2 Rai Babadur 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 danger of scour of the
P.W.D. bund there. He has remarked :— v ,

"% But nn 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
gtages of the shoal formation. So, although the Station has frequently observed
that silting occiirs very much more slowly than scour in models and is thus not
correctly reproduced, because the relative rates of silting in tnodel and prototype

Fig. b (a)
Fig.'5 (b)

are still unknown, it was considered desirable—and very -rightly too—to take -

no risks. Actually, it appears that shoaling took place much more quickly in
the river which shifted the main flow away from the left bank and the P. W.D,

bund was not attacked.

6. C’o'nclusion;

The groyne fulfilled its immediate “object with signal success, so that the
main flow of the river is now nearly one mile away from the point where danger-
ous erosion was taking place in 1943. Nothing further will be required provided
the recommendations of the Damodar Flood ‘Enquiry Committee are acted on.
These we hold to bLe 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.

5. 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 c
: Hotgi Gadag Line. .

Having developed a cut-off a mile below the M. & S. M. Railway bridge,
the Malaprabha river was trying to increase its length by eroding the banks.
This bank erosion near the Raillway bridge was very severe and experiments
were carried out at this station to devise means to protect the .left abutment
and relieve it from attack.®’ _ X o

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

(1)Annual Report (Tech.) for 1942-43, pages 10 to 18,

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

In 1944, the C R.E., South Quetta, referred a case to the Director in 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 1945, the C.R.E. wrote stating that they had built several, upstream .
facing, spurs—which they -call “shingle catchers”~—and they proved most effec-
tive. In most cases the shingle bed of the nullah has already been built up

‘level with the top of the submersible spurs.

This clearly brings out the action of repelling spurs in repelling the high

velocity flow away from the bank and, thus, causing accretion of the bed.
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TABLE 2. -
(Downstream pavement level R.L, 28.0)

Series

R, Ls. of scour observed for various discharges,

Exi)eriments. - Remarks.
No. ' . 200,000 os.] 800,000 es.] 400,000 cs.| 450,000 cs.| 500,000 es.] 550,000 es.
b(l) No friction blocks on the pacea pavement, 18:0° 10-50 80 60 8-0 -2:0 Undermining just a[s of pavement and
: o . ‘ ) then s gradusl slope of 1 in 4.

(2) | Two staggered rows of trapezoidal bafile blooks 170 180 90 - 8.0 5-5 3-0 Undermining just dfs of pavement for
¥ % 8 x 2 starting 10° downstreaw; of the toe of the v Q=450,000, 500.000 and 550,000 cs.
glacis, ' : ! and then a slope of 1 in 4.

(8) | Two staggered rows of rectangular, bafile .blocks 17:0 13-0 940 85 55 80 No undermining d |8 of pacca pavement.
¥ x2 x 25’ at the toe of the downstream glacis. . )

(4) | Two staggered rows of rectangular, deflector blooks 18-0 195 | . 156D 180, 10-0 80, No undermining downstream,
b’ % 2 x 2-5' at the end of the d/s pacoa pavement. . : .

(5) | Two staggered rows of ;ectnngnlar, bafle blooks 24.0 28-0 19:5 150 150 18-0- No undermining but s gradual slope of
8’ x 2" x 2§ starting 10’ downstream of the toe of : 1 in 4 downstream,

- glacis and two ataggered rows of rectangular,
defleotor blooks 5 x 2 x 2§ at the end of the pacea
pavement. ‘ .
6 Two staggered rows of trapesoidal baffle blocks 10’ dfs 285 22:0 18.0 14:0 140 12:0 No undermining but a gradual slope of 1
® g8 p : , g P
: of the toe of'glacis and two etaggered rows of reot- ' - : - in 4 downstream. .

angular, deflector blocks 5’ x 2 %24 at the end of \
pacea pavement, as proposed in the design.

111 1874



Table 1, -

Table 2.
Fig. 8 (a)

Fig. 8 (b)

Fig. 9
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PART III.—SPECIFIC EXPERIMENTS

RIVER BEFAVIOUR AND CONTROL
(1) - 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 of the experiments :— '
() To find the extent of scour downstream.

(®) To find out whether energy dissipation devices as proposed—i.e,
two rows of trapezoidal, baffle 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 experiments 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 to the pacca pavement 100" long from the toe
of ‘the glacis. The concrete blocks 4" x 3" x 4” for a length of 80’ and stone
apron 200" long downstream of the pacca pavement were not reproduced,
(3) Experiments, B

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 cqncen-
tration, as:assumed in the design, were run till scour ceased. The water levels
maintained were pond level upsiream and the minimum of the specific levels
(allowing for retrogression) downstream as this would be the worst condition :—

‘* TABLE 1.

, Dinohafge Z Pond I;e;:tlrgzilntained ) Waf,el;i Lc:vv::tl::iztained
200,000 cusecs 60.0 45.0
300,000 " 61.0 48.0
400,000 _,, - 61.0 : 50.4
450,000 610 \ 515
500,000 " 61.0. 52.56
550,000 . 61.0 53.3

. . ]
In these experiments bed sand was injected at the rate of 0. 2 parts per 1000,
(4) Results:—

Results as obtained in different series of experiments are shown in table 2,

(@) Fig. 8 (a) shows the contours observed with Q=550,000 cusecs
with no blocks on the pavement downstream. Themaximum depth of scour
observed was down to R.L.-2. 0. There was undermining just downstream
of pavement to a depth of 7 ft. .

(b) Fig. 8 (b) shows the contours observed with Q=1550,000 cusecs
with two staggered rows of trapezoidal, 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 2)'), 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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L
piled against the face of the curtain wall, The mazimum depth of scour
observed was down to R, L, 12. 0,

(¢) Two staggered rows of rectangular, baffle blocks (5" x 2 x 2}")
starting 10 ft. downstream of the toe of glacis and two staggered rows of
rectangular, deflector blocks 8’ x 2’ x 23’ at the end of the pacca pave-
ment were also equally effective in preventing undermining and R. L.s of
scour obtained wére same as in (b) above (see table 2.) :

Y
1.W.R.§ta.
v POONA.
PROTECTIVE DESIGNS AS Prorostd 9s oF Lower - .
SIND  BARRAGE -
BA:?::; sl SCALEw ' 40 FLET -
- — - “ = RECT.\DEFLECTOR,
R.L.3¢0 ! N3 TRAPLZOIOAL BAFFLE ,BLOCKS BLocks |
H o graun’ -s . . oL 2 o2 R
' : y s BLove It L. 26O~
! ' _J .i , @'Qf TSPACCA PAVEMENT '
f— 20 e o a2t s 100"~ -~
- :
SECTION i
e :
. ¥
. L t
— !
T ~T o .‘:qﬁ [dI*~tTwo rows OF sTAGGCRED Eu:c,ﬂ )
: I b oo TRAPLZOIDAL BAFFLE, BLOCKS .
' 0 ,’r—wem crestT ' 0D om Pug'xe! . i
¥ e :
;..__..36.. et § e o 421 o m o -~ too’ - ‘
| 1 SR L PACCA PAVEMENT  _[]
H [} ﬁ'-l‘“m
| b i mD '
! {1 -1 an {u. '
: TWO ROWS OF STAGBERED! |
RECTANGULAR, DEFLECTOR, BLOCKS.
Pran ; Sx2x2H ;' .
Bws amecane. ‘ '
'Fig. 9

Experiments thus showed that the design ' as proposed may be adopted.
Though rectangular, baffle blocks near the toe were equally effective, trapezoidal,
baffle blocks as originally designed are recommended, being streamlined.

No protection downstream of deflector blocks is necessary against dynamic
action. Actually in the design, however, concrete. blocks over a length of 80 ft,
and a stone apron 800 ft. long are provided downstream 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 apron as shown to occur below the Sarda Barrage model,
described in 1940-41 Annual Repori (Tech.) p. 24. -

“(iv) TIDAL ACTION".

8. Training the Hooghly River at Dunbar/_Cotton Mill
with a by-pass channel. :
Introduction, |

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

“the bed velocity. During this year eaperiments were done to see if conditions

at Dunbar Mill could be improved by allowinga part of the discharge to flow
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-through a by-pass channel. These e/xperiments were largely basic in character,
as it was all along realized that it was impracticable to construct a by-pass
channel at this place owing 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 channel 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.

On both banks of the Hooghly, there are various mills and other manu-
facturing concerns having their import and export jetties projecting into the
river ; in addition, there are several brick ficlds jutting out into the river. At
various places the banks are pitched to prevent local erosion,

The river 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
Fig.10.  being eroded are shown hatched in figure 10.

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

(2) Severe erosion along the right bank at Ballampur, Serampur and
very severe at Chatra, where in many cases walls of buildings and ghats
were found severely damaged;

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

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

(5) a new embayme_nt.a.long 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 the banks are held, the river cannot swing,
freely of its own accord and it then assumes the sharp curvature as is found near
the Dunbar 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
are to chord ratio at this place was 1’5 while a. 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 chgnnel The shape
and curvature assumed by the_river and the chaunges which occur depend
on several factors, such as the dominant discharge, the proportion of flood flow
which is contained within the banks and, bence, the level at which the banks
are overtopped, the material in movement and its grade, the nature of banks ete.
The exact relation of all these factors is only partly known; butit has been
found that the radius of stable curvature varies as the square root of the
dominant discharge !’ .

In the past, it has been generally assumed that the only factor which ‘

controls cut-offs is the ratio, é%:;%d ; and in practice this is partly true and this

. ratio is useful as a simple guide; but actually angthgr important factor causing
Tsblo 8.  cut-offs is “too sharp curvature for the discharge”, ie r/vQ, where ris the
radius of curvature and Q the maximum discharge. Table 3 shows the average

value of 1/vQ, between Thana Damaurdaha in fig. 10 and Punhatti (H)—a

- distance of 28 miles—is 13.1, based on the maximum ebb discharge of 187,000

cs: whereas the value of the same ratio for the curvature belween 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 /v Q=131 ia

(1)Apnual Report (Tech.) for 1989-40, 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. We know from conditions in the river that the latter curvature is
excessive and, in the past, has led to a cut-off at Damurdaha.

Ezxperiments,

Experiments were first done in the rigid 1/300:1/60 Hooghly model, with
vertical exaggeration of 5, for observing lines of flow. 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 would occur
in the scour-hole downstream of the knuckle at Dunbar Cotton Mill due to
reduced river discharge suitable for the curvature. The accretion conld not be
.reproduced in the 1/300:1/60 model due to the large vertical exaggeration ;
go 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 I.—EXPERIMENTS WITE A BY-PASS CHANN}EI)
IN 1/300 : 1/60 SCALE HOOGHLY MODEL

V sand paésed 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 secale=1/60 '
- Q scale=1/140,000"
. T scale =1/39

. [ Nete :—Ebb flow of lime prototypé was reprodﬁced in. the moaél; and .

a constant discharge of 1.34 ¢s =187,000 cs. was run for 12 hours

in each experiment. The-gauge at Konnagar was maintained
=13.5 ft. above K. O. D. 8. (Kidderpore Old Dock Sill). }

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
section 21 B were also noted. The lines of flow in this experiment were used
as the standard for comparison with lines of flow of other experiments.

Ezperiment No. 2—The mcdel bed was.readjusted according to the 1940
gurvey and an embankment was constructed on the right bank opposite Mulajore
Mill, as shown in fig. 12. The by-pass channel shown in the same figure
carried 0.18 cusecs = 25,000 cs. In the lay-out of this experiment, the scour-
hole downstream of the knuckle was filled up with V sand as silting was

Fig. 11

Fig. 11(a).

Fig. 12

N

expected to occur in the river with the improved flow conditions. The surface

. flow concentrated at cross section- 21 as in.experiment 1 and the flow there was
. not central. The by-pass channel carried only surface water.

Experiment No. 8 was not 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 Ezperiment No. 4 the by-pass channel was enlarged to carry 50,000
cusecs keeping the alignment of the embankment the same as in experiment 2.

- The results were still not satisfactory; so the alignment was changed in

experiment 5, :

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

. In Eaperiment No, 6 the scour-hole downstream of the knuckle was filled
with V sand and the lines of flow and velocities at cross section 21 were

Fig. 18.



.TABLE 8.
Analysis of curvature in the Hooghly viver, (see fig. 10).
. Radius Maximom . . Are Meander. Meander
Carvaar orvaurs | g | V@ | GRR | lmen o b Bamsris
. ‘Q (es) (£6.) (ft.)
_ 1 2 3 z 5 3 7 )
K to A (befors the cut-off of 1936) 3,200 187,000 74 .20 15,000 - 9,500
L to M (before the cut-off of 1936) 8,000 185 12 125,000 .-| 11,000
At B e - - - - — - It is almost s straight reach.
BtC " 7,000 187,000 162 125 26,000 9,500
Nt D 5,600 " 1é-7 ' 11 21,000 7,400
C to E ves 8,200 " 74 15 12,000 6,600 Dunbar Mill reach curvnturé.
Dt P 8,500 wo | 76 11 18,500 6,000
E to F 9,500 " 22 11 18,000 5,500
P to Q 5,400 " 125 . 12 24,000 11,000
FtH 5,800 » 184 12 8,000 | 8,000
Average (K - H) e 5,656 ‘ _ 131 - 20,611 8,267
O to E (after by-pass) © 3,200 187,000 86

4
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observed; and it was found that flow had become central, and this is what would Fig. 14(s)
occur in the river after accretion had taken place. Theriver downstream of & 14(a)
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

ﬂoyv which was previously following the right bank became central.

- Discussion of results,

~_In the river, under the existing conditions, the surfdce 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 experiment 2, with a by-pass channel carrying an equivalent discharge
of 25,000 cusecs and an embankment, the concentration of flow shifted away
from the knuckle, but persisted on the left bank downstream of cross section 21 :
and even after 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 downsiream. ' -

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
n scc;ur—kole. (This was simulated in this model by filling the scour-hole with
sand). : ' . :

An embankmont 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 ba a tendency in the river for the flow to -
concentrate towards thre 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-pass channel was
increased to 50,000 cusecs, there was still no appreciable reduction in velocities
on the left bank; but when an embankment was added, the velocities on the
left bank were reduced-and velocities near the embankment (right bank)
increased. This means, as we havé 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 Bhadreswar 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 = 13.5 ft. above K.0.D.S. (Kidderpore Old Dock Sill) ; and water level at
Shamnagar without a by-pass channel was found to be equivalent to 165 ft.
&Ix{b?)v% Is(.O.D.S; which with a by-pass channel dropped down to 15.9 ft. above

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 0.D.S. Conditions of flow were imposed
at the entrance as were obtained in the 1/300 model with a by-pass channel.
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Description of the model,

The madel 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. upstream and
14 ft. downstream of the 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, Le. 03 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

Experiments without embankment opposite Victoria Jute Mill and with a-
, by-pass channel,

. Experiment No, 1. In - this experiment a constant discharge of 1.37
cusecs = 147,000 cusecs was run with water level at Shamnagar main-
tained = 16 ft. above K. O. D. 8. The by-pass channel was assumed to carry
40,000 cusecs of ebb discharge. T ,

The object of this_ experiment was to determine the minimum carrying
capacity of the by-pass channel for improving flow conditions near_Dunbar
Mills. :

This exberimenﬁ consisted of two parts. In the first part the ebb flow was
ran continuously for 24 hours with the injection of sand. The accretion down-
stream of the bight was then noted and the bed contours were observed. '

In the second part of the experimient, the bed in the bight was adjusted”to
approximately. three times the accretion actually obtained; this was doneto
accelerate results as silting in a model is relatively very much slower*’ This is
a normal practice at the Station—precaution being taken to prevent excess
material being added. : : )

R Lines of flow were observed after 24 hours of run -a8 is shown in
Fig. 15 (a) figure 15(a). B
The experiment was then continued for further 24 hours with the injection
of sand. The lines of flow and bed contours were again observed after 48 hours
of total run. '

Fig. 15 (b) The flow persisted on the left bank aud concentrated upstream of cross
section 21. Eddies were visible downstream of the knuckle.

Figs. 15 (c) Bed contours ;;vere observed after 24 hours and 48 hours of run and are
& (d) ghown in figures 15(c) and 15(d).

i Comparison of figure 15(c) and 15(d) sh_ov\_rs that there was greater scour
.opposite the left bank after a longer run, as 1s indicated by the increased area of
the 60 ft. contour.

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

Experiment No. 2—The discharge through the by-pass channel was
increased to 50,000 cs, the river carrying 137,000 cs. Water level at Shamnagar
was maintained =159 ft. above K.O.D.S. as was observed in 1/300:1/60
Hooghly model. , ‘

(1) Annusl Report (Tech.) for 1944, p. 7.
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Lines of flow and bed contours were observed before and after the experi-
ment, ie, after 72 hours run. Comparison of figure 16 (a) and 16 (b) shows that Fls 16 (a)
the lines of flow shifted away from theleft bank resulting in centralising the ¥ig- 16 (b)
flow. 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. 18 (¢)
section 21 and the 60 ft. contour also extended downstream to cross section 21. Fig. 16(d)

e
Soundings at cross section 21 D, were taken after 24 hours, 48 hours, and ((f;
72 hours of run.. They show the nature of accretion in the bight after every ()

stage of the experiment.

Conclusion :—Though the flow condilions 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 away from the -
left bank. . , .

SERIES 2 ‘ .

Ezxperiments with embankment opposite Victoria Jute Mill
and with 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 channel.

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

The experiment was run with anectlon 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 flow 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 shift away from the left bank.

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

The 12 ft. and 18 ft. contours near the right bank approached towards the
right bank, showing scour opposite this bank; this was the effect of the embank-
ment which tended to pull the stream towards right bank. Soundmgs at cross
sectlon 21 D, showed accretion in the bight.

Concluswn

The experiments, thus, showed conclusively that accretion in the scour-hole
would take place 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.

APPEN DIX 1

(a) DESIGN OF A LINED BY-PASS CHANNEL IN THE HOOGRLY FROM CHANDRANAGORE
TO BHADRESWAR.

Distance from Atpur to Bhadreswar along the river course )
) . . = 18,000 {t.
Difference in water level during the middle of ebb ‘

/ T = (17 ft. at Atpur)
, -~ (15’9 at Bhadreswar)
= 1’ 3'
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.". The slope =1/14,400

Distance from Atpur to Bhadreswar along the by-pass-channel = 13500 ft.
: _ & _ 1
-+ The 81°pe ~ 13500 10800

~

~ The d1scharge that the by-pass channel would carry wxll be 50,000 cusecs
out of 187,000 cusecs of ebb.

_ 1486
V=R
- QA

Rels Slls

-

. Using thlS relation, a section, 240" x 20, would be suﬂicxent .with a low
value of N, = 0103 -
B l ' 210 ;Ts; |
: 3

L _ 50,000 _
i .V» = QA = 7100 9 26 ft/sec

R = AP = 200

312 A17 31 ft.
S = 1/10800
. _ 1486 2]3 1
,Nmf 596 (1731) (10800)1 -
. 1486 1
=999 X7 * 15395
_ 01605 6'7 -
- 10395 _

= 0°01034

The quantity of excavation would be

5400 x 13,500
72,900,000 c.

Assuming a low rate of-ex‘cava.tion of Rs. 30/-per 1000 cft. of soft 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
8q. ft;, would cost another Rs, 312 X 13,500 x 30 = Rs. 12 63,600

(b) The design of embankment,
The top of embankment will be 25 ft. above K.0.D.S
Areéa of land reclaimed will be 2, 100,000 sq. £t or about 50 acres

Assuming the average depth of 10 ft. below K.0.D.S, within the reach of
this proposed embankment, the quantity required for its construction will be
= 2109000 X 35 = 73,500,000 cft.

This is slightly more than the quantity available from the excavation of
the by-pass channel.
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PART IIT . ‘ 19.

RIVER CONTROL
(i) “FLoOD CONTROL"

Experiments with a vertically-evaggerated Model (1400, 1/66) of the Mahanadi

and its branches at Cuttack (Orissa).

(1) Introduction :—

A preliminary note dealing with the history of the case, its diagnosis and
anticipated treatment, etc. has already been published (q.v.)"’ )

Figure 18 is a plan of the Mahanadi and its group of branching rivers as
they existed in 1838-42 and fig. 19 shows the condition in 1930, i.e. 62 years
after the Naraj weir was constructed. It will be seen that the right bank of the
Katjuri from Naraj down to the Kuakhai head has been considerably eroded
with concurrent deposition of sand on the left 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. I9 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 the.deterioration of the

. Katjuri below Naraj; by which is meant that a_much heavier load of sand is
entering the Katjuri at Naraj weir than the river can carry. Water levels,
uanless examined over a long périod, 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 Katjuri. '

To reduce this deterioration it appears nécessary— .

_ (@) toincrease 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; ' i

andfor (D) to reduce sand entry into the Katjuri at Naraj weir by reducing the -

discharge of the Katjuri at Naraj.

{2) Distribution of dischdrgc in the rivers:—

The crest of the Naraj weir is at R. L. 72.60. When' the water level at

Jobralifalls below R. L. 67 the crest shutters are raised -to maintain that

level: at this stage the corresponding 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 waler level at Naraj rises to R, 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, the percentages tend to equalise : and with a 15 lakhs cusecs total flood,
the percentage of discharge in the Katjuri is 56 per cent, .

(3) ~ Standing wave conditions at Namj Weer 1=

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, at 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

- ghorter than when the flood is rsing.

1) Annual Report (Tech.) of work done during the year 1943, Pages 37 to 89.

Figs. 18
& 19
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(4) The model :—

The model extended from Goil 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 = 5.0

It was not possible to reproduce correctly the standing wave conditions at
the Naraj weir 1n the model : firstly, because for it to form, the model required
a relatively bigger loss 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 because the model was vertically exaggerated six timesy whereas the angle
of repose of bed sand was not. In addition, a very small error in water level in
the model just above the Naraj weir caused a relatively large error in the distri-
bution of discharge in 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 {t.
compared with the downstream Cuttack end, 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
effecty of stopping the spills on the water levels in the Katjuri :—
Experiment 1:—

With existing corditions: 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 distri~
bution of discharges obtained in the model compared satisfactorily with
the disiribution observed by Rhind in 1872. . .

Expcriment 2 :—
With only Banki Road spill closed and a discharge cycle rising to
15 lakhbs cusecs run to observe the effects of closing this spill. The Jobra.
~ gauge rose by 5” due to increased discharge through the Birnasi gap.
Experiment 3 :—
With only Birnasi spill closed by an embankment on the left bank of

Photo 3021 Katjuri — photo 3021 —; the embankment ended in a spur pointing roughly

Fig, 20

Fig. 21

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 Cutlack embankment at a point
1 mile below the Bellevue gauge — Fig 20—. As the floods rose, this
high velocity concentration moved towards mid-stream; and, with the
embankment in posilion, the Bellevue gauge was in back water. )

Ezxperiment 4 :—

With both Banki Road and Birnasi spills closed.

Fig. 21 shows the water levels at the Collectorate gauge in experiments
1to4. It willbe seen that the afflux in experiment 3 was markedly less
than in experiment 2; while in experiment 4 the afflux with 15 lakhs was
nearly 4% ft. DBellevue gauge wbich was masked by the bund re-
corded a rise of 4 feet.
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Experiments with 1/400, 1/60 model of the Mahanadi
and branches at Cuttack (Orissa)

3021

. Photo looking
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embankment
and spur las
tested in ex-
periment § 3.

<Naraj weir.

Mahanadi—>

1
Kat;uri (in foreground downstream
of Naraj weir).
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FExperiment 51—

) 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 same water
levels as at present (vide expt. 1) at the peak flood (15 lacs cusecs). This
could be achieved 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 aflux of 1.38" at the Jobra weir. As
this rise in water level may be considered objectionable, a 25 per cent
contraction of the Nara) waterway was tried ; the Jobra gauge then recorded

" ariseof 8" and Katjuri gauge of 10” at the psak flood. With 12 lakhs
cusecs flood, however, there was na appreciable afiux in the Katjuri.

6. Conclusions ;— : .
(1) Experiments showed that, with a peak flood of 15 lakhs cusecs, closing
" off the Banki spill would cause a rise of 8.5 ft. in the Katjuri water levels; and
the rise following the closing of Birnasi spill would be markedly less, viz. 1 ft.
at peak flood. :
(2) If an embankment ending in a spur pointing 60° downstream were
~constructed 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 spills, it is apparently necessary to reduce the
waterway of the Naraj weir so as to maintain substantially the same water level
in the Katjuri as at present, at the peak flood of 15 lakhs cusecs. 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) Ifa risein water levels of about 8" 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 Sind
Barrage to cause minimum afflux with g#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 tlope of the glacis. -
(3) To determine the optimum combination of upstream and down-
stream glacis slopes. o
~ (4) To cetermine the-coefficient of discharge at all stages of flow.

(2)/ Why alterations werz made in the bld design.

Originally the upstream pavement level of the weir was R L. 34, crest level
R.L. 40 and cistern Jevel R.L. 30. The length of crest (in line of flow) was 6'.

In the new design, proposed by the Project Division, Sind, .the upstream
R.L. was changed to 36, crest R.L. to 42, and cistern level to 28. Crest length
was maintained the same.

The reasons for altering the design were summed up as follows:

“The original 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 level required for the undersluices to hold the standing
wave would be very low, viz.R.L.26.7, while the lowest cistern that is desirable
from practical considerations and difficulties during construction should not be
lower than R.L.28.” :

Tn 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) Description of the 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
level and crest length The model consisted of three spans, each of 1.2°=60",
The width of the pier was 0.14'=7 and its overall length was 1.44'=72.
Length of crest in line of flow=0.12"=6". It was anticipated that the side walls

- would affect the distribution of velocities upsiream, due to the retardation 6f
velocity near the walls¥’. This was reduced by literally contracting the flow,
. @ short distance upstream as shown in Fig. 22. The effect of contraction in
equalising velocity®’ is well knowa. The effect of retardation of flow by the
side walls belween the bell-mouth and the weir, however, stxll remained.
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Another anticipated effect of side walls was the retardation of velocity of
flow over ‘the wier®??, In order to offset 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 intensjty per running foot of the barrage

- was (1/50)!-%, i. e."1/353, and the discharges passed through the model were
equivalent to 300 350, and 420 cusecs/ft Intensily in the prototype, i. e. cor-
responding to a total dlscharge of 750,000 cs., £50,000 cs., and 850,000 cs.
with 20 per cent concentration in midstream, respectlvelyz it was assumed that
the canals would be closed and pocket sluices and barrage gates would be
fu]ly open after the discbarge is equal to or gleater than 550,000 cusecs.

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

The following profiles were first compared +—

(1) 1 in 3 upstream slops and 1 in 5 downstream slope.

(2) 1in 5 upstream slops and 1 in 8 downstream slope.

Of these two, the latter gave Dbetter results in respect of affluxand cogfficient of
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 8 downstream slope
have been compared with those obtammg 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 corresponding to the normal maximum flood

of. 6£0,000 ce. as shown in figure 23 ; the toe of the glacis was given a reverse
curveof R = 11 ft.
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(5) Weir jormulas,

The discharging capacity of a _weir of infinite width may be represented by
by the dimensionless coefficient G, in the equation '

q Cl '\/2g :[)'l 8
where q = rate of diecharge per. ft. width and D = equivalent still pond depth

(1)Annual Report (Technical) 1940-41 (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 C = G, v 2g in the equation

caq = CDlvﬂ R
where C is nof dimensionless. This formula has been used to find out th
coefficient of discharge. .

(6) Velocity head, |

To obtain the true coefficient it was necessary to evaluate the equivalent
head of the velocity of approach to the weir, w}xich was added to the observed
.depth D, above the weir crest level to determine D, the total upstream energy
head. » ‘ T .

The mean velocity head on a cross section was taken as x v2/2g, where
x = correction factor varying with the height of the weir above the upstream bed, -
and v = mean velocity. An approximate value of 1.27 was assumed for x and
hence the velocity head was assumed to be 1.28 v?/64 = v?/50 approx. In
subsequent experiments it is proposed to.verify this assumption, or o obtain the
values of x , and therefore of the velocity head, for yarious-bed levels.

EXPERIMENTS WITHOUT & WITH GROOVE AND GATE RECESS
FOR PIERS, SOALE 1/50. '

(7) Procedure . 7

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 eee their effect on the coefficient of discharge. Groove castings
and gate recesses were found fo have practically no effect with either free flow
parabolic glacis or 1in 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) Summary of results% o . L
W O’aqﬁcieﬁt of discharge :~Fig. 24 shows the relationship between C (= g/D1s) Fig. 2¢
and percentage loss of head (= _]_)Jﬁ'l& % 100, where D, is the depth u/s over sill e
, ) and Dj 5, o, ds, ,) "
 Fig. 25 shows' the curves of the éomparative loss of head under the condi- Fig. 25
tions specified. The following .table shows the variation in the value of G, . -

with different downsiream water levels and with different discharges (with
groove casting and gate recess for piers).

TABLE 4 (scale 1/50)

Qp  Downstream Range of d/s water Range of variation
glacis slope levels + of C ~
0) @ i ® @
7,60,000 cs. 1in 8 l " R.L, 50 to 62 3.17 to 2.80
. . free parabolic - R. L. 50 to 62 8.175 to 2.61
8,560,000 ca. 1in8 R. L. 50 to 63 3.18 to 2.90
free parabolic R. L. 50 to 63 8:215 to 2-69
8,50,000 with 20 per 1in 3 R. L. 50 to 67 8-245 to 2-745
cent concentration free parabolic R. L. 50 to 67 8-265 to 2-785
+See note below table 7

It is clear from this that the
than the 1 in 3 glacis, '

parabolic glacis gave only slightly better results
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As, however, it is likely to present constructional difficulties the small
reduction in afflux due to the slightly better coefficient does not justify the
adoption of the parabolic glacis in preference to the 1 in 3 glacis.

(i) 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
and maximum downstream water levels, are shown in photos 4018 & 4019. The
wave formed well up on the glacis for the range of water levels given.

Photos
4018 and
4019

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

(9) Scale Effect.

In order to determine the coefficient of discharge in the prototype by
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 spaﬁs was maintained nearly
the same in all éxperiments, 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 c¢ement), which was as nearly uniform as eould
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 decreases with an
increase of scale—instead of increasing, as it does due to the decreased viscous
effect under free flow dowunstream. 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‘!’: 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 models, despite the
decreased viQous effect, which varies inversely with scale. :

Figs.26827
tables 4, 5,
& 6.

This is shown by the Figures 26 and 27 aud tables 4, 5 and 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 discharges> 750,000 cusecs—even allowing for
retrogression. :

For free flow, however, the coefficient of discharge increases with the size
Fig. 27 (b) of the model, as shown in fig. 27(b), due to the decreased viscous effect.

Table 5 of results for 1/40 geometrically-similar Model,

Q Glacis slope Range of d/s water Range of variation
P downstream levels : of O
() (2) (3) (4)
7,50,000 es. 1:8 R. L. 50 to 63 812 to 2:68
8,50,000 cs. 1:38 L.R.50 to 63 8-14 to 2-85
8,560,000 cs. with 20 per 1:8 L. R. 50 to 67 8:18 to 2-69
cent, concentration,

(1) Aannnal Report 1989-40, page 25.
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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.
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TABLE 6. 1/30 geometrically-similar Model.

Qp. Glacis slope downstream I:::ﬁ: l‘; ::l! 8 Range of variation of O,
(1) (2) (3) . (4)
7,50,000 os. 1:8 R. L. 50 to 63 8-10 to 2-65
8,560,000 es, . 1:3 R. L. 50 to 63 809 to 264
8,50,000 cs. 1:8 . { R.L.50to 67 8-14 to0 2.70
with 20 per ceot | : :
eonocentration

By extrapolation, the cosfficients of discharge of the prototype under
different conditions were obtained and these are shown in table 7. Figure 27 a,
b & ¢ show the extrapolated curves. The extrapolation is, admittedly, over too
“wide a range relative to (he range covered by the observations.

Figure 26 a, b and ¢ show various drowning ratios and corresponding value
of C, in the three different models.

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

-

(10) Cogwlusio;zs.

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

TABLE 7

: Downstream Cin
Qp water level* q=C D15 . Bemarks
1 2 ] 4
7,50,000 ce. R. L. 563 T s Minimum water lovel
) with retrogression
R. L. 588 2:99 - Minimem W, L.
t R. L. 62.0 2.75 Maximum W, L.
8,50,000 cs. R. L. 57-6 8:00 Minimam with retro,
R. L. 596 2.92 Minimem W, L,
R. L. 63.0 278 Maximum W, L.
8,50,000 cs. R. L. 57:6 8+00 Minimum with
with 20 per cent retrogression
concentration R. L. 59:6 2:95 Minimom W. L,
R._L. 630 2.76 © | Maximum W, L.

*The minimum and maximum water levels stated in col. 8 of tables 4 to 6 were

obtained from the envelope liues of the gauge discharge carves for site B near Hajipur for years

. 1982-43: the maximum, thas, does not take account of any further accretion consequent upon
the construction of the Barrage; the minimum, however, allows for anticipated retrogression. }

Thus, the coefficient of discharge will vary 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 downsiream water levels, i.e. with downstream water level
=67.0 for Q.=850,000 cs and with 20 per cent concentration, the extra-
polated value of C is 2.66,

(i) The free parabolic glacis gave only slightly 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 levals; ) '

(b) Tn the above experiments, the value of x in h, = x v?/2g is assumed to
be equal to 1.28. x evidently depends upon .the depth of the upstream floor
below the crest level !>,  So experiments will 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. L '

(¢) To see the effect of side walls on C with various water levels down-

. stream, : - -

(d) - To see the effect on C and the positiori of standing wave by raising the
cistern bed level downstream of the Barrage.

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

11. Determination of the Coefficient of Discharge of the Automatic Gates
Spillway for the Tansa Dam.
(1) Introducticn : . ‘

The 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 Fig. 28
proposed to install 38 automatic gates, each 50".long with 3’ thick intermediate
piers, making the reduced waterway 1883 ft. o : ' 4

_ There will, thus, be reduction in the discharé-ihg capacity " of the weir
owing to— - N ' =
(@) reduction in waterway ;
and () impact and frictional losses due to the piers and counter-weights,
Also, with the installation of gates the flood absorption capacity of the
reservoir will be mostly lost (see appendix 1). Full provision ‘for the disposal Appendix I
of the entire high flood discharge with the same H. F. L. as at present has,
therefor_e, to be made by improving the coefficient of discharge of the -automatic -
gate spillway. : ) " '
. (2) Object - | o
- The experiments were designed to determine—
1. the discharging capacity of the existing waste weir; -

& 2 the optimum profile of gates-cum-weir to give a suitable coefficient of
dl.schax:ge, go as to pass the maximum anticipated high flood discharge
with cill level lowered by 2'36 ft. to R.L. 418'92, and H.F.L. 42225

(3) The maximum discharge over the weir and the flood absorption s

the lake, with and without gates, Tplion capacity o

- The fan catchment formula‘® . ' ~ '
48,7(%15.090 AN AAH+ 4 where A‘= 526 sq. miles gives a dischz};ge of

From the data of observed maﬁmm run-off on 30-6-41 ' -7-41 i
maximum inflow works out to 34,000 cs. | and 2 7-41 the

(MC.1. & H. R Annual Report ( Tech.) for 1989-40, p. 45.
(2)Indian Waterways Experiment Sto. Annual Report (Tech.) for 1948, p. 67.
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As shown in Appendix 1, the existing absorption capacity of the lake is
28,100 cs. corresponding 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 of 36,000 cusecs with H.F.L. 422.25.

{4) Why siphon spillways could v{ob be recommended in the present case,

Had it not been for more or less insuperabla difficulties during construction,
this Station would have recommended siphon spillways— preferably Ganesh
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 leak-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 levél would be necessary for the laying of the foundations
of the siphons; while by 10th of February (corresponding to a working period
of 3} months) the water level only falls to R. 410 ie. 10 ft. below the existing
crest, making installation of siphons impracticable without coffer-dams; and
construction in coffer-dams is difficult because of the large height.

(5) Souale Effect of the Model, .

A 1/10th scale geometrically-similar model of the weir without gates was
" constructed in the 10 ft. R. B. Channel, to find the discharging capacity of the
existing weir. The weir is 130 ft. high but only the top 15 ft. 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 &xperiments were then compared with thpse of 1/8th
scale geometrically-similar model in a linking lest.

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

TABLE 8
D, in D, in O in Cin Water
Q. |118a.s.|1j8%G.8 |1/106.8.| 1/8G.8. | levelin Remarks,
model, model. model.” model. | prototype.
(cusecs) (ft.) (ft) R.L.
19,900 2.44 2.44 2.775 2.775 420.81 | Gate horisonial.
25,000 ' 2.88 2.83 2.80 2.80 421.20 | Cili R. L. 418-37.
86,000 3.53 8.58 2.91 - 2,90 421.90 | Downstream Slope 1
. in5up to 5.35 f¢. from
. 48,000 4.16 4.16 8.02 8.01 422.58 the Downstream end
" . and then horizontal,

(6) The model tests,

6.1 Model,

The profile of the weir, as proposed to be resectioned, was reproduced to
gcale in the model thus: the crest was lowered from R I.. 420.18 to R. L. 418.00
for 4.75 ft. from the upstream end ; then a slope of 1 in 5 maintained to a length
of 0.335 ft. = 2.680 ft. ; and, thereafter, the crest was kept horizontal for the
remaining 0.668 ft. = 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
against 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. = 1 fk diat_heter 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.

8.2 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=CD!:5.

where g = 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 observed corresponding to each water level ;
‘and rollers and eddies were located by woollen threads. .

Tt was apparent that; in order to improve the coefficient of discharge to
pass 36,000 cusecs at H, F. L. 422-25 with the reduced water-way, one or the
other 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 ;*’

(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 induce increased velocities (see fig. 29) ;
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Fig. 29 :
(¢) by streamlining the counterweight to eliminate the disturbance
created by the sharp obstruction caused by it (see fig. 30).
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6.3 Disoussion of results,
Two series of experiments were designed s .

In Series I, experiments were done with the gate .profile varying but the
downstream. weir profile (i. e. slope 1 in 5 and then horizontal) constant:
in Series II, experiments are proposed with gate profile (viz. sloping at 1 in 10)
and downstream slope 1 in 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 I, '

)

In Experiment 1, with the gates horizontal and the profile shaped as

described above, C varied from 281 to 295 for water levels ranging from 422-00
“to 423-29; at H F. L. 42225 a discharge of 32,700 cusecs only could be

passed as against 36,000 cusecs required.—see table 9—. But even this
showed an 1mprovement over the coefficients with the existing profile (sill
R. L. 420-18), where the maximum coefficient was of 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-crested with parallel flow (L/D=5-27 at H F. L.),
while with gates at R. L. 41892 it approximates to a short-crested weir
(L/D=1-17 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 5
‘slope and then horizontal,. The coefficient of discharge varied from 2:933 to
3-0805; the corresponding flood discharge at H. #'. L. being 34,222 cusecs

- (C=2.961). '

In Experiment 3, the gate slope was made 1 in 10.and the downstream
profile kept the same as before. C 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.

Fig. 80

Fig. 81

In all these experiments, two eddies, one at the wupstream 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
to the step below the gate (see fig. 30). The coefficients with the counterweight
removed and with the gate horizontal (Expt. 1(a)) were compared with the
results of experiment 1. The coefficient slightly improved, varying from

"2.865 to 2-99 against 2-81 to 2:95 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
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) Pressures on the top of the gates vary, reaching the maximum at
mid-gate and then again falling at the step due probably to reverse curvature
at the downstream end of the gate ; and.falling further to a minimum 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 observed 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 levels and corresponding total discharges passed in each design, Gill 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 eounter- :
Existing weir profile : in position weight in position weight in position Remarks
(1/10 G. 8, model) « (1/8 G, 8. model) (1/8 G. 8, model) (1/8 G. 8. model) .
W, L. Q, ' o W.L. Q, o W. L. Q, 0 . W. L, Q, - C
. . L4
421.65 10,100 2.88 [ 422.00 28,900 2.81 422,008 80,260  2.933 422.00 81,657 8.0732 Xt is required to
: . : . : . . o L pass 86,000 cs,
422,09 15,000 2.83 422.152 81,400 2.84 422,152 82,607  2.9536 422.152 84,049 8.0839 with npstream
: ‘ . | - . ’ W. L. 422.25.
492,96 | 17,000 2.81 422.95 32,7000 . 2.84 422.20 83,482  2.966 492.25 35,703 3.0917
422.50 19,900 2.80 422.52 87,800 2.89 499,24 34,299 - 2.961. 422.52 T 40,898 8.1124
422.89 25,000 2.80 428.29 . 50,3800 -2.95 422.30 85,188  2.9788
422.544 89,846 - 2.9882
428136 50,675  5.0805

III X9vg

€¢
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to do other experiments in addition to Ssries IT, with modifications designed to
eliminate —

(@) the upstream roller by rounding the upstream end of the gate ;

and (b) the eddies caused by the counterweight by streamlining it.

APPENDIX I

1. Calculation ;f Time of Duration of Flood and Flood Absorption
Capacity of the Tansa Lake with and without gates.

Let Q = rate of incoming discharge in cpsacs.
T = Time in seconds during which the flood lasts

A = Water spread area in sq. ft. when water level is mldway between
F.S.L. and HF.L.

L = Length of the weir in ft, )
C = 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 + Outgomg dlscharge

ie.Q.T=A.H+CLH¥? xTxm ... (1), where (m.C.L.H.3'2) is the
average rate of 'disgharge over the weir; and m is the ratio of Qumean/Qmax-

To find the average rate of discharge,
- Let at any time t, g, = outgoing discharge
& h=head over weir
then g» = CLh3/2
.. Total outgoing discharge in time T when head varies from zero to H

i} H _
= fqudii= {CLh*/='dn
.00 0 '

H
[2/5 CLh3!? ]O

Co Qrotr = 2/5 CLHSF’
Qmean = Ql‘otg]/H =2[b CLH3'?

- <. = Qmean IQmsx. =04 » .
Substituting this value of m in equation (1),

, QT=AH#04T.CLEY® . _ .. (9
Now Actually in the case of Tansa reservoir
Q =48,000 cs. -
A =743 +q. miles
L = 2,000 ft.
C=29

Note-—(O in 1/10th scale geometrically-similar model = 2-83
Allowing for excess frictional loss in model,
C =29 in the prototype)
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Substituting for C in eq. (2) and dividing throughout by T
Q=AH|T + 0-4 x 2:9 x 2000 x 2.321-3
.. AH/T=239,800
from which T =12,080 geconds
or 3 hrs and 21 minutes.
In 1941, a flood of 33,000 cs. lasted for 3 hrs. and 35 minutss; hence

a discharge of 48 ;000 cs. may last for a smaller psriod and so the period worked
.out above appears to be on the safe side. .

2. Flood ahsorption Capacity of Tanss dam..

Major A. Garrett®? has evolved the following formulae for calcula.ung
the length of the waste weir allowing for foad-absorption capacity of the
Teservoir.

B=Ti/2h A
and 1=n1i/oh3f?
where

1= maximum estimated flood into the reservoir
in cft. per second. .

T = Time in seconds in which such a flood may be expected
to last. ‘

h = Difference between H.F.L. & F.S.L.

A = Area of the water spread of the reservoir in sft. when
water level is midway between F. S L. and H.F.L.

1 =length of waste weir
¢ = Coefficient of discharge of the weir.

The maximum influx calcula.ted from the lake contenis was 34,000 cusecs
. n 1941 when the lake level rose from R.L. 409 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 vstimiated inflow of 48,000 cs. were to last for
3 hours and 21 minutes (i.e. 3.35 hours) with F.S.L. = 420. 18 and H.F.L. = 422,50,
_.the flood absorption capacity of the reservoir can be worked out as follows—

) B=Ti/2hA

where ‘ , S

T = 3.85 hrs. = 12,080 seconds.
*  h=2.321t

A =7.43 sq. miles.

i = 48,000

: B 12080 x 48000

. 2% 282 % 743 X 5280 X 5280
= 0603

Referring to the table for values of B and n 2, the correspondmg va.lue of
n is .385,

. the discharge passing over the weir i.e.
ni is -385 x 48000 = 18,500 cusecs.

Actually the model showed that with H.F.L. at RL. 4225, a discharge of
19,900 cs. can be passed.

Thus assuming outgoing discharge as 19,900 cs. the flood absorption
capacity of the lake works out to (48,000 — 19 900) 28,100 ‘cs.

(1)Irrigation Pocket Book by Buckley (p. 825) 1925 edition.
(2)Irrigation Pocket Book by Duckley (p. 827) 1925 edition.

iy
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Flood absorption with gates,

With the installation of gates, F. 8. L. will be 422 and H. F. L. 422'50.
Therefore the difference between F. 8. L. and H. F. L. is only 0-5.

Assuming that the maximum estimated inflow of 48,000 cs. 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 reservoir will be

B=Ti/2hA

T =12,080 seconds.
i = 48,000 cs.
h =05 ft,
A =745 sq. miles.

. Be ___12,080x 48,000

ot 2x0-5x 7-45 X 5280 x.5280

=2782
Referring to the table
n=09 to 1

Assuming n=0-99 o :
the discharge passing over the weir 18
0-99 x 48000 = 47500 cs.

i. e, the flood absorption capacity of reservoir is 500 cs. only, i. e. practically
negligible. : ' .

where

(vi) “LOCAL TRAINING.”

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

PART I : PRELIMINARY NOTE,
(1) Introduction

(A) Main Line between Parlu &pd Gole,

Due to very heavy rainfall in the catchment, unprecedented high floods. .
occurred, in August 1944, in the Luni riyer which takes off from the foot-hills of
the Aravalli range near Ajmer and flows in the south-west direction through the
Jodhpur State (see Fig. 32). Several breaches occurred along the main Jodhpur
Railway line running parallel to the river from Luni to Gole, roughly 13 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 railway authorities decided 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

present high flood level by about 6 ft. allowing for a probable rise of 8’ in river
levels due to bunding up of the river and 8’ for free-board. Model experiments
were also suggested for determining the optimum river training 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 tothe Railway Bridges and Railway track are due to the high
:intensity of 1ainfall occurring over the cafchments in a very short time, thus
concentrating large floods into the rivers. The floods build up so rapidly that
the river dces nct get time to scour its bed and water simply spills over the
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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 tecomes very weak and eventually gives

way ; water also percolates through the bund due to the large head (of the order

t()))f 5 to 6 ft.) and meets the downstream 2 : 1 slope at a higher level than
e toe.

There appeér to be two ways to prevent damage :

(i) to have the railway track, duly protected, 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 ft;

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.

It is, however, undesirable to allow the main line-which is the link to .
Sind — to be submerged under 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 1t is possible to let the line
be submerged occasianally during high flocds, vide (i) above.

. The bunding eliect due to raising the line above H.F.L. will result in an
increase in the present H.F.L.; on the other hand, as the floods wounld be
contained within the railway embankment, the river will tend to scour its bed,
(a) partly due to the increased ‘'discharge 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. The net increase over the present H.F.L. is
expected to be 2 {t,, taking into account a natural rise in river levels of {he order
of 1 ft. per 100 years. Allowing a freeboard of 3 ft. the railway embankment
may be raised, generally, by 5 {t. above the 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 6 ft. 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 banks, wherever
possible, are necessary to repel the attack of the river downsiream of Balotra.

(1) Short spurs about 10 ft. long, with semi-circular heads built at
suitable angles 1o 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 and have protected the embankment
adequately; these may be constructed where 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 100 to 150 1t long
pointing 60° upstream, at intervals of about 1500 ft. The upstream side
and the nose of these groynes should ke provided with 2 fi. 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 4 ft.,

An independent series of experiments were done at the Station to test the
slable 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 1in 2.6’;
8o a 1 in 3 slope is recommended.

Indirect evidence in support of the view that rivers in the Jodhpur Stéte
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-
stream of the Jawai Bridge No. 32 at mile 33/3 of the Samdari-Raniwara
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the floods was severe,

(2) .Very severe bank erosion took place to the extent of 300 ft. on the
right bank of the Khari River at mile 56, outflanking the Railway Bridge,

Branch has not launched, though the action at the nose of the head during

(B) The Railway Bridge on the Samdari-Raniwara Branch
over the Luni river, ’ .

The Luﬁi river debouches from hills near Ajmer, and collecting water on the

. way from’ various tributaries, Lilri, Raipur Luni, Sukri, Bendi etc., flows' west=

-railway line. ~

ward till Gole, where it turns southward and flows roughly straight till it meets
the Arabian Sea. Itis a very wide and shallow river (B/d = 500) and is mostly .
dry throughout the year except during short periods of the monsoon season. In
years of  extraordinary floods it overflows the banks, causing damage to the

The average width and depth of the river near the Samdari bridge, in flood,
are 3800 ft. and 8 ft. respectively and its slope is 1 in 1590. The analysis
of the bed sand samples shows that the river.bed 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 -

Fig. 83
App. I

Appﬁ. I

Fig. 84

Fig. 85

that most of the pebbles find their way into~the river from the hills on the
right bank. ‘ : : - ) '

No attempt has yet been made to measure the river dischargs and so reli~
able discharge data are not available. Only a rough estimate could therefore be
made of the 194 { flood discharge, which was the biggest flood recorded since 1917,
The total sectional area of the waierway through the bridge, the breaches, and
the spill through and over the railway bank, measured from Fig. 33, = 67,867
8q. ft; and, assuming arbitrary velocities in the various sections, based on the
observed approximate velocity of 10 ft/sec. at the centrs of the bridgs, 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 about 260,000 cs. This. approximately, agrees with a discharge
of 2,46,000 cs. calculated by Manning's formula, as showa in Appandix IL

- No gauges 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) Annolysis of the rainfall data,

" Thé data of the annual rainfal] in the catchment and the figures of maxi-
mum rainfall in 24 hours for each year are available. The analysis of these
shows that— '

(8) The average annual rainfall is 19"

(D) The total rainfall and intensity in the years 1909 and 1925 were
lower than in 1908 and 1926 ; yet the damage done during the lower 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. ‘

(¢) 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‘!’; besides, the
absorption of the flood is very large, as the area on which water spreads is
considerable. :

(1) Indian Waterways Experiment Station, Annual Report (Tech.) of work done during the
year 1943, page 67. .
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(3) The Rulway Bridge :

Figure 36 shows the bridge near Samdari. The bridge is 1298’ in length
and has a clear waterway of 1160’ with 29 piers: while, bafore the constraction
.of the bridge in 1927, the river width at the bridge site was 3100’ Thus, the

Fig. 83

present clear watex;way is only 0-374 times the normal width of the river and

18 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. 446-08; the rail level is at R.L. 449-83.

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

The river bed of 1926 (prior to the construction of the bridge) and of 1944
-are shown, from which it w111 be seen that the river bed had secoured consider-
ably in the 10 left end spans.

There is little possibility of the shifting and spﬂlmg of the river on the right
bank as there are hillocks and rock outcrops of sand stone or resistant clay on
. -this bank.

When the bridge was constructed, the high bank line was continaous upto

A, shown in Fig. 37, and a concave guxde bund (as shown in the figure) was

' constructed from thls point to the left abutment for prevention of flooding of the

low level area behind the bund Since then the river has been gradually ero:img
the bank.

Tn 1939, high floods occurred in the river, the maximum recordei water
lovel at the budge being R. L. 443-5. The guide bund breached 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 a T head. A new retired bund was “also constructed for checking the
tendency of developing new channels. ,

During the flood of 1944—the maximum recorded since 1917—the water
level rose to R.L. 447- 2, 1. e. up to the underside of the end spans: the flow was
-obstructed in the mlddle portion, where the R. L. of the underside of the girders
was 446-08. - Big breaches resulted in the guide bunds and a 612 length of~
the railway 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 to R.& 416-13—
1. e. 15’ below bed level.

All the breaches have now been reomred and an apron has been provided

for the protection of the - gulde bunds. The bridge has been raised by 2,

accordmg to Sir Claude Inglis’ recommendation.

- The damage to the bridge seems mainly to be due to the adverse curvaturq
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 1944 floods, was approximately 6 ft. This inordinate
afflux at the bridge.appears to be due to a combination of circumstances, such
as the insufficiency of lineal waterway, the un-uniform d;stnbunon of ﬂ)w 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 eilt and has

Fig.87 ~

Fig. 87

got a growth of tamarisk, indicaling its more .or less permanent nature. The

1sland near the right bank does not appear to be as permanent. The existence
-of the natural islands suggests that pitched islands may bs a possibls solution
for centralising the flow 1n this case.

The existing main stream of the river id from the left bank island towards
the right abutment, there being a bye-channel along the left bank. On the
.downstream of the bridge the main channel is along 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 epill‘ on:
the left bank and then flow parallel tothe railway line, During the 1944

4 floods, 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-

Fig. 88

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 railway
track, the existing retired bund will have to be extended with the olject of
diverting the spill to the channel which crosses the line at Bridge No. 4 at
mile 5/9. If this extension 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 suggest themselves for consideration during model
testing :— , : A _

(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, i addition, a suitably designed guide bund to-
prevent any outflanking 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. MODEL EXPERIMENTS
- 1/200 + 1]40 Luni Model Experiments,
Experiment 1: (with existing conditions),

At the start the model was laid with vertical exaggeration =5 and slope
exaggeralion = 3, according to the survey made in Aprl 1945. The model

‘extends for 172 ft. (=65 miles ) upstream of the bridge and 119 ft. (=4}

miles ) downstream. The bridge in the model consists of 7 epans, 925 ft. each
as compared with 20 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 1/8" size.
Water level at the bridge for the estimated maximum flood of 250,000 cs. was
447.2. Assuming, discharge o« depth3’3, depths for different discharges were-
calculated. Time scale adopted is shown in fig. 88. Equivalent depths and
gauges maintained in the model for various discharges are shown below,
in table 10. ' '

'TABLE 10
. Gauge
River Model | Depth of Depth of -
discharge discharge | water in river water in Tg?glie& Hemarks,
in cusees, in cusecs. in ft. model in ft. | ¥ g
model.
50,000 1.25 609 1520 1.847
100,000 2.50 9.28 2309 1.926
150,000 8.75 11,78 2940 1.989 -
. 200,000 5.00 14.00 8500 2.045
250,000 6.25 16.00 " 4000 2.095
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The large value of the ratio B/d, viz. 110, and the slope of 1 ft. per 1500,
indicate a heavy charge of bed material; so in the model, heavy silt charge was
necessary. For the maximum discharge of 625 (=250,000) cs, the charge
injected was 0-6 part per 1000 by weight, as determined experimentally. For
lower 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 5.0 designed. :

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

Afflux for thé maximum discharge of 6.25 c¢s. = 250,000 cs. 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. Lhave been given (and even the high flood dischdarge has been estimated)
it is reasonable to conclude that the model was correctly reproducing the prototype.

Bed “and surface lines of flow were observed with a discharge of 2-5 cs.
=100,000 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 the end
. spans of the bridge than in the midstream. Return flow and eddies were formed
in the pocket between the bunds, and at the head 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=-47 (Q/f)}/3 according to Lacey. For Q= 250,000 cs. and
f =.895 for .26 mm. sand, maximum depth would, accordingly, be 62 ft. _This
depth, however, cannot be exrected in flashy rivers where the maximum flood
occurs for a very short duration; and zarticularly not in a river such as the Luni
which widens rather than deepens during floods. '

At the old guide bund the surface water was atiracted to it and the bed
water was deflected away from it. Diving .-flow thus produced caused the bed
along the bund to scour. The flow hit 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 undermibing of the foundations; and the 2nd pier from the
left bank tilted. Below the bridge most of 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. . i

At C.8. 17.5 =35C0 ft. upstream of the bridge—across the natural islands—
the maximum velocity was 1.1 =5.5 {t[sec. in the left and central channels.

With the maximum discharge of 6.25=250,000 cs. only surface lines of
flow weie observed: bed lines and velocities could not be observed as it wounld
have necessitated the running of model for a longer time, 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 thé existing conditions at the prototype. Further
experiments are in progress and will be included in next year’s Annual

Report (Tech.). ’ '

. APPENDIX I

Apprbximate maxin.um flood discharge through the Luni Railway Bridg
and various spills during the 1944 flood season, ‘

Figure 33 shows the longitudinal section along the railway bank from the
railway bridge No. 3 to mile 7. The cross-seclional-areas of the waterways

Fig. 89

Fig.; 40

Fig. 83
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throtigh 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 10 fi/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.

TABLE 11
o ’ . Arbitrary velo- . ‘
I?; _From To Asreaﬂ:n cities assumed {);S:B:;?
. Q. 10 ~ in ft/sec. y
1 Bridge No. 8 18510.00° 7 129570
2 | Ch. 20540 Ch. 21080 7203.60 4 28816
8 » 28580 » 24384 5628.00 4 22512
4 » - 24495 » 24820 1300.00 2 ‘- 2600
5 » 25700 » 27400 8160.00 2 16320
6 5 27520 » 27800 868.00 1 868
7 . 27810 » 27900 788.00 2 1476
8 » 27945 » 28170 2205.00 © 2 4410
9 28950 s, 29800 4154.50 3 12465
10 Bndge No. 4 _ 840.00 5 1700
11 - Ch. 30600 Ch, 81028 | 577.80 1 " b78
12 » 81028, o 31200 464.40 1 464
13 » 381400 « 31000 A 2431.00 2 4862
14 »w 381370 A » 82170 352.00 2 - : 704
15 w 82250 » 34830 | - 1185.20 2 2270
16 Bridge No. 5 434.00 b 2170
17 Ch. 84830 Ch. 36000 5850.00 K 17550
18 » 36000 » 36568 . 2811.76 2 4624
19 » 36568 » 87500 4188.08 13 6307
20 » 87500 » - 38154 1066.02 1 1066
_ Total sectional area of waterway  67867.36 . 261,052 cs.
APPENDIX II
1944 flood discharge according to Manning's formula
1.486 R2/sS§1/2 D .
y= HA86RTISTE

‘where
V = velocity 1 ft/seec.
- ri R= Hydraulic mean depth.
- - S =Slope
n = Coefficient of rugosity ( 0-03 for rivers in bad regime).
(1) At the cross-section 4000 ft. upstraam of the bridge
Area—A =51,000 sq. ft.
S=-6 ft. per 1000
~ R=875ft.
V= 1-486 x 8-752/3 x 0006”SB '
) 03 -
= 5.1 ft.[sec. '
. Q =AV=51,000 x 5-1=261,000 cusecs.
. ¢2) At the cross - section 5600 ft, downstream of the bndge
Area—A = 46,000 sq. ft.
S =8 ft. per £000
~ R=688 ft. :
. v 1486% 6887120008112 _ . o, £t feec.
e 03
.. Q=AV=46,000x% 504 =232,000 cusecs, -
.*. Average discharge (Mean of (1) and (2) )= 246,500 cs.
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13. Training of Jumna at Delhi Gate Pumping Station with Pitched
Embankment on the Righthank.

1. Introduction :—

Experiments with the Barrage at Purana Killa‘®? showed that with existing
groynes, the increased depths upstream of the Barrage caused accretion of the
bed in front of the Pump House inlet; thereby necessitating dredging a lowelevel
-¢hannel to feed the pumps-during the low water stage.

Experiments were, therefore, carried out to determine the measures required
‘{0 improve these conditions.

9. Flow conditions in the rivey :—

Under existing conditions in the river, the main stream follows ihe left bank
down to groyne 3, then gradually swings to the right, misses groyne 5, is more
-or less central oppox-nte the pump house and crosses to the right bank well
downstream of it. Bankful stage is reached with about 40,000 cusecs and when
the discharge exceeds about. 70, OOJ cusecs, the spxll cha.nnels on right bank
begin to flow.

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

With' the barrage, there would be &ccretlon in the river bed which would
-cause the westerly ‘channel to spill earlier and the period of slack flow would
'per?ilst longer, and hence there would be a rapid deterioration in the pres ent
-conditions,

3. Experiments:— In contmuatlon of four experiments reported in the An-

nual Report (Tech.) 1944‘®’the following further expenments were done (see Fig.

49) :—

Expenment 5 :— With the groynes as existing, with a Barrage at Purana. Killas
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.

Eaxperiment 6 :— Same as experiment 5, but with the nose of groyne 4 receded :

by 200 ft; the mld-depth point being kept correct.

- Eaxperiment 7 :— Same as expenment 6, but with the length of the proposed
embankment reduced to 1275 ft, a curved head bemg provided
as in experiment 5.

Ea:per:ment 8 :— Same as experiment 7, but with the length of the embank—
ment increased to 1575 ft. and its ahgnment altered with a
view to improve curvature.

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

Expenment 10 ;— Same as expt. 9, but with the 1575 ft. long emba.nkment of
expt. 8 added. .

Experiment 11 :— Same as expt. 10, bat 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 Purana Killa,

(1)Annual Report (Tech.) for 1944, page 8, :
(2)Indian Waterways Experiment Station Annual Report (Tech) 1944, page 8. -

Fig. 41

Fig. 42
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4. Precedure — Before starting each experiment with the Barrage at.

Purana Killa, the model bed was moulded to the conditions obtained in experi-

ment 3, with injection of fine silt. To accelerate results, silting obtained in the

. experiment was exaggerated three times. The mcdel channels before experi-
Photo 3058 ment were thus as shown in photo 3055. :

Before starting experiments without the Barrage, the model bed was mould-
ed to the 1942 river survey because to mould according fo results of expt. 8
would bave been to impose wrong conditions on the model.-

Discharge cycles rising from 40,000 cusecs to 90,000 cusecs and falling
back to 40,0u0 cs. were run jill stability was obtained. The rate of injection of
sand was .055 parts per 100v with 40,000 cs, .

5. Discussion of experiments i—Experiments were carried out with differ-
ent lengths and alignments of embankments, on the right bank upstream of the
Pumping Station, top ensure forward flow at the Pump House, at all the flood
stages, and to increase the vélocity near the Pumping Station by attracting the
flow o that the low water channel would persist along the Pump House.

Reproducing prototype conditions in vertically-exaggerated models in such

cases is difficult because action at rigid structures is geometrically-similar while

" the rest of the model is vertically exaggerated for reproducing curvature of flow

correcily. Scour-holes round rigid structures are, therefore, usually deeper and

wider than according to scale in the prototype due to the natural angle of repose;

which cause relatively greater .concgntration of discharge at noses, tending to
vitiate conditions; and results must, therefore, be adopted judiciously.

Fig. 48 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 point being kept correct—a useful model technique.

Figs. 48  Figs. 43 and 44 show the scour-holes and the low water channels in experi-
& 44 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
Fig.45 from 1875 ft. to 1275 ft., was similar to that of experiment 6.

In both these experiments, the low water channel was st/ill nearly 200 ft.
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

Fig. 46 that it crossed over to the right bank at the Pump house inlet as required.

Lines of flow were observed with 40,000 cs. in experiment 5, 6, and & 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 was well distributed and more natural than in experiment 5. In experiment 5
the tendency of the bed flow, at the nose of groyne 5, was along the edge of
the scour-hole 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 oblained 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

»ig. 47  -results showed that (without any device to attract the flow, to the Pump House

FPhoto 4056 bank) the low water channel crossed over to the left bank below groyne 5, 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

(Shoal in front of
! Pumping Station Bank,

Shank of
groyne 6—

Groyne 5 <Pitched
thhdtrlm- embankment
cated nose. upstream of

Pumping

S Station.

groyne 4™

Photo 3055 : Photo looking downstream frem 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 experiment 6 in which
the nose of groyne 5 was receded.

1/150 : 1/46 Jumna Model Experiments

4056
Shank of
groyne 6— Showing
low water
Groyne 5— channel in
expt. Y
= with exist-
| ing condi-
fions L e.
Shank of  without
groyne 4— the

| barrage.



Fig. 48

Fig. 49
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_ Inexperiment 10, the 1575” long embankment of experiment 8, which had
given satisfactory results with the barrage, was added; but the results were not
%a.tlifactory as the low water channel was 660 ft. away from the Pump House

ank,

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 embankment 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 upstream end to the tail was 2400 ft. excluding the

curved head.
Results were satisfactory as the low water channel was along the Pumping

Photo 4073 Station bank as desired.

Fig. 50

Having obtained satisfactory conditions without the Barrage, in order to see

" if the samez embankment would be equally effsctive with it, the Barrage was

added at Purana Killa in expt. 12 as in the first 8 experiments. The results

Photo 4076 were satisfactory as the low water channel hugged the Pumping Station bank.

Fig. 49

Fig. 50

Fig. 51

Fig, 52

Observation of lines of flow with 40,000 cusecs in experiment 11 showed.
a definite - curvature effect in that almost all the bed lines were deflected away
from the Pump House bank; but. the high velocity surface lines hugged the bank.

In experiment 12, though the curvature effect was not so apparent the bed
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 Barrage without
an embankment so as to give a low water channel, as seen 1n fig. 50.

It 18 anticipated that the results would be appre_cigzbly 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 scour is said to continue 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 of embankment on the distribution of velocities at & cross section 150 fe,
upstream of the weir site of experiment 2 (for location of this cross section
please see fig, 42)i—

Fig. 51 shows the ratio of V mean on the vertical to V mean of the cross
section plotted at each point of the cross section with QE40_,000 cs. In ex-
periment 9 (i. e. existing conditions) and in experiment 12 (with the Barrage
and the best design of the embankment). It will be observed that the
embankment caused a decrease in the velocities in the lefé half of the cross
section and an increase of velocities in the 7:ght 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 stone
pitching may be 2 ft. thick.

Launching apron:—In order to protect the toe o:i the emban}:ment, 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 I).

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 Experiments

Shank of
groyne 6—

Groyne -

Shank of
groyne 4-

4073 Showing low water channel in experiment 11 with realigned
embankment upstream of Pumping Station and existing conditions

(i. e. without Barrage).

Shank of
groyne 6 —

Groyne 5 —

Shank of

groyne 4

<

' ;
4076 Showing low water channel after experiment 12 with Barrage at
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 Killa at some subsequent date.

(2) The upstream existing inlet of the Pump House, in case the
embankment is constructed, may be altered to the position shown in fig. 52,
i. e. downstream of the preeent inlet, because, at the downstream site,
the curvature effect produced by the embankment is likely to be more-
pronounced. .

APPENDIX I

Showing the calculation of the quantity cf stcne required for the falling
R apron to give a 2 Jt, thick launched apron, ,
- Data :— . !

Quax. = 100,000 cusecs.

Water level at Pumping Station :
with 100,000 cusecs = R.I.. 71-00 (to G‘r..T.S. datum)

General river bed RL. .
at the embankment site = R.L. 58-00
£4=2-76 vm =100
Toe of the pitched embankment may be kept at the general river bed levek
at the embankment site. - : N

Maximum depth of scour at
the nose of the pitched

embankment ... voe =18 Dprgeey™ * -
or  =18x-47 (QMf)s
=393
=39 ft. say.
" . Lowest bed R.L. in scour pit = 71 - 39
- =32R.L.. .

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

~. -Length of launched apron= v 522 + 262
- =5815
- = 58 ft. say.

.". Quantity of stone per running foot of the embankment,
Assuming a 2 ft. thick ' ' )
launched apron . =H8x%2

=116 cff.
.~ 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.

!

y . . PARTI
(1) DNecessity of barrage for Lower Sind :—

It is expected that, due to the contemplated further Punjab’withdrawals,.
there will be a serious lowering of the river levels in Lower Sind, particularly in
the months of May and September which are crucial months for Kharif crops om
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.

€1 Annual Report (Tech.) of work done during 1944, Ipngea 74-81,
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-

(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 avmd 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 Barrage.

() Itshould be as near the command as possible to" avoxd unneces-
sarily long Feeders. -

In case of a Project for Lower Sind, three alternative sites were consideredi—
(1) Kotri (2) Hajipur and (3) Jherruck.

The site near Kotri satisfies requirements (a) and (b) above; it would,
no doubt, involve longer and costlier Feeders than a Barrage at either J hermck
or Ha]lpur, but, deciding where to build the Barrage on first cost instead of on
all4time, general superiority would be a folly.

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

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

(1) Site C and (2) Site B.

Out of these two sites at Hajipur, a_Barrage at site C is cheaper as
construction can be carried out there in the d7y 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 cofferdams, 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 smtablhty of site, a model was constructed in Sangam
sand having m = 0.18 mm. and with horizontal and vertical scales of 1/250 and
1/50, respectively. The model extended for an equivalent of 9 miles upstream
of Hajipur to 5 mﬂes‘downstream of old C.S. No. 13.

(4) Experiments with the barrage at site C and concluszons

These experiments have already beea described in the 1944 Annual Report
page 55. The experiments showed that :

(@) Due to wrong convex curvature imposed by thé guide banks and
the central island, most of the bed material would enter the -canals on
both banks.

() There would be difficulty in regulating and controllmg the supply
of water in right and left bank channels.

(¢) The excess discharge required to work the excluders and ejectors
causes an excess load of bed sand to be drawn into the pockets; and this

(337 of the canal discharge); and this ejected escapage water with its
supercharge would then be injected into-the river downstream, with the
inevitable result that much of the bed sand would accumulate at the outfalls,
as the slope of the river in this reach is too flat to carry away this super-
charge ; and so dredgers would be required to remove it continuously.

(d) Once the excluder tunnels get blocked, the design would completely
fail ; and the Excluders would act as “mclude'rs" or “attractors” of bed sand.

() In order to keep a river channel along the left bank, unnatural
conditions would have 1o be imposed which under certain conditions might

 and thence into the left Bank canals.

Fig. 63

Fig. 63

Fig. 56 (b)

Fig. 54

excess bed load has then to be e]ected with a relatively small dlscharge ._

lead to a very heavy charge of bed sand being drawn along the left bank :
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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 valuable consideration in Sind, it is Jimportant to 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) Ezpenmmts without barrage at site B

155 In order to prove the model and compare results that would be obtained with

the barrage at site B, the model was first run-without the barrage at site B,

according to a rising ‘and falling cycle of river dlschargas based on observations
Fig. 55. at Kotrl in 1943. The time scale as adopted is shown in Fig. 55,

&00 o 7 NO:5653
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- r _Poona.
soo A
i ol )
g s
§409 ] 1 . ( Q )
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‘;‘ / R \af Holri, /7In//esu/§
~
Qo y _of Barrafie
1 - ' ~ site B. -
0 |- : , o L9435
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. i . ]
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o —T" ’
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n | —
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S 0 \é;\, . Q and fime in
o ‘ d . L
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Q aa? ‘ ‘
N o \Q\i ‘
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~
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i .
Fig. 55. ’

Fig. 56 (a) After running three rising and falling cycles, lines of flow were observed
4 57 (s) and a mipple plan prepared to get an idea of the flow conditions.
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The model correctly proved the flow conditions and showed three principal -
.channels D, E and F, the percentage of discharge obtained in these channels
~ being 30, 10, 60 respectively. : .

(8) Experiments with 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 regime of the river upstream, a’ heavy charge
-of fine red silt (6 parts per 1000) was injected. The first effect of heading up -
was to cause a straighter flow down the river. Heavy silting took place on Fig. 56 (b)
Keti-Mehrani; and, after exaggerating the thickness of silt (as the process of -snd 57 (b)
gilting in the model is slow), 1t was observed that the extreme right, low-level
.channel F redevéloped its tendency to meander still further out, which is just
what has occurred upstream of Bukkur since the Sukkur Barrage has been built.

(7) Conditions on ths left bank :—
Three canals have been proposed on the left bank —

-

Nowaof nar  Dithorgsatsonat - Discharg ofcna
Fuleli Feedér_. - 16,000 Cusecs - 21,300 Gusecs
Guni perennial Canal 2,600 Cusecs 4,480 Cusecs
Pipyari Feeder 16,000 Cusecs 21,300 Cusecs

‘ 34,600 Cusecs 47,080 Cusecs:

First, the left bank canals were run with discharges including escapage
discharges. It was observed that when the percentage in the pocket exceeded
- 12 to 14 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 ¢anditions on the left bank_ it was propssed mot to use
.ejectors or excluders on the left bank (ie. to run only 84,600 cs. instead of
47,080 cs). - ,

The optimum width of the left pocket for this pocket diséharge 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 tested. A divide wall=2/3
the 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 fulllength up to the upstream face of the first camal head
-regulator.- i

It was also observed that with the divide wall at right angles to the barrage
a heavy swirling action 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 curvatare®’ for sand exclusion, though it reduced
the depth of scour to=40 ft. A divide wall, equal in length to 0'6 { (where
l is the length of the divide wall from the barraga up to abutment of uppermost
.canal) and then 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-hole
and hence was adopted. )

The maximum differential head, observed across the left divide wall for
-Q = 5,30,000 cusecs, under still pond conditions, was 3. 70 ft.

(1) Bombay (Tech.) Paper No.;52, page 81,
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7 (@) Scour at the nose of divide walls:— -

As regards the shape of the ecoui-hole, allowance has to be made for
vertical exaggeration of the model (vert. exaggeraticn = 5.0.) Previous experi-
ments of similar nature carried out at the Station have shown that the horizontal
scale of scour-hole in the prototype is approximately balf the horizontal scale of
the river model?). " Fig. 58 shows the probable prototype contours of the
scour hole (1. e. after allowing for a V.E. in the model scour-hole of 2.5) round
the nose of the left divide wall, with still pond conditions and river discharge
= 500,000 cusecs which will be the worst conditions for scour. It was recom--
mended that the protection round tke nose thould be laid approzimately accord--
ing to the shape of the scourhole. :

) No-565F
INDIRN VWRTRRWAV EXPT. S YATION,
Poona,

PLAN SHOWING CONTOURS
ROUND THE NOSE OF LEFT DIVIDE WALL
, FOR B} -
QR=500,000Cs.
. SCALEX "= 2507
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o
. ~
; O N . ~
1 3 . R : t
e _
Ve Iy
3 | a
£ |
Wy
8 .
3 . |
E e—8 SPANS OF 607 PIERS OF 75~—q'
~ ¥ '& L.8.

{
3}

CENTRE LINE QF CREST OF THE BARA’AGE:’

PARKHL.

\ Fig. 58
(8) - Londitions on the right bank:— :

.. On the right bank, there is only one canal — the Kalri Baghar Feeder —
vyxth 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-
concentration of flow on the left bank, the portion near the right bank silted up;
and t.lns will be. accentuated when the islands in the loop have built themselves.
up with silt — just as has occurred at Sukkur. At Sukkur, its adverse effects
on sand exclusion from the Right . Bank Canals have been remedied by means of
an approach channel, recommended by the Station.

As the velocity obtained at Hajipur site B on the right bank was very low,.
the first device tried was a long right guide bank with a view to increase the

velocity on the right end of the barrage by constriction of the river portion.
upstream. .

(1)Page 13 of C.1. & H.R, Annual Report (Tech.) 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”,
(¢) A medium length guide bank, 6000 long ft.

" The long guide bank (a), did not give satisfactory results as water did not Fig. 59 (s)
follow the banks. : }

The short guide bank was ineffective in getﬁng the flow to the right bank.

The medium guide bank (c) was better in effect. Still, as is clear from the Fig!569 (b)
figure, the conditions were not satisfactory. ,

In order to improve the conditions, four epans outside the pocket were made
to have their sills 2" lcwer than the barrage sills. This helped to increase the
velocity near the right end of the barrage and to pull a small share of 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 : : . .

(s) An approach channel as at Sukkur.
(b) An island above the gorge. - - oo

e
(¢) A right bank groyne N 7 . Fig. 60 .
NO-B8ASS
1W.EXP.STN. POONA
- - LOWER SIND BARRAGE '
. - SHOWING GROYNE
BCALE:~ | 40=210-000 . - -
’ ' o 8 @ [BARRAGE SivE
¢ o u

¥

. Fig. 60.

As conditions are not favouré.ble fora right bank appfoach cliannr 1 ' ji
for a rigl el at Hajipur,
only one of the other two alternatives is likely to be suitable ' PR

.. Anisland was not found to be effective in pulling the flow towards the
right bank; o further experiments were carried out with a right bank groyne;

its optimum length was found to be 1800 ft. (for lines of fl . . :
gee fig. 61). (for lines of flow Wlth this groyne

Though the groyne pulled a share of top water, there was still some
tendency of silting on the right end of the barrage. So it was recommended that Figl62, 5
an alternative head at point K may be kept ready for the Right Bank Canal; Fig\'sl '
7 becaufe this would be preferable on account of the additional head available and
the better sand excluding prorerty, as it takes off frcm the outside of the curve. .

Fig. 61
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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) 80 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 ,, w 1 R.L.280

The upstream and downstream élqpeé were 1in 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. :

Regulation for 300,000 and 3,650,000 cusecs,
( still pond conditions ), i

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 outside the right pocket is opened more than the rest of
the gates by 25 and 2° for 3,00,000 and 3,50,000 cusecs respectively. This
increased the ratio of the velocity outside the pocket to the velocity tnside the
pocket and thus helped to create a favourable curvature. On the left bank,
even with equal gate openings, sand is excluded due to the natural, favourable
curvature of flow. ‘

Regulations of the barrage for 4,00,000, 5,00,000 and 5,830,000 cusecs,

With these discharges the barrage was regulated, under still pond condi--
tions, with all the barrage gates equally opened. But it was observed that, due
to the pronounced curvature of the léeft bank, the scour at the nose of the Left
Divide Wall was excessive; the differential head across this divide wall was as
high as 8.70 ft. for 5,830,000 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 furthest 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
differential head across the left divide wall is reduced; (e) scouring operations
for flushing out the pocket will not be as frequently necessary as under stili pand
conditions; and (f) there will be less shoaling downstream of the left divide wall..

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

PART 1I
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 & 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. 68 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 pointad out regarding siting the barrage exactly at site B
(mile 0) was that it i3 not possible to take the left bank canals clear 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 b
_ shifting the barrage line 200” downstream of mile 0 or by shifting it 2400 ft. ufs
-of mile 0 as the left bank and right bank canals require a clear width of 1350 ft.
and 600 ft. respectively.

The former was considered unsuitable as the curvature of the left bank
upstream and downstream 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 downstream bend; so 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 ft. d/s of c.s. mile 0, it

would have been very difficult to pull the river on the right end of the barrage;

-geour at the nose of the left divide wall would 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-
‘mendation 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 300,000

cusecs to 530,000 cusecs with the same time scale as before.

After running four cycles, lines of flow were observed. The model showed
three distinct channels D, E and F, as before, and the percentages of "discharges
- found in these channels were 38-7, 11-3 and 507, respectively.

Fig. 65 (b) shows the velacity distribution on cross section X - Y, ,24(1)2) ft.
upstream of cross section mile 0 and parallel toit. Fig. 65 (c) shows depths
of bed as observed on C. 8. mile 2 and C. S. 2400 ft. u/s of mile 0. -

(3) Experiments with barrage :—

. Fig. 65(a)

Fig. 65(%)
Fig. 65(c)

.The barrage was constructed at an equivalent of 2400 ft. upétream of cross.
section mile O so that the barrage line ran clear between the village and the -

graveyard on the left bank and also of the obstructions on the right bank.

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

(1) 8 left pocket spans at R. L. 420 7

(2) 26 weir si)ans at R. L. 42.0, , :

(3) 4 weir spans just outside the right pocket at R. L. 40-)

(4) 4 right pocl'xet spans at B. L. 420

. Thus, the total length of the barrage was 2844 ft., the same as Lefore.

In order to watch the effect of heading. up on‘the regime of the river
upstream, a heavy charge of fine red silt was injected. The behaviour was the
same 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
towards the right bank. Fig. 66 (a) shows the lines of flow as observed.

4) Coyiditions on the left bank :— >

The optimum length of the left divide wall, the optimum width of the loft
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, &

Fig. 66()
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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. upsﬁ‘eam of C. 8. mile 0, the curvature.

effect was not so predominant as would have been had the barrage been
constructed on C. S. mile 0 or as in experiments described in Part I. There was
no swirling aclion as in experiments described in part I and hence the divide
wall need not be curved near the nose, as recommended previously,

(6) Conditions on the right bank of the barrage.

Fig. 67(b)
Fig. 66(b)

Il"igs. 65(a)
& 67(a)

Fig. 66(a)

¥ig. 66(x)

" (@) 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.
mile 1. Velocity obtained on the right side was 0-60"/sec. = 4-2 ft.[sec.

(c)’In‘order to pull additional top water, different lengths of groyme,

. as lesled in previous experiments (part I) were again tested, but there was

no appreciable change produced by the groyne in the conditions on the right
end of the karrage. So a groyne need not be constructed,

(d) That the barrage has a tendency to reduce the effect of sharp

. curvature and thus tend to equalise 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 bas 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; £o, 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 off from the right bank above the bend at point K.
shown in Figure 66 (a); and land should be reserved: for this purpose.

The head at K was tested in the model: with the head at right
anglaes to the pacca edge of the right bank," the flow conditions were not
satisfactory ; the head facing upstream gave sweeter and more uniform
flow at the entry than when it was at right angles; Hence head atK
should face upstream as shown in Fig.66 (a)

' ]

(6) Right bank pocket :~

(@) 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 capals for Q = 300,000 cusecs, even though four spans out-

tide 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.
elfect of 1eversing the desired curvature along the right gvide 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-

spaits. :
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PART 111 67

(¢) 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 of the barrage -
{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 RL: 42.0. Bed sand was excluded effectively with the
opening of these four gates being kept 2 ft. more than the other openings.

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

For Q = 350,000 cusecs, sand was effectively excluded from the left

bank canals and right bank feeder when all gates were equally opened.
(¢) For other discharges regulation may be carried out as described
in Part L ‘

(8) Intensity of discharges in various spans :-
" (@) The intensity of discharge was found out for Q = 300,000 cusecs,

the discharge passing through the barrage being 250,000 cusecs, alterna-
tively with the four spans just outside the pocket at (i) R.L 40.0 & (ii) 42.0.

250,000 _
800 = 139 cs/ft,

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

The average intensity for this discharge  works out to

charge = 500,000 cs, the discharge.passing through the barrage being

450,000 cs, with 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

450’000=250 cs/ft. The i'esul_ts obtained are shown in tabl'_e‘ 12.

1800
' TABLE 12 :
(Al barrage gates were equally opened)

out to

River Q = 800,000 cs. | River Q = 800,000 ¢s. | River Q = 500,000 ¢s.
(Four spans outside | - (Four spans outsidle |. (The four spans at
the right pocket gt the right pocket at " R.L. 42.0)
R.L. 40.0) R.L. 42)
Spans of the Intensity |Percentage | Intensity |Percentage | Intensity | Percentage
weir portion, - of over or below of ~ Joverorbelow of above or
’ discharge |the average| discharge }the average| discharge | below the
intensity of of 189 esJit.) average of
139 cs. - 250 os/ft.
per ft. L )
4 1 % | 8 | 4 5 6 7
9-10-11 125° |- -10% | 125 -10% | 285 -6 %
12-18-14 125 | =10 130 ~65% 235 -6
15-16-17-18-19 146 +52Y 149 +67% 264 + 569
20-21-22-23-24 146 +52% | 149 +679 266 + 64
25-26-27-28-29 147 +5-8% 149 +6-79 267 + 6.8%
80-31-32-83-84 146 +45% | 140 0y 250 0 Y
85-86-87-38 140 0 Y 130 —~65¢ 230 -8 %
(4 epans outside the . :
-right pocket) ’ .

Note:- (1) + shows Z of intensity of discharge

»

% ” Rl » [T

below ,,

91 3%

above average intensity.of discharge.

1

Table 12..
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(it) The first span is taken from the left end of the barrage; spans 1 to 8
are in the left pocket 33-42 are four ~pan+ in the right pocket.

(a) It can be seen from the table that concentration of flow occurs in
15 spans of the bairage, Nos. 15 to 29. '

(b) The results also show that concentration increwsed near the right
bank when the 4 spans outside the right pocket were at R.L.40.9; in spite of
this, conditions for sand exclusion fiom right bank canal b-ciune worse as
water flowing in these four spans had an unfavourable curvature for the
right bank canal; and, therefore, all the spans ars recommended 10 be at the
same cill level, R.L.42.0, : ’

(9) Scouring operations:—
Scouring operations were carried out for a discharge = 200,000 cusecs.

. Itisrealised that, during periois when sconring operations will be.practicable,
river discharges exceeding one lac cusecs will generally not be available; it is,
therefore, proposed to test out flow conditions for scouring operations with a river

- discharge = 1,00,000 cusecs in subsequent tests.

Fig. 68

A discharge = 70,000 cusecs was passed through the left 8 rpans and dis-
charge = 35,000 cusecs was passed through the four hight pocket span§ thus
the intensity -of discharge Q, was equivalent to 146 cs/ft. run in botn podkets,
The rest 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 state, the fine red silt washed through the eluiriator*’ having a
mean dia. of 0.11 mm. was used and consolidated by a rammer and was laid -
as shown 1in fig. 68.

The sill of the pocket spans was at R.L. 42.0 with ubstream and down-
stream slopes of 11n 5 and 1 in 3 respectively. 'l he upstream pivement level
was = R.L 36.0 and downstream cistern level = R.L. 28.0.

Tinte of scour was 21 minutes =3 days. -

The downstream water level maintained was =R L. 52.2, this being
maximum water level for Q = 200,000 (allowing for accretion downstream),
as this would be the w rst condition for sand exclusion tests, The pond level
maintained was =R.L.60 i.e. cut-off =7.8 ft. -~ '

Observations :— : .
(3) When all spans were equally opened, silt near the head of the
Fuleli canal was not effectively scoured away, this being dus to the fact
that water after flowing round the nose of the divide wall concentrated
‘1n gpans 5 to 8.
() Even though spans 5 to 8 were kept closed and discharge concen-
trated through 1 to 4 spans, scouring near the Fuleli head did not improve.
(¢) Scouring near the Fuleli was more or less uniform when spans
1 to 4 were opened 2 ft. more than the spans 5 to 8.
Opening of the spans 1 to 4 being=12 6’
o w m » Dlo8being=10.6"

(d) No difficulty was observed in scouring right pocket spans (opening
of the rizht pocket spans being = 11.6).

(¢) In the case of Sukkur barrage, the upstream and downstream
glopes are 1 in 30 and 1 in 70 respectively ; €0, precaution has to be taken
to regulate the gates very carefully in such a way that the standiny wave
does not form beyond the pacca pavement. Thixis ensured by re-tricting
the cut-off to 5 ft at Sukkur. No such difficully was observed with even
a cut-uff of 7.8 ft.

(1)Annusl Report (Tech.) for 1943, P. 64.
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Retrogression will occur during the first few years of the opening of the
barrage: and, at that time, the pasition of the standing wave on the downstream
glacis of the pocket will be the over-riding consideration for rcouring operations:
but as the downstream bed level in the cistern at Hajipur will be low (R.L. 28)
against a high flood level of R.L. 62.2—and the placis slope will be steep—
1 in 3—, the standing wave will always form on the pavement. This may be
compared with the relatively high downstream pivement level and the very flat
glacis slope of 1in 70 of the original Sukkur Barrage design, which was condem-
ned by the Station *’ and replaced by a lower pavement with a glacis slope.of 1
in 10,-except downstream of pockets where the flat glacis slope had already been
constructed. ‘

The posifipn of the Standing Wave was verified in the moael, with the
~ resulls shown below : . _

‘ . Positiun of N Minimum
River Maximom |stand ng wave | Min'mum | Position water level Position
discharge | water lovel [from the centre| water level | of Standing| (after retro- | of standing
. In cusecs R.L. of the crest of | R.L. wave gression) wave
the bariage

Standing wave .
100,000 48.7 20 44.9 27.5° 40.9 . formed just at
' . the tue of thé
d/s glacis.
150,000 50.8 14.8 47.0 . 2% 438.2 3v’ '

AN

200.000 52.2 8 48.6 T20 1 45.0 <8’

As it will be very difficult to unwater to a sufficiently low level to make it
‘possible to have the downstreamn 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. Causes of Accretion of the River Bed at Sukkur Barrage and how to
Reduce Rate of Rise :

PART I

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 stated in his report :— '

“In this case, however, a_ccrétion is more than normally rapid and
has 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 change of gradients upstream and downstream and deposition of
gilt immediately below the Barrage. ‘

(2) The above is accentuated by the silting u/s of Barrage when the
game 18 ponded ‘in low river. This cause is normal and exists in case of
all barrages. _

(3) The deposition of silt on upstream is further accentuated 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 side and partial functioning of 12 spans
during high floods. Here it may be stated that the new right side approach
channel can pass only about 48.000 cusecs in bigh floods. Out of this
about 18,000 cusecs are drawn by right side eanals and about 30,000 cusecs

(1)Bombay T.P. No. 29 (Note on **Experiments cariied out with various designs of plers and
sills in connection with the Lloyd Barrage at Sukkar”)
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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 Before replying to the above the following extracts from a report
incorporated in the Annual Repart (Tech.) 1943 pages 12-15 entitled ‘‘Technical
Engquiry into the causes of Breaches in River Bunds in Sind and Steps Required
to Minimise Danger of a Recurrence”, will be quoted :—

“Though Bachalshah gauge (see Fig. 69) is situated downstream of Sukkur
Barrage; yet it is the best Gauge for indicating conditions just above the
Batrage. . :

- 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 to curvature effect, are very small for discharges
in excess of 100,000 cusecs. * T

A Y

" The great value of Bac;halshah 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 this magnitude have been a rare occurrence of recent
years, and even when they have occurred, 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 less than pre-
viously ; with consequent retrogression of water levels 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 obtained when sbecific discharge gauges were compared with averages
"of 50 maximun dgscbarges 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 no such inverse relation
could be found. Hence, the temporary improvement in 1925 must have been
due to some other disturbing factor. There seems to be little doubt that the



ne 5483%.

FIG.69 ' ' 1. W- ExOT. ST SOORA

REDUCED FROM DRAWINGS
FROM INDUS RIVER COMMISSION

CHANGES IN THE COURSES OF RECORD paav MU & 1V

RIVER INDUS OVER A REACH OF 55 MILES U/S
OF SUKKUR DURING 1916-17

SCALE: | = 4 MILES.

BACHAL SHAN
GAUGE..

B . arm—as -——— e

- ol - .

S\ e e

. ‘ -~
. 4 /e

. S :

oy - -

MUHRO MAR) -

Rer:n.
1915 -16 “F3¥INE
1917-18 ’»-t—f‘\

Wy~ NAIK, 11-4-45.

®.» 5.5 SOONA. 88,




NS 6152
, Indian Waferway: Expl. Skn.

(Same as fig. no, of 144 reporf )

198 1
%7 X / FlG. 70
. I A L W SPECIFIC_DISCHARGE GAUGES
195¢ Py / f
- _\y-o-u ’ ! e AT
- — T - % )! } P / } ————n

P = e s A\ T t _BACHALSHAH.
VBN
~ N 5\ 1400000 Cs. HIVARs® . é’i’f\

193 = ~ \ vy 7 P L/ \ FITTING OF STATISTICAL TREND LJNES.
H=al VAN %l
3 zszc»f\// 4 ! / Azx 7 \ 199
U v %7 >>-al X\‘/[ 7 ( 1 &
W . 0 300000C5 % | \ w, " L7 6005,%(
& 197 s - % t o 198

- x s QO ”|
g 190 ’i .. \ 7 A R '/I\/N‘ K/F( \ N~ 197 / Lf \‘
] % 200,000Cs. 7 \ 3 3 W 0 2 <{“ 500000C3.
L p, * -O\' /| \ N o.oo)/ 24 . ‘1/
S les QA X i ,/“ - S 196 | ¢ A & X
g % 1 J A \ g . oy TV
" 189 ’\~ ’\ /\( % 7 ,/ ’\ A '] ' % 195 1?/, 50‘0', i
V=&a s 3 V' o 07 [400000cs.
Z 100,000 C | / R 77 0000;\'5)
Vi ' n_:fx ( el S 194 vl e j /ib’ :
7= i A O+ REFERENCE. ¥ 9 d
s / O RISING RIVER. %‘ 3é\c :y
.155 X FALLING RIVER. — e~ S oz .
50 =
& \V “ ¥
185 | | ] 1 | ] | )| | | | 1 192 ] ] | ] ]
1920 1925 1930 1935 1940 1945 1935 1940 1945.
BY. SARKAL. YEARS.

G.P.Z.8 POONA. ‘@




PART 1II _ 61

improvement in gauge resulted from the banks between Bunder and the
~ Barrage having been faced with stone pitching. The temporary effect of this
- would be to cause a deep channel to form along the left,. concave bank—which
would persist 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 cofferdams
were constructed, so that foundation work could be done _in the dry, these
obstructed about 1/4th 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
1919-24, 1925-32 and 1934-44 have been dealt with statistically—vide figure 70
which showb that there was no trend between 1919 and 1924; but that the
rises between 1925-32 and 1934+44 were highly significant, statistically.

The fall in 1925 and the subSequent rise between 1325 and 1932 is
of no importance in this enquiry except to show that it 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'ponded water;
and much of 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 aboye the
- Barrage consolidated, and we may anticipate that as the pond gradually extends
further 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

Fig. 70

less subject to scour during periods when the Barrage gates are open during

high floods. Consequently, the rate of rise of water 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 atthe
Barrage; and hence the less ponding will there be; and consequently the less
deposition of silt will there be, and the lopger the period during which the gates
will be open to move the material downsiream of Bachalshah. Consequently,
fior this reason also, the rate of rise of the bed at Bachalshah will gradually

ecrease. :

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. Mathrani's statements contained in para. 1 were countered in
Anrual Report (Tech.) 1944 :—

(D) 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 to
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 subsequenily washed further down-
stream, this did not prevent the river downstream of the Barrage showing
progressive deterioration.



Fig. 71
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(i) As was_ anticipated, the bed level in the Gorge had been rising,
gince 1935, but the rate of rise had not accelerated since the Approach
Channel was constructed. The levels quoted by Mr. Mathrani for 1942
and 1943 were in fact quite wrong, being 6 ft. and 7 ft. too high respectively.

(i) The data did not indicate any acceleration 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 cusecs and the {maximum recorded flood was
730,000 cusecs, so the reduced length of Barrage is ample to pass the
discharge and is more than that normally provided for a similar discharge
in the Punjab. So far from the waterway downstream of the Barrage 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 atthe Barrage when all gates were open was négligible.

(vi)  Much larger fluctuations in specific discharge gauge readings
occurred before the Approach 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 s

) “The gradients upstream of Barrage have stespened 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 downstream and causes
gilt to drop, which is what is actually happening’’.

Here Mr. Mathrani 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 tlope 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.

" 8. Progressive Reduction of Silt Charge and Load,

“Table 13

Fig. 72

Table 13 shows average discharges, silt loads, and charges (in grains per
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 193%, 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
statistically significant time trend was for the decrease of silt charge after ponding
at the Barrage.
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8.2, Trends relative to Di;oha'rge.

63

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 74, the former after correcting Figs.78 &
for cable suspension, the latter without correction.

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

The. correlations obtained

—

238475 ,

TABLE 13
Outfall Section Bachalshah
, ‘ Average
. 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) cft/seo. cft.
- (ousecs) | (cft[sec.)] (cusecs) (oft[sec.) .

1 8 L ] 6 5 7 8
1913 289098 524 261184 - 473 -261184 473 . 1206
1914 409268 802 856137 698 856187 698 1303
1915 870820 688 826246 605 826246 605 1233

. 1916 825962 598 290827 534 290827 584 1206
1917 818836 ~752 285151 673 285151 673 1569
1918 859623 679 817400 599 817400 599 1254
1919 297164 467 267700 421 267700 421 1046
1920 292399 | - 530 263825 473 . 268825 478 1205
1921 263273 - 482 239847 439 289847 439 1217
1922 852811 646" 311991 571 811991 571 1219
1923 829629 639 293736 569 293736 569 1288
1924 842956 608 342956 608 1179
1925 From 1924 onwards 801137 541 801187 541 1194
192¢ current meters have 283270 489 283270 489 1149
1927 | been rigidly suspended 256922 424 256922 424 1098
1928 | on a metal rod. No 297685 530 297685 530 1183 ,
1929 corrections are 285208 548 . 285208 548 1278
1980 therefore necessary 850508 600 850508 600 1138
1931 | for these observations 252767 412 252767 412 1085
1932 | From 1932 the figures 249671 886 220728 841 1029
1933 for Bachalshah are . 312635 566 278247 495 1208
1934 less than those 272240 497 220063 402 1214
1935 measared at OQutfall 289191 395 236891 824 909
1936 due to canal 315422 558 263307 462 1166
1937 withdrawals 268253 880 217636 808 942
1938 317819 488 262913 404 1020
1989 290825 403 228302 830 921
1940 232904 290 177934 222 828
1941 230631 299 175346 227 863
1942 307614 347 260405 294 750
19438 832452 445 285806 382 839
1944 281586 840 282 802




Fig. 69

_previous years, so the error will be small.
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The data for 1917 and 1942 were abnormal :—

(i) In 1917 the river changed its course 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

(t.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 recovery in charge in 1943 and 1944 wasg small.

Note :—Though the charge was not observed from 16th October to 31st.
December 1929 and during the month of August 1935, the load: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

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 variationg
between the average discharge and the load was very 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
quantily of silt and sand in movement; thus during the winter months the-
water, instead of being silty, was at first bottle green. The silt load 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 matked decrease in
silt charge.occurred, followed by a sudden further decrease in 1942, caused by

the breach—as already explained. :

At first sight, 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 less and hence-:
the &ilt 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.
Afrer that, the charge will again begin to increase. The above takes into account
the differences’ in silt (nct sand) charge caused by ponding at Sukkur Barrage ;.
bat 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 geparately to the data for the variates, discharge and silt load in
this case, 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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_previous years, so the error will be small.
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The data for 1917 and 1942 were abnormal :—

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

(i) 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
(i.e. just when the peak discharge was reached). This reduction was due-
to the breach drawing away a large proportion of the gilt in movement down
the river. The recovery in charge in 1943 and 1944 was 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

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 variationg
between the average discharge and the load was very 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 relativély. 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 load  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 ; bui between 1937 and 1940 a matked decrease in
silt charge.occurred, followed by a sudden further decrease in 1942, caused by
the breach—as already explained. . '

At first sight, 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 less 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 increase. The above takes into account
the differences in silt (nct sand) charge caused by ponding at Sukkur Barrage ;.
bat 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 geparately to the data for the variates, discharge and silt load in
this cace, 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 an identical degree of correlation for the pre-Barrage Fig. 756 \

years (1913-32), as indicated by- the equal value of the correlation coefficient
(= .947), as had been obtained previously from the “absolute values” withoug
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 significant correlation obtained between the derartures than between
the absolute values (.8895 against .755). Thus, even during the post-Barrage
period, the correlation between the discharge and silt load is confirmed
to be real. : :
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Fig. 77
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4. Ponding, Afflux, Cut-off.

- “Afflux”,—known a8 “cut-off’ in Sind—has decreased since the Approach -
Channel was constructed; but Fig. 76 on which curves of maximum and
minimum afflux for the years 1940—44 have been drawn, show that the minimum °
afflux for 2} lakhs cusecs fell from £ ft. to a few inches—between 1941 and 1942
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, 1t is clear that the aflux
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 1 ft. higher ponding is generally
required” is misleading; because the rate of deterioration depends on the amount
of aflux—for reasons already explained—and fig. 77 shows that the rate of
deterioration in discharge for specific gauge readings with all gates open
decreased in 1942, 1943 and 44.

5. Coming now to what really matters, namely, whether anything can be
done to retard deterioration”in the river resulting from heading up water at

the Barrage. o

Obviously, the position of the Barrage cannot be altered so that such
accretion as 18 occurring in the Gorge must continue until a new regime becomes
established ; but what can and should be done 1s to lower the Full Supply Levels
at-the heads of the Rice and North Western Canals so that aflux will cease
with a discharge of say 2 lakhs cusecs, or even 13} lakhs cusecs in the river.
When that is achieved the Barrage would cause little further: accretion
upstream and ‘hence there would be no supercharge to lead to deposition
downstream. :

5.1. Lowering the Full Supply Levels was regoinm‘ended by the Director
in 1944—see p. 104 Annual Report (Tech.) 1944 :— )

“this accretion can be largely stopped provided the Full Supply Level
in the Rice Canal is reduced by 1.5 ft. below designed Full Supply Level,
to give a flatter slope. It will be necessary in" order to flatten the slope to
1in 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 22 ft. 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 18 still
high. This is because coarse rand (m =.28 mm.)—the residue of several
feet of scoured bed material—is exposed on its bed. This concentration of
coarse sand must be removed, and the velocity reduced, before the Canal
cau be ruan with the flatier slope now rendered possible by the exclusion of
most of the bed sand as a result of constructing the approach Channel.
Lowering the waler level at the head of the North West Canal will,
however, present greater difficulties, owing to the designed bed-slope being
already flat—1 in 14,000—and to the Warah Branch taking off at a high
level at R.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 through the Barrage for
discharges in excess of 2 lakhs cusecs, so as to retard or prevent further
deterioration.
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PART IV.—BASIC EXPERIMENTS
" 2. RIVER BEHAVIOUR AND CONTROL.
“ (i) SCOUR™
16. Scour Downstream of Rigid Structures in Wide Channels.
1. Intraduction,

Whenever a rigid structure, conslricting the waterway i8 built across a

natural ~channel, the velocity and the discharge intensity are greater than in the
natural channel. So, when the water leaves the structure and flows over the
bed of the natural channel, the depth of flow gradually increases downstream of
the pucca floor of the "stracture (including a scour-hole) and then gradually
decreases again till the stable depth is reached. Under such flow, ultimately a
condition of equlhbrmm 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 acquired by water is completely dissipated
and the bed velocxty is adjusted to the extent that neither accletlon nor scour
occurs, as long as other conditions remain the same‘"’,

2. Factors affecting downstream scour.,

The predominant factor, determining *the maximum depth of scour down~

stream of structures like barrages and bridges over wide rivers?’ is ‘the
discharye in‘ensity, the effect of sides being negligible : other important factors
are the flow pattern and grade of bed material. In canals, however, bellies
generally cvcur downstream of structures, as:in the case of brldges over the
Rice Canal‘®, the N.W. canal®, and the Rohri canal (Sind), causing return
flow on the sides and jetting in the middle. The bellied sides have an appreciable

effect on ths maximum depih 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 a.t the sides.

3. Object of the Ewpenments.

The object of the following experiments was to obtain a correlatlon between
the various factors such as q and V?/d at the structure and the mazimum depth
of scour reached downstream of it; such a correlation would be useful in
determining the depth of founda.txon of piers in bridges or the depth of sheet-
piling. loose stone protectlon, ete. in barrages, and other similar problems

4, The Model Expﬂnmants

The experiments were conducted in a channel, 8.0 ft. wide, havmg non-
erodible sides so as to reduce the side effect.and, thus, approximate to conditions

width
in wide rivers. The 17— Fopth ratio in the experimental channel was 10.0, and, at

_the outset, this was believed to be sufficient to eliminate the side effect and
represent wide rivers. Other dimensions of the channel are given in Fig. 78,
from which it will be seen that sufficient entry and exit lengths were provxded
A geometrically-similar model of the bridge with a pavement of coarse sand of
8.0 mm. diameter representing stone pitching, formed the rigid structure. The
channel upstream of the bridge was plastered. The sides of the channel
downsiream of the bridge were given a slope 1/2: 1 and were also plastered
Sand was laid in the channel downstream of the bridge to a depth of 2.0’ below
the pavement level. V sand of 0.3 mm. mean dia. was used for the first five
‘experiments and Londha sand of 0.3 mm. mean dia., which is more uniform, for
the rest. Various dlscharges with different depths at the bridge were runm, for
a sufficiently long time, till stable depths in the scour-hole were obtained. Sand
was not mJected in the above experiments.’

(1) Maximum depth of scour at heads of guide banks and groynes, plel‘ noses and djs of
bridges—See Annual Report (Tech.) for 1944 (pp. 78-83). = ~ _

(2} Annual Report (Tech,) for 1942-48 (pp. 21-24).

8.2 R » »  for 1944 (pp. 28-25).

Fig. 78



Figs. 79
& 80

Fig. 81
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5. Depth and shapes of scour-hole,

Figs. 79 and 80 show the typical contours and the shape of scour-holes
obtained with a discharge of 6 cusecs but with different V2/d, The depths at
the sides in the scour-hole were generally greater than:in the centre.
The term ‘d.', used in the following analysis, is obtained by dividing the
maximum cross-sectional area of the scour-hole by its mean width. The ratio
absolute max. depth of scour-hole

d

due to the sloping sides causing diving flow, as shown in Fig. 81,

generally increased for higher values of v2[d

Ne 5929
1LW.E.5.PO0MA
- : W. L.
DIVING FLOW .. . DIVING FLow
: ' A . v [
. - Fig. 81

* The results showed rth'at, 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 d, for V2/d=15.2 in expt.

& Table 14

7 -vide table 14, cols. 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 samples,

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 containe 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 ob tained at various

* cross-sections differed greatly. Usually the sand in the deepest part of the
- 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

Fig. 82;in fig. 82,

7. Divergence from Lacey's regime depths due to divergence in turbulence,

In the following analysis, actual values of V2/d and d, are compared with
Lacey’s values of V2/d and R (the latter called R,). 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‘!’ and, hence, ‘£’ has been introduced as a
variable factor in the following tentative analysis.

According to Lacey, °t '

and Vo=(Qf2/3.8)1'¢ ' e (1)

Vsl VIR . (2)

.. R.=0.7305 V, 2/t . . . (2)

Substituting for V, from equation (1) in equation (2, .
R, =0.7305 (Q/3.8 £)1/3 e (3)

(1) Apnual Report (Tech.) for 1944 (pp- 77-88).



FIG.78.

SCOUR D/s OF RIGID STRUCTURES

IN A CHANNEL WITH SIDES HELD

NOT TO SCALE .

NQ:-5213
LWL EXP STH.POCNA

Ric. K.

SECTION ON A A

e G ey

BRIDGE PIER

— 1125’

392’
35
3.0’
¢ il
,.t_ jl ‘ b - _.si_.,‘r
. - 5 Yo ) o
g 8 3 wiisLope ELEVATION
f 3 T A
==ty
PLAN

B7 r

_SECTION ON BB

-4 -8

He—— 2 ———

0
+GAUGE
C.GAUGE . , o 5 , ~ C.GA I
— I 34-Q > 19-0 >
: —f . ’ ] -
L] “n 1]
T ¢ 4/ —}anoma up
woopEN G RID - g AR.EANGBM!Wf
| ‘ .':?. W~ — ’ e l oot
. - i e ! ” -;'?

T CHANNEL WITH BED PLASTERED _T‘g CHANNEL WITH SAND BED ] .

. [ 3
"L"‘ - 0 : !STILLING u
L CHAMBER FOR J
§ : : T COLLECTING BED r
A e —{re MATERIAL WASHED b
1} } )

L4 4 ™ ey
‘41.9" ju ‘—f‘« 10-6 23-9 »
P. GAUGE [ 2]

Y511 SLOPE

G RZ. 1 PO, 547




NS 5635
[ w. EXPY. S,
POOKA.
SECTION AT MAX. AREA OF . )

G 5 -BRIDGE SECTION /"cp.oss-secnou IN THE SCOUR- MOLE,
o E - - : Fle. 79
h b i
////// / q_//? / D SCOUR P/s oF RiIGID
A —ma - . 4 . -——B STRUCTURE. IN A CHANNEL
__— WITH SIDES HELD EXPT. Na 2 (v SAND)
o+ SCALE= |z 2
—t , , ) ' CONTOUR DEPTHS ARE GIVEN BELOW, WATER
~ | o8 o€crog pue' e rae p3d’ bagl U ' LEVEL IN FEET.
o ]/ ( 1 \ ll k x bovn ] 1 [ !
o\ \g | l | o I
-t 2 4 S S 15 16 17 BEET,
L ‘ \ : DISCHARGE j ——-=-—== == === = = = = < § CUSECS,
) 2 e e e =27,
OF 9607 ol l'ee Mo' 20 138 X 277.
N .
-+ DIA. OF BED SAND AS LAID, mm.—--0-3 .
: DIA. OF BED SAND AFTER EXPERIMENT.mwm 042,
" . MEAN DEPTH QF SCOUR AT MAK-}_
T AREA OF CROSS SECTIONLFT. - - h32s.
o ‘ - BRIDGE PAVEMENT LEVEL~—-w—=w— —-102-728,
VN W.l. AT BRIOGE,~-=~~==~meom oo llo-coa.
~ L K . ; : ‘ .
¢ : W. L. [10-004 SECTION ON AR
BRIDGE PAVEMENT L e—
LEVEL,

.

BHINGARE. 14.7.4%.

SO RE.A Poana, B8,



~¢‘

SECTION AT MAX. AREA OF

No DHeg
W EXPT, a7
POONA.

5 BRIDGE SECTION - ICROSS-SECTION IN THE SCOUR-~HOLE, . FIG- 80.
[¥9
< . —aol . B
-t~ ( e =Y o SCOUR Ylg OF RIGID
t
—_ STRUCTURE IN-A CHANNEL WITH
L - SIDES HELD, EXPT. N2 3. (Vv smo)q
i.) SCALEI=z 2 -
N o CONTOUR DEPTHS ARE GIVEN BELOW.
- : WATER LEVEL IN FEET.
- DISCHARGE == == = = = = e e e e G Susscs,
R ‘a0 .8¢' B L ¥
t 2 3 " s f 7 ﬁ ' to u 12 > 1a s % g
} - - .
0 'n f ; e 1 T i A I ] I 1 ! T 1 DIA.OF BED SAND AS LAID ,Mwm. —-0-3
1. 500’ 70 .aa ——<90 1 : : DIA. OF BED SAND AFTER EXPERIMENT, mum. Q36
. ) MEAN DEPTH OF SCOUR AT MAX __  a.ga
- : ) AREA OF CROSS SECTION.FT. ) )
AT - " - : B erioee pavement tever. -l ___ 109-56
W.l. AT BRIDGE ,~ = — ———— —— dio-c04
~N L .
m‘ 7 S
. ot
o L%
[ ] . e SRR
= : /
ﬂ . . .
. W.L. I10-004 . SECTION ON AR
N ‘; Tl
BRIDGE 'PAVEMENT -
LEVEL,
BHINGARE,

G.AR. 7 POONS, 1947,



HEIGHT OF SAND COLUMN IN AIR SANDMETER.

HEIGHT OF SAND LOLUMN IN AIR SANDRIETER,

35

3-0]

— —

N
)

3

—<=F
from
-~
_____..:—-—-

»
9

>
L)
3

X

— O ———=

>
Q

P

o
J-0

4

NO:5921

. LW.E.S.POONA,
ExPERMENT 2.(V'SAND)

C.S. 6°3°5/s OF BRIDGE NEAR LEFT BANK m=-432m.m, +

»” ”” RIGHT BANK M= -4 IN.mM. (o]

@=60Cs @=-72Cs/Fr
vid =z7.7

EXPERIMENT 3.('V'SAND)
AT £.5. 4 IVEAR RIGHT BANK m = -36 /M. 1.+

» » LEFT BANK /1) = - 355M./N. O
Q=6-0Cs. g=-72 Cs//r,g:
vid =73

W
Q

3

>
[}

3

&

—

L/,

a

HEIGHT OF SAND COLUMN IN AIR SILTOMETER.
e
3

o4 ra

GRAIN SIZE IN MILLIMETERS C.B.l. CLASSIFICATION,

3

4
1)

él}

N

2

>
[

.
——— .
-

2

~
Q

\-—ﬂ_ e

oo

g

)
i\

o

GRAIN SIZE IN MILLIMETERS

C.8.1.CLASSIFICATION.

o

‘ J
EXPERIMENT 5.(V'Sang)

AT £.5. 2 NEAR RIGHT BANK M =-33M.00. F—em—m——
” 2 LEFT BANK Il = 315 IN.177. O—
B=60Cs. g=-72 (:s/F,_t

2,
v /a’ =2.92

FiG. 82.
SIZE DISTRIBUTION CURVES

(BY AIR_SAND - METER )
OF SAND IN SCOUR-HOLES DJS OF

THE BRIDGE /N A- CHANNEL WITH
HELD SI/DES.

& Pz, 2 mooNA, 1,




TABLE 14

Scour downstream of ‘vigid structures’ in & channel with sides held,

Q1 q ] &V (Vi o T321 T E= s o] = | 0JBe 4, (mex
Total | dis- | depth| () | st |mesn| | g22iE g™ [ TS .ll 18 e
dis- 'charge| ‘of seo.) [Bridge!dia. of | 'S Veleslnls & la §.E.§ ‘E'.u'g P L
Expt.| charge per | water| at  jsection sand in] o [=——[% (235|552l ~ 03 ool 11 col. 12
No. | in |footat| at [Bridge mm | 5 B 23 g"é —s & EEE £5 <3 =071:-ﬁ
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. s , T e , . MR EoiiBw s |« By
in os.ft.| in ft. | - - b < a8 5 i
1 2 8 4 | b 6 7] 8- 9 .10 11 | 12 13 14 15 16 17
. Beries No. I with 1 6.80 0.72 10.8376 | 2.08 | 11.4 | 0.88 |1.085|1.485;0.7 .| 12 113 | 11 | 7.95 | 1.614 L77
V sand 0. 83 mm, 2 6.00 | 0.72 ) 0.276| 2.77 | 27.7 | 0.42 | 1.045] 1.51 | 0.694 | 1.56 | 1.825 | 1.18 | 18.8 1.91 2.25
T initially. 3 |[600 072 |o044¢|1.81 | 7.8 |0.86 [1.01812.895 | 0.71 | 1.05 | 094 |1.11 |5.28 | 1.825 | 1.48
' 4 6.00 | 0.72 | 0.500| 1.64 | 5.4 '0.34 1.01 |1.856 | 0.72 [ 1.02 0.88 1.16 | 4.00 1.22 1.42
b 6.00 | 0.72 {0.69 | 1.81 | 2.92] 0.832 |[1.00 }1.82 ]0.724 | 0.85 0.82 1,04 | 2.21 113 1.17
Series No. TI wit | 6 |60 |02 [0.876]2.08 | 11.4 | 0.82 [1.00 | 1.82 {0724 | 145 | 115 {126 | 86 | 159 | 200
Londha sand  Mean 7 6.0 0.72- 1 0.849 | 2.27 | 15.2 | 0.82 j1.00 | 1.82 }0.724) 1.67 1.80 1.28 | 11.5 1.80 2.81

~dia 0. 3 mm,

initially. * .
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Londha sand 0. 8 9 8.7 | 1.05 | 0.7 1,575 | 8.54 | 0.82 1,00 | 1.82 {0.927 | 1.86 1.16 1.17 | 2.68 1.25 1.471
mm. mean dia. ini- 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 87 |1.05 | 0.59 |1.885| 6.00 | 0.82 | 1,00} 1,82 |[0.927 | 1.79 1.825 | 1.85 | 4.b5 1.43 - | 198

disoharge . 12 | 8.7 | 1.05 | 0.55 |2.08 | 7.51 | 0.32 | 1.00) 1.82 | 0,927 | 1.97 1.85 1.45 | 5.67 1.46 2.125
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NOWPW=2-67 \/_Q )
. q=Q/Py=/7Q/2.67
Q=(2.67¢?

Substituting this value of Q in equation (3),

(2.67)%1% ..,
R.= 07305(3“)1,3 q®

2I3 ~ se e 4 ‘
=0.9 gus . )

giving Lacey’s regime depth in terms of q and £,
the ratio

d. _ Mean depth of maximum section of scour-hole
RL 0.9 quslflls

for each observation has been worked out to give a measure of the divergence
from Lacey’s stable depth in a wide channel, '

From equation V,=1-15 viR,
V02/R1,=1‘32 f ) . o _

V2/gd (Froude’s number) is one criterion of turbulence; and V, /gR,, is
the equivalent Froude’s number for Lacey's regime flow; thus V, /R,, is the
analogous Lacey's criterion, -
V2/d at Bridge section )
V.2/ Ry, for particular sand dia. .
would, therefore, be a measure of the dwergenoe from Lacey’s turbulence
criterion,

The ratio

Table 14 Table No. 14 gives the values of V2/d/V, 2/RL and d./Ry, for all expenments.

fig. 83 (a) Flg 83(a) shows the relationship between V2/d/V 2[Ry, and d,/R;, in the first
five expernnents with V sand.

Fig. 83 éb) Fig. 83(b) shows a sxmllar relatlonshlp in expenments No. 6 to 14

for Londha sand.  _ . "
For V sand, - ‘
ds/Ry, = 0-88 (V2/d[V.?[Ry) 2" ase oo e (D)
and for Londha sand, . ,
" 4/R.=103(V2d/V.HR.J* .. ()

Fig. ? g)) These relations are shown in full lines in fig 83 (a) & (b).

I3

When V2/d/V,2/R;, =1, d./Ry, 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

dllRL= [V2Ile°2/RL]'2l .on LX) - oo (7) |
and for Londha sand, ' ’

dJ/R.=[V2/d[ V2[R ]23 e e (8)
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These relations are shown in dashed lines in_ the same figures. Resulis
for Londha sand seem to be more satisfactory.

Thus d,/R., = I_V’Id/ Vo2/R.] is the gemral equatxon T e (9)
. de=B, (V’Id)'/(vo’IRL)n
 But R, =09 (q*'*/i*’®) and V2[R, =132f -

Substituting these in (9)

q2I
flls
- 09 < qnla
1.32° fV3 x{°
Now V=gq/d

[V"/d]“

-, V9 =q%/d?

Substituting for V*

d, = 0-9/1:327 % q2/3[f1'2 x {2 X (q2/d®)" e (10

Substitutiné n = 0-23, obtained for Londha sand in equation '(10)_

1.13
d,=0-845 x Fﬁ‘gﬁmr R )

for Londha sand ; and generally, for any sand—

d,=C-q*f*d™, wherea,band ¢ are mdlces depending on the grade and
distribution of sand. )

' Equation (11) agrees in form with the typé of equation suggested by Sir
Claude Inglis d,=C q™ (V?/d)". Instead of the constant C depending upon the
iype of bed material, a separate silt factor has been introduced in equation (ll).

This is suggested merely as a cniative relationship and the effect of f has
et to be found out by using different grades of sand; and later, if n

usmg the same grade but different distributions of sand particles, if dlstnbuhon
is found to affect the issue.

8. Assumptions made tn the Analysis.
The following assumptions have been made in the above analysis =—

1. There should be forward flow only with no component of veloeily
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 unjustiied 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 : Ganesh Iyer's Volute Siphon— Factors
affecting the Coefﬁcienf of discharge of— ,

o~

Depth of floor below crest of bellmouth of siphon and clear space required:

between the domes of adjacent siphons,

1. Introduction and object of experiments :

MP\RKQNAHAL“LI "RESERVOIR  WOQRKS.
g . _SECTION
. MUSHROOM- SIPHON DAM. -
: ’ " SCALE 1=20FT. .
i —‘fr\‘—f T_°F oF PniAP:T; r;—-IOO-OO
; - 2.6 g
= . - e — °95-00
M, 20000 b e T PPE ] 92-00
FT.Larco 08 oy e 2_ se-‘oo. :
Q va's-ua
Y 3100
%k B
s o
i
. xf
&
S
oL
=14
. 5 .
,/ x5.00
i—;' 11/1}/,4//1_’11155.;;/ Ll 7””9.\"20-00

Fig. 84.

* Experiments with 1/ 16th scale, geometrically-similar model of volute siphons at
Markonahally designed by Mr. Ganesh Iyer were carried out at the Poona Station¢!
¥ig- 83 Yn the volute siphon design at Markonahally (see Fig. No. 84) the floor is

[

(1) Results given in Aonual Report (Tech.) for 1942.48, pp. 27-29.
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5 ft. below the crest of bellmouth and the wall on the rear side of the siphon
was 25 ft. from the outer side of the dome. Due to the high floor level and
small water way between the dome and the wall a high veloclty of approach
developed when the slphon 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°

= 10-0’ below crest.of the bellmouth resulted in higher coefficient of dis-
charge, and smoother flow conditions’ near the siphon. It was anticipated that
with a bigger depth of flow near the siphon (floor = 10’ below crest) the
clear space required between the domes of adjacent siphons could be reduced,
Thus the experiments aimed at determining the extent of mutual interference
between adjacent siphons and the reduction of the interference by lowering the
floor level and/or increasing the depth of enirance below the water level.

2. Experiments ;

Three series of experiments were done with two 1/16 scale ,Geometrically- -

similar models of Markonahally volute siphons. The clear space between the
. domes of the two sxphons was kept = 50, see ﬁg 85. The following . alter-
natives were tested in each series:— .

~ . . . .

sy

Series I; SeriestI; Séries I

10

Fig. 85.

(1) Depth of floor below crest of bellmouth = 5 = = 10" -
(2) . Level of lower rim of dome below - _

crest of bellmouth - . = L5 =15. =65
(3) Depthof flow at entrance tothedome = 3.8° = 85 ~ = 3.5"

3. Series I .

The two siphons were first run separately and then both together. Tables

15 and 16 show the depth upstream’over crest of siphon and coefficients of

. discharge and corresponding discharges obtained with A and B siphon respectively.
~ Table 17 shows results obtained when both A and B were discharging, The
depth : discharge and depth: coefficient curves are plotted in Fig. 86 (a & b).
In the depth to discharge curve, the mean discharge of siphong Aland B is plotted
. against mean depth upstream when both the siphons were ~discharging in

Tables 15
& 16

Table 1T .
Fig. 86
(® & ()

combination for comparison wnth the md1v1dual discharge when only one was

discharging at a tlme
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TABLE 15
Discharge coefficient of stphon A
Q O =coefficient
D i . .
8. | Mean depth of I:{ff:‘f;ﬁ" of discharge in Romarks
No. water over sill siphon in __9
of bellmouth in ft. . cusecs A V2gH
1 .178 2.082 770 Siphon A discharging only, -
2 176 2.082 771 "~ Beries I.
H] 1745 2.078 .768
4 Expt. vitiated — — h=difference in- eill of bell.
5 099 2.012 768 mouth and centre of out-
6 - 078 -1.985 755 let of siphon
7 - 071 1.985 7586 =2.72 ft.
8 071 1.977 758
9 062 - 1,969 J751 .
10 .057 0 1.986 - 756 A = Area of eross section in
11 .056 1.927 786 8q. ft. of tubular section
12 .054 1.894 724 of the siphon
13 052 1.886 721 = .1964
14 .047- 1.845 —_—
15 .046 1.861 712 ‘
16 . 044 1.771 .678 H=h+D
17 041~ 1,788 .685
18 036 1.712 .657
19 .082 1,724 .661
20 .082 1.716 .659
“TABLE 16
Discharge coefficient of stphon B
D Di ?1 O = coefficient
8. Mean depth of I6Charge of discharge in
Xo water ovgr sill t.hli:mg!l Q ¢ Remarks
s giphon in —-_—
of bellmounth jn ft. cusecs A v gH -
1 827" 2.200 804 Siphon B only working.
2 -828 2.199 804 Series I,
3 .318 2.196 .804 .
4 .206 2.126 798 h = 2.705 ft.
. B .200 2.118 791
6 .160 2.048 770 T Ae 1964 8q. It.
7 .121 '2.086 J71
8 Expt. vitiated N— - H=h+D
9 050 1.944 754
10 .046 1.936 748
11 048 1.882 .728
12 089 1.878. 722
18 049 1.845- 708
14 045 .1.837 705
156 049 1.838 708
16 049 1,820 .698
17 048 1,804 692
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Vie'" SCALE MODEL OF VOLUTE SIPHON.
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1/6 SCALE VOLUTE SIPHON
i 4
EFFECT OF INTERFERENCE.

20,
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~ TABLE 17
Discharge coeffigients of A & B siphon both discharging simultaneously,

75

[
-

. s
D d 4
8. | mean depth of |discharge thro.| Ccefficient of
. No, | water over sill [ugh the siphons| d'charge Remarkg
of bellmouth in cusecs = )
Av2gH
1 1845 8.978 748 Both siphons A & B
discharging. Series I.
2 1795 8.958 740 '
_ ‘ .h = mean difference
3 177 8.958 741 in siphons A & B
in eill of bellmouth
4 Jd77 8.946 .789 and centre of
‘ outlet of
! .169 8.894 .720 siphons = 2.718 ft.
s 168 8.909 .788 A = Totsl Area of C. 8.
‘ in 8q. ft. of
7 .169 8.889 .720 tubular gection of
o o siphons A and B.
8 .160 8.858 0.714 = .1964 + .1964
. : = .8928 sq. ft..
9 161 3.841 728 ’ .
. ‘H=h+ D.
10 157 8.841 708 .
11 A57 | 8821 718
12 .186 8.846 728
13 154 8.827 Ja19
150 8799 | .14
15 148 . 8.802 715
16 | .a4g 8.680 |  .693
17-) 41 8.685 .694
18 187 8.582 675
19 | .ase 8.567 673
20 131 ‘ 3.531 .663
21 .1295 2.469 647 .
22 128 . 8.490 .650
23 122 8.428 .639
24 ' <121 3.404 - .685
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Table 18 shows the depths, coefficients and discharges obtained.
TABLE 18

.Floor level = 5.0 ft, clea.r space = 5 0 ft; level of “bel
bellmouth = 1 5 ft, rim below crest of

Depth of Discharge Discharge me:’!;miisg(l:tr'ge C. Cp O, -
water ufs t_hrough t.hrough A and B coefficient | coefficient | for both
over orest siphon A siphon B were rupning |°f discharge] of discharge| siphona
in it. in os. in os. in cs. % | siphon A. siphon B. | A and B,
05 =080 |  1.900 © 1940 | not observed | .720 | .750 -
10 =160 2.010 2.015 1.600 .765 770 .600
125 = 2.00 2.027 1 2.034 1,725 .168 72 645
15 = 2.40 2.040 2,047 1.900 70 T4 710
175 '=2.80 2.055 |- 2.062 1.965 - Ja71 776 787

At 2 ft. upstream depth, i. e. at H F.L., the coefficient of each siphon discharging
singly was 0.77 ; while with both runnmg together, the coefficient dropped to .65 ;
i.e., as a result of interference, a reduction in discharge of 17.0 per cent was
observed. On the other hand, with D upstream = 2.8 ft., a reduction of discharge
of only 4.57 per cent was observed. pparently, with increasein depth of water
the quantity of air sucked below the dome decreased and hence the discharg-
ing capacity of the siphons improved. It was, thus, clear that increasing the
depth of ﬂOW would improve the coefficient. -

‘4, Series 1I,

In this series, the level of the floor was lowered from = 5 to = 10°, Tables

Tables 1919 to 21 show the depths and coefficients obtained with various discharges,

% 21 With the lowered floor, the velocity of approach reduced and the flow through

the siphon improved, both when the siphons were running separately or together.

Figs. 87(8) The D2 Q and D : C curves obtained are plotte& in Fig, 87 (a).and (b) Table
& () No. 19 shows the results obtained.

TABLE 19 ,
Discharge coefficient of siphon 4.
D = Mean T Q- C
depth of water| discharga ..
8. No. | over sill of through |- Q Remarks,
bellmouth siphon in = —ow—— |
in ft. cusecs. "AJ2gH

1 .29 2.187 - 8024 |- Series 11

2 .308 2.188 ,7986 ’ Siphon A only discharging.

8 088 2.170 8248

4 284 2,189 | .7921 h = diference in crest of bellmouth
5 2225 - 2.139 7986 and centre of the outlet of
] 224 2.181 .8091 siphon in ft.

7 148 2.100 .7898 :

8 .0845 2.096 .7966 H = total head over the siphen in ft.
9 0915 2.058 -.7848
10 | Expt. vitiated —_ | — =h + D
11 0985 2.068 7784 )
12 .089 2.049 .7850 ' A = Area of O.8. of outlet in-sq. ft.
13 .1585 .2046 7681 :
bV 080 2.015 7784 - = .1964.
15 001 1.994 7698
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TABLE 20
Discharge coefficient of siphon B,
- D = Mesan Q o ,
depth of water| discharge .
8. No. | over &ill of through Q Kemarks
bellmouth giphonin | =
o in ft. cusecs, A vigH
) Series IT
1 185 2.181 7979 :
2 2125 2.118 7894 “Siphon B discharging only.
3 195 2.102 .7859 :
4 .1855 - 2.096 7916
5 110 . 2.084 7905
6 1415 2.054 789
7 007 - 2.02 ,7807
- TABLE 21
Dwahafrge coeﬁicwnt of szphm 4 and B,
, ' Sanes 13 .
1 044 4.011 7688 : N
2 026 3.982 7561 ' Siphons A & B discharging
3 018 8.877 7466 together,
4 0156 8.841 .7399 .
b - 0175 8.810 .7866
6 0175 8.784 . .7288
7 0215 8.778 ‘ 7269
8 0145 8.634 | .7008
. TABLE 22

Floor level = 10 ft; clear s space = 5.0 ft; Depth of rim below crest of

bellmouth = 1.5 ft.

. - Mean discharge | C

. Depth of Discharge | Discharge | Ca . Ca | AB
water upstream|  through through when l3°th coefficient | coefficient |c°°ﬂi°'°nt of
over crest | siphon A siphon B | & & B siphons | ¢ discharge of discharge g:;‘;lh".rgl:' for
in ft. in cs. in cs. wezei;ucx;mng of siphon A. lof siphon B.I AzPB'ms

05 = 0.8 2.020 2,040 2.000 Ja75 782 160

10 = 1.6 2.055 2,070 2.025 782 . 787 765

125 = 2.0 2.071 2085 " 2,088 785 .789 767

A5 =24 2.090 2.100 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 f. A much greater improvement was

observed in the combined discharge, the percentage increase being 18,15 per

cent, thus showing that the mterference is reduced with increased depth of
flow.

5. Senes 111,

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
How at entrance from 8.5 ft. to 3.5 ft. Table No.23 shows the observed depth.
and coefficient with various discharges.. These are plotted in Fig. 88 (a) & (b).

Table és
Fig. 88 (a)
&)
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“ TABLE 23

. Floor level = 10 ft; clear space = 5 ft; Depth of rim below bellmouth
=6.5 ft. :

~ . . C .
Dopth of | pischarge | Discharge Mean dissharge | g, 0, | Cooficiens -
wa m; :I: through through A & B siphons Coefficient | Coeffigient lof discharga
f:)wrferl hes siphon A siphon B were runl; ing |Of dischargeof discharge| for both
_Sipon in ecs. ines. s 8 lof siphon A.jof siphon B siphons
in ft. In c8, . A&B
05 0.8 1.990 2.030 2.000 762 75 767
.10 = 1.6 2,025 2.050 2.030 .768 a7 L1770
J25 = 20 2.040 2.065 2.043 770 778 772
A5 24 2.056 . 2.074 2.060 978 780 778
Ad75 = 2.8 2.070 2.084 2.078 775 .781 T

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
of siphons A and B running individually) of 2,079 cs. dropping to 2.053 cs. for D =.
2 ft. 1.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 is little interference under these conditions,

Considering that the depth of flow at entrance "to the dome was reduced

‘by 60 per cent, the reduction in discharge -is remarkably low; it will also be

noted that with the depressed rim of the domse, 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 Markonahally Siphon Medel,

Pressures were observed along the psriphery 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
limb below the bellmouth of the prototype siphons would 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.

Ta daily irrigation engineering practice, it is often necessary to ascertain
whether the available data of a channel indicate that the channel is in regime;
and if not, to have a measure of the degree or extent of divergence {rom regime.
For this purpose it often becomes necessary to obtain values of certain hydraulic
_criteria and consiants from given values of certain other hydrau_hc elements,
General formulae (such as the Manning’s formula) and the deservingly 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, logan_thmxc
scales have been used. The nomograms cannot, therefgre, 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 of the
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frequently required hydraulic elements and criteria and fo serve asa cbeck
on values computed by elaborate calculatmn.
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Fig. No. Nomc;gram for

9 .=V fvefzs
95 fs_v = me fRS = 48.215 V—S_v

9% V
S
97 V .
YAE ‘
98 (R=0472 Q ]"3.
- ' fve ‘
fa_
Vm'
99 Ny = 1.486 R2is Siiz
‘ vV .
100 N, = 1.346 Rs't Sv2
= ‘

The 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, 96, 97, 99 & 100)
appropriate key diagrams are added on the sheet fo 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 have no substan-
tial curvature, the depths of water and pressures on bed observed by means of
manometer tubes being almost uniform. A
This note describes experiments made to ascertain the extent of parallel flow
for various discharges in a Standing Wave Flume.

2. Objecs of the Experiments. , .
. The experiments described below were designed to observe, for various
depths over sill:— -
(i) The extent of curvature of flow at the entrance and exit of a 2
Standing Wave Flume;
- (ii) length over which parallel flow occurs in the throat ;
(i) depth of “parallel flow”; ' .
and (iv) the effect of the above factors on the values of C and n in the
discbarge formula for a Sianding Wave Flume, Q = CBD".

3. Ezxperiments.
The experiments were carried out in a 2 ft. Standing Wave Flume, The-
Fig.101 details of construction and its principal dimensions are indicated in fig. 101.
Manometer tubes were provided, for observation of pressures, in the bed and
gides 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.

¥ig. 102 The notation used below is set outin Fig. 102.

The following two series of experiments were carried out in the 2’ Standing
Wave Flume. :

AN



FIG. 9lI.

" NOMOGRAM FOR

.- LNl
V=-793768 {3

1‘|L£]L11A]

|
I
N

IR PR I |
|
n

—
J
.

]
v

g

va

Pobkie 3/nf+s

ol lfll:'
]

N

<
n

--llqu'
T H

§ ll‘lllll'illlll,.llll

1.0
-9
-8
N

.y
L

— &
e +

J
]
¥

V(FY/sec)

$
§
|
1 ll‘!‘[l|(l|

b
[+]
(<}
g
LB L A1 I R

%
i
] lil\"lnll 1 ll'lll”lll T ‘|‘|lil‘“l

a(cs)

IARAANTRANAAANANN,

1000S =542 23 Qs

'l’l]”l'l]!]l,lllllll’ll"llll

-
r
o

5762
L.W.E.5. poona

NOMOGRAM FOR

~

-_—.00% 1,000,000 "
-+~ -006 1+
P 500,000~f—
1 007 Aooﬁoo-::-
~—t— 008 300,000~
-1 003 200,000 —4—
-t 01 1
—4—.012 \00,000—:-5-
. I
—fe <O 15 50,000 g
. 40,0001
—— 018 s . 39,009.::.
-T—-02 20,0004~

+ 10,000
—t—-03 ]
: 5,000~

1 4,000

3,000—:
2,000+

}
|
o
b

LI ‘T‘l"l iy

P DS
T 1,000~
1—!05 r
e . T
—4—-07 3::::
-4 08 300~
—4—ros 2004~
—f—= 1 i B
A _az IOQ-;E—-
T p-rg e
~+—18 3o
——r 20t
"\'—"'5 5-:’
pres N
T =
s A 1
P

T +
i S 3 .

. P> S
SN -
J_.»

}
i
v

1000 S Q (Cs)

™, P2, R POONA, #.



PaTwie 7/o/as

25

2Q 4

154

124

2-6

«2_5-

204

Rt

.‘-Q- .

FIG. ©2.

NOMOGRAM FOR: -

=4

p

VR

—
- s V B ;vu. PR
= 75w~

Y
i

LTE l

- 10

18

B 5 Y.

--,.8

- ] - |.g'

+ 1o

5686
LW.E.S. POONA

coeap e - een o e

+ 14

‘42

o 10

o8

4+ 07

‘rer




5689
1L.W.E.S.POONA

. . FIG-\93 )
T NOMOGRAM_FOR
i £ =935 R3s%

—

7

~— Q4

B
ot *O S
- -+
—t O
. e 2 Q7
. -4 -08
-
- 1T “
412

20— ~4—:20 :
o N .
~ o 420
- 13 I
T T Iois
25l A a -
4 -5 4_ .
L 1+ - 10
+ 4 ~
304— g i Y
s 1T
F- ;;s
‘ J-i-0 +
3= o ) -5
-,—i-2 L
—4—a
—— 15
[T S SN . o=

l
]
o

4.5 +
T 1.
‘ 4-z0
30~
T 45
l_A.0
¥ . 7
T —-4— L2
~—$‘° :
G'o—— ‘ —-—I-O

6S—f—

70

Patkie s-10-08 RS




FIG:~ 94. NomMoeeamM _For_f, = Vf, fl..

Ne 5823
1w EPT ST=-AaDNa,

(TuE_Nomoseam may acso se usep ror meapws f2,=VE, £ By wrercuaneing

.

or

Bysw RSMIK. 5,y .

®

[

{
=

4.Q..

0-2 4
0194
©-183
Q-7
0164
Q-5
o144
°'l5“'
024
o-ud

O-lod-
.
fn

£, roef), & f;, For ﬂ’n')

0.0

1
9.04

-+

Y

204
04

5.0 4

ES

aol

2:04
t-9-4
1-81
t -7+
1-6 T+
|‘.5—..
4~

1-O4

134

2-04
i ~94
1-84
1 7%
t-64
154

| B

GAZM Posm. .




Fr:. raT00. 7-11. 45

FIG. 95.
NOMOGRAM FOR [, =48 .2,5\/5,—\,(5/}’3’,7‘;’ )

2

0as L

‘002 4

go3 .
.5
004 _)

o00s |
«oos -1

00y
008
-009

o]

PR

0I5 .}
w02 L
'S4
03 1.
04 4
6 *05 L
T 06 4
07 4
o8 .1
w09 |
Py 8 N BE -
15 .4
.8l -
2 o
LY - S s
1L 4 |
s 1
-t L 6 _L
< L
8 4
121 -
[ [
13 L -
M AL
1.4 L &
-5 |} 2 L
I8 .4 s A1
1=7 3
-} 4- 3
1-8
5 &
"9 r F 4
2 4L - -L—
s
s I
22 w L

251

3

f;v ) 000S

6 4

20

bt a1t

Ll g

2 4

0

©
I S I |

|
1

2.5

VR SR WY S DI |

&
:;;i'lllllllll

o

it

8

8 L

3

2

)

NO: 582a
LW E. STN.POONA

S.P-E.5 . M0 W,




5759
. AAN.E.S.POOMA'
o N R d 1900
.- * Q02 -1
B 500
+00S -1
T 400
-1 o %00
02
200
T
ot
-1 _::_ g0
:2-1—
P - S0
. - 5N
ko 40
N | Jp = =0
z : i
-~ 20 .
1d 1.
Ll 15 I
Z : F
(hI‘ w0 10 1o
ol IR ¥ T
w J:m i .
04 Pl ™ T
3 5 ) B e
-—20 " -
15 a al
-
J.E'"’ 3 T =
:: 205~
'.’_ 223
1000 S I. > £
..t.z "5'3-:.'
e § 1 ‘.o_-.—-
R(NFX T
.5 o5 e
w T
z V a~t-
4 vy . B
" RS -
[* 2 4
2t
<TO EVALUATE T
- ol
S= ¢ V[lN Flsec
Jow V=aaTATo R=b AT B AnD
PRODUCE TO L oN REFERENCE LINE.
Join L 10 S = ¢ AT C & produce To0 D,
THE READING AT D CIVES THE VALUE OF %’Ts‘
[Patkie 23/a/as

C. P LA POGNA. .



FIG.97.
VRS
.00] ~4=
ooz -
won
b o
x
. o1 ¥
o2 -
:F’
os - ‘
Ll I ‘ !
Z\| aF : :
cod 1 :
‘2 '
Ll 1 |
9 1
Z s :
N T 3
o =
Ld
B :
] :
o ;
$x
I 20
+ 10 ‘
1
+
+2
1000 S T
R(IN i‘T.)
"}
z
3
i
%
VRS
: 'S
s R ‘v ,
TO EVALUATE —%- FOR
Vad VRe
R=b
S=¢ :
JoinV=aaT AToR=b AT B AND
PRODUCE 7O L, ON REFERENCE LINE.
JoiIN LTO S=c AT € & PRODUCE TO D.
D GIVES THE VALUE OF %
VRS

2
LW.E.S.DOONA

15

o N ow

w

\I(I'ti{ Fo/aec)

-

G.PZ.R POONA.’48.



1.0

- t.2

=~ 1.5
>
’t_'-l-*ls‘*

1
N
o

'I‘LlJlllll_l:'_lllh.lng ' B |

(LRARNRAR AL
~
"

u
)

£4

Nm

3¢ THE VALUES OF 14.FOR &-.;\- 176 PROVIOK
LACEYS ESTINMATES OF SILT FACTOR. {32
FOR KNOWN °VALUES OF THE MEAN Bi1LT

e

NOMOGRAM FOR

£
vm

L1 11141

g 2 11asad
VEORTINTY

YT T L ovesy

-
(]

LA B AL |

1
~

1
N

<05

-2

.ot

005

002

-001

«0O00R

«0001

m (IN 'm.h)

DIAMETER .

Potkie 22[8/as

FIG. 98.

10

1
T rrrrrtrrri

[
| I
T 1

W
L
¥

[
[
1
fFrrjrrrryg

2=
140~
Q) =
-8 -
7 -

-3

LI G BRI SR L WL

5

ol

1
1 4

-

T

q2-

fu

4
LI

L1 1 ¢ [l
4 1
-

LW.L.S.POONA

' NOMOGRAM FOR

6739

R=-472 (2)3

R .
OR log R =% bog &-%(Log $g-9782)

-+100,000
¥

Y

T 20,000

-0, 000

-

[

~ 2,000

W ANEEYY |

1,000

LAY ¥

L 8asaslt

L

Lt da2a1l
LRI A2 §

|
] 1
s 4

a2 4z aael
Y

ﬁ_
N

2‘5'] -

20-}-

1.5 e

12

ta-de

R (m 2 |

G.PZ.P POONA'48.



8760

: FlG, a9 1 W.E.5. POONA
NOMOGRAM _FOR
N m = .]:‘\;IB.E p%’ 5"2'

: OR £0g Ny =2 €og R+ (loq S+0344a)-loq V
s nov ok G Nm =5 tog 5 (¢ 9 ‘ ) Al
TO EVALUATE Np, FOR

— .‘
R=d ._E so-1~
-¥= b T -
S=¢ 1 204
Join R=a Ar ATto V=b AT B cutTing TS p
THE REFERENCE LINE AT L. 4 1
‘JoiN LTO S = ¢ AT C CUTTING THE Ny jE__z l-t
LINE AT D. THE READING AT D GIVES THE . + 1ot
VALUE OF Npy, ._:,E,.zs e
r . 14
k od
4= 5-;_—
i of], 4 =g
-:.-5 SJ—
-+=10 4' J‘
= e ek ]
p= “ . . » z-—
r M
e 2 . “}r‘_“‘ %‘
4= 1:.g P X
¥ T*° - TS
£ } " e
o T U Bt
B o z Yy A ol
T i L e
. -2 e a . . L
‘ jt- ——-I s E - .s.]_
50 B . + .
F ' + L ol
T p =4 2.0 45 L
L V4 g = . .
T j: S
i T =2 +
°F i P F2s
- B k= 2ade |
5 .E- -t .01 30
i E + 1
. T —r——do
| B g i e .J
3= o QO -1
:"L L 2 e 50 B
5_j- <4=-001 T
-+ = —t— O
1 r oo
3 <4~.0002 Iee
¥ + o ol L
A =4 0001 =100
v-
ﬁ-
w—

1000 S | Np o V(N F%aec) R (\ﬁ ,-1

Patkie 1]io]as

G.PZ.P. POONA’48.



FIG. 100
NDMDGQAM FOR

OR fog

REFERENCE LINE

-y % wnN

o0 U W N

REF. LINE

v S R
TO EVALUATE N, FOR
R=dAd
= ‘:
V==e
JoINR=AATATOS=bATr R
AND PRODUCE TO L ON REF, LINE

JoIN L TO V= @ AT C & PRODUCE |
TO D.THE READING FOR D GiVESs
THE VALUE OF N

Palkie \4-9-as

N 1 348

4
L= —_—R2S

:>l°‘

4+ 10

05
-0a

-3 3

02

.ol15

“Ol2
03

5692
LW.E.S.POONA

ﬂog R+ log s-(fog v-0129)

—:ho'
y

-
w [ [ U
PV R T | anlllnl N
) T ) 4 Y VISt fres

L4

R(‘x;i FT)

G. PZ.P POONA'4g,




2FT. STANDING WAVE FLUME.

NQ.78/2
CEnTRAL IRRIGATION £ NyRRODYNAMIC
RESEARCH STH. FOONA.

FIG. 101

IN
CALIBRATION CHANNEL

SCALE 1 =2,

SLOPE I:1-5
PLAN
_______ B PRESSURE TUSES
Yo' DrA. Frusw
0-2° Frosr Sr0s. /(/76’ BED.
Y D 1
C F
e T A 2e % f———C LG o-
“«— 3. -
I ’ NS .
|
[
I .
""""" . "
~l'i
"
. & ]
FiG. 102
LONCITUDINAL

s e e

SECTION

1
D

KO‘Z;:;@JA-E

o M M\_\ -
——— e 3o i 0-2‘_2‘:&-3‘,__;__._1_.
e BT T R T[T T T T R,
A ” S €44 III/ R
A L fressurs Tv8ES %G D1 g \
l I , “ 3) —
‘ D, DEPTH OVER SitL ,

; . e
TOTAL ENERGY DEPTH D= D'|+;(VELOG|TY oF APPROACH}
i [s]

Im SERIES (Q) D= D;
50

R= 1

VA = VELOCITY IN THE APPROACH CHANNEL

03=oep'm OVER SILL IN EXPANSION

&0 u. n e, 1547,



PART IV 81

Series (a):—With a stilling chamber, 20 long, 15" wide, aud 1 62’ deep,

upstream of the Standing Wave Flume. This reduced the velocity of approach

to a neghgxble value. Water surface profiles and pressures were observed for
= 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
observed for D = 0.4, 0.6/, 08"and 1.2". The object of this series was to see
the vanatxons, if any, in the surface profiles and pressures from those observed
in series (a).

4, Observation of lines of flow at entrance and exit.
. It was at first attempted to observe the curvature of lmes of flow at the

Fig. 101

entrance and end of the throat by wool thread. 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 tred. Fig. 103 shows the . arrangement that was used. It consisted
of a clamp A, for holding the pitot tube fitted into the flange B with a ball and

Fig: 108

socket joint. This allowed the pitot tube to be fixed in any position inclined to

the vertical.
<

3,

N R ; ) - R ';;“"(, TN 59.9". £y
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CURVATURE OF LINES OF FLOW .~ = . - -
WITH A _PITOT TUBE. - - * ~° . =

SCALE- HALF FULL SIZE. R

SCALE FOR MEASURING
ANGLE OF PITOT TUBE - “
IN VERTICAL PLANE :

POINTER

.

{

{
4

«—CLAMP A
FLANGE B

SCREW FOR CLAMPING
PITOT TUBE IN
L INCLINED POSITION

PDIN TER

G‘RADUA TED
N

. = >//////ﬁ

PITOT TUBE,

I8y SAPKAL .

Figz. 103



‘

82  ANNUAL REPORT (TECENICAL) OF THE WORK DONE DURING THE YEAR 1045

. '[The flange B: eould, moreover, be rotated horizontally through any desired
angle on the graduated disc C. Thus the pitot tube could be moved in any
 direction horizontally or vertically and the bearing and inclination observed.]

To find -out the curvature of flow at a point in the Standing Wave Flyme

the pifot 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 1n the vertical plane of the line of flow till maximum defléction
was again obtained. This gave the inclination of the line of flow to the
vertical, ' : '

The pitot tube was sensitive enough fo give a change 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¢ inclination of the pitot tubs. * Figs. 104 and 105 show the directions and velo-
& 105 cities at the entrance and the middle of the throat for D = 0.807", :

Fig. 106 Figs. 106 and 107 show typical water surface profiles and pressures for
+& 107 D =0.810" in series (a) and for'D = 0.4 in series (b) respectively, for free' flow
Figs. i(;fi and standing wave downstream. . - - .
to 111 : - - ] -
= Comparison of profiles and 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. :

T NQ-5987 wad
1. W.E.5.POONA-

SURFACE PROFILES FOR.D.=0-4

L X——WITH APPROACH CHANNEL -
- O——WITH STILLING-CHAMBER U/S’

— VER. /=107

wor. /= Z'PI

' SCALE..

9

- ‘ - .
' PITTITTITTII I T x
THROAT e
.o E , ] T GLags
—— 2.58 -~ 3.0" -~ - e - 58 - -~
) DY:-és.a:e-s-as. .
) : . . - . L]
o ) Fig. 108"

+. For D = 0.4/, a characteristic hump was observed for a certain length at
the entrance tothe throat, (Fig 108). The reason underlying this formation of
the undulatory wave has been explained by Bakhmeteff"’ ag a * transitory
- stage of flow in the state of establishing itself. An example is the entrance
Fig. 109 portion of a flume (Fig. 109). - Above section (A) there lies the undisturbed
leyel of the reservoir. Below section (B), flow is uniform. The stretch between
sections (A} and (B) ig the transitory part in which uniform flow establishes
itself. In fig. 109 this transitory siretch presents an undulatory surface. Such
is always the case when the slope of the flume is mild or to be more specifis,
when flow which is in process of establishing itself, is * tranquil ”. ’

(1)«Hydraulics of open channe’s” by B. A:. Bakhmeteff, Page 62.
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PART IV, , 81

Series (a):—With a stilling chamber, 20’ long, 15 wide, aud 1.6%’ deep,
upstream of the Standing Wave Flume. This reduced the velocity of approach
to a neghglble 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 Fxg 101 in dotted lines. Surface profiles and pressures were
observed 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 serles (a).

4, Ubser'vauon of lines of flow at entrance and exit,
It was at first altempted to observe the curvature of lines of flow at the

entrance and end of the throat by wool thread. 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
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.
Y :

IN® 5991 &
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[The flange B could, moreover, be rotated horizontally through any desired
angle on the graduated disc C. Thus the pitot tube could be moved in_any
direction horizontally or vertically and the bearing and inclination observed.]

To find out the curvature of flow at'a point in the Standing Wave Flume
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 flow 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 change 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
inclination of the pitot tubs. Figs, 104 and 105 show the directions and velo-
cities at the entrance and the middle of the throat for D = 0.807’,

Figs. 106 and 107 show typical water surface profiles and pressureg for
D =0.810 in series (a) and.for D = 0.4 in series (b) respectively, for free flow
and standing wave downstream, o '

Comparison of profiles and 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.
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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(*> as a *transitory”

Fig. 109

stage of flow in the stafe of establishing itself. An example is.the entrance
portion of a flame (Fig. 109). Above section (A) there lies the undisturbed
level of the reservoir. Below section (B), flow is uniform, The stretch between
sectiohs (A’ and (B) is the transitory part<n which uniform flow establishes
itself. In fig. 109 this transitory siretch presents an undulatory surface. Such
is always the case when the slope of the flume is mild or to be more specific,
when flow which is in process of establishing itself, is * tranquil ”.

(1)«Hydraulics of open channe's” by B, A. Bakhmeteff, Page 62.
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In broad-crested weirs, speclally, the flow is in the nexghbourhood of critical
-depth, where the depth curve is very steep. ,So a large variation in depth can
take place with very little changa in energy of flow. When the movement in the
{ransitory stage is rapid then there are no such undulations.

In order to see the rangs of D in whlch this transitory undulating flow
occurred, an expenment was carried out in which D was- slowly increased

from 0-2 to 0-6’. The minimum value of D for which this pecuhar hump did not

-occur was found to be about 0-56 ft.
5. Curvature of flow,

Pressures on the bed, at the centrs of the Standing Wave Flume cor-
responding to various values of D are also shown in figs. 106 and 107. The
pressures at the end of the throat were less than the corresponding depths

of water. This negative pressure on the bed, at the end of the throat (ie.

-difference between depth of water and pressurs 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.
-corresponding pressures, even for D= 1.2 2 : the curvature at the entrance of
the throat is thus less pronounced.

. The effects of this.convex curvaturs at the end of the throat is to reduce
the value of the critical depth at the edga, and to make the- eritical depth occur
at a certain distance before the edge of the weir as explained by Bakbhmateff*? :
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(1):Hydraulics of Open Channels’ by Bakhmeteff, page 43.
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Table shcwing actual depth of water observed on ce

\
TABLE 24

2’ Standing Wave Flume experiments,

)

nire line at various places as compared to D upstream over sill of Standing Wave Flume,

*D ‘ D, - _
Depth Depth of water Position where 2/8 | depth of flow over | Posilion where flow *
upstresm at entrance to D of flow was  |sill where flow was | was parallel from D \
8.No. over sill in the throat in 2/8D observed (measured | parallel in ft. (i.e. | section noted below| 22 Condition of flow
feet. feet. below entrance | equal to pressure | (measured from D
section in feet.) head) entiange in fi.) "
1 2 3 4 [} 6 7 8 9
1 0-410 0.280 0-278 0-6' & 1-6' 0-247 " 20— 2.4 0-603 Free flow downstream
. . .
2 0-417 0-315 0-278 1.8 0-278 1.8 — 2.0 0-60 Standing wave; % = -8
8 0-807 0-593 . 0-538 0-&’ 0-462 1.8 — 22 0-573 Free flow downstream
4 0-810 0-600 0-540 0-5 b 0-483 1.5' — 2.2 0-597 P Stnnding wave; % =7
b 1.200 0-900 0-8170 0-67 0-66 2.9 0-542 Free flow downstream
6 1.207 0-910 0-805 0-67 0:67 2:8 = 2.5 0-655 sf,andiﬁg wave; g_s = 88
7 0-60 0-442 0-400 0.4 .0:362" 12 — 24 0-608 Free flow

* In all these experiments, the velocity of approach-was negligible and D; was equal to 1.
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“Experiments show tbat in actual movement over a broad-crested

weir—F1g. 110— the critical depth d., =V q*/gis attained by the surface
at a certain distance before the edge of the weir and that the depth d’., over
the edgze is somewhat smaller. The explanation lies in the fact that

Fig. 110

the critical depth d..=+/q?/g was determined under the assumption of

parallel flow. In other words d. =/q%[g corresponds to flow with a
possible minimum content of energy in parallel flow and parallel flow only.

For curvilinear flow, the minimum possible content of energy, cor-

responding to a discharge q differs from Dgi», = 1-5%/q2/g corresponding to

. a parallel flow. It is greater for concave flow and smaller for convex
movement. ’

Also the critical depth, determined as the depth at which flow ﬁgh

minimum content of energy takes place is smaller than 4/q%lg for convex

streaming and greater than 4/q2/g for concave flow.”

_ Due to this effect of convex curvature on the eritical depth, the depth Dy
in the throat was always less than .the theoretical value of 2/3 D “{compare
columns 4 & 6 of table 24). Value of ratio D4/D (table 24, col. 8), always less
than 2/3, decreases for higher values of D due to the increased convex cur-
vature at the end of the throat occurring at the greater depths; with a
standing wave, particularly at the lower depths, thé ratio has a higher value than
with free flow. . ' ' ' :

6. Leng'h of parallel flotw. _ : o
. Table No. 24 gives the depth, D, of parallel flow and the po;itipn where

"Table 24

parallel flow was observed as compared to position where 2/3D (D = upstream

_depth over sill) was observed.

For D=0-¢, the flow was parallel over a considerable length, ie. 1-2
The length for which flow remained parallel decreased for higher values of D;
e g. for D =1.2, the flow wag parallel over a very short length. For depths
higher than this there will not be an appreciable length of parallel flow;
which 18 a necessary condition for the discharge formula Q =3-09 BD!*% to hold

true for a Standing Wave Flume. So D=1-2 seems to be thé limiting depth

in the 2" Standing Wave Flume with 3’ length of throat. . The ratio
Length .of throat

) comes to be about 2-5. -

7. Conclusions, -

The experiments clearly showed the existence of curvature in the- Standing
'Wavé Flume—see also fig. 111, : - '

The curvature at the end of the throat increases for higﬁer' values of D.

The length over which flow remains parallel' in the throat depends upoﬁ D
and decreases with increase of D. S

The depth Dy of parallel flow is ,alwa'y;s less than 2/3 D. The ra.tio'D,ID
- decreases for higher values of D. S )

. 8. Further ea:perz’hents.

The extent of curvature at the end of the throat, for a given value of D,
depends upon the slope of the downstream glacis: a steeper glacis will cause
greater curvalure of flow. So the effect of curvature on the maximum percentage

. Fig. 111

recovery of head and the discharge coefficient in a Standing Wave Flame ‘caused -

by different downstream glacis slopes are proposed o be determined in a separate
series of experiments, ~ - )
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7. RAINFALL AND RUNOFF

+ (i) TOTAL VOLUME OF RUNOFF"

20. On Sunspot Intensity Cycles as a Medium ‘of Predicting the
' Probable Dates of Occurrence of River Floods.

1. . Introduction,

. Much work has been doue in the past — without much . 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:®*? *“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 attempting 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 diurnal and annual cycles - are of equal period, but have by no
means a homogeneous amplitude. Horace Lamb states ‘The problem is indeed
indefinite, for the solution is possible in an infinite number of ways.’ ”

Even granting that the weather may be purely fortuitous or governed
entirely by terrestrial causes, Shuman® says, “there should be no objection
to utilising the fact that a certain cycle can be derived statistically from the
sunspot numbers, varying in periodicity depending upon the length of two
consecutive solar cycles, and which is named the 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®’ data for the years 1850-1943 (which were obtained from
the India Meteorological Department) have been subjecled to a Bruckner*’
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 sufficient data.
-There would still remain the fizing 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. , .

(1A, Streiff On‘ the Invettigation of Cycles,”” U.8. Dept.of Agri,, Monthly Weather
Review (1926), p. 289. ' :

(2)J. H. Shuman in Discussions on ** Flood Stage Records of the River Nile,"t Proceed-
ings of the American Soviety of Civil Engineers, Vols. 61 & 62. d

(3)Sunspot numbers are averages of the daily pumbersof spots counted on standard size
photographe of the sun’s disc made at a number of internationally recognized observations:
Kodaikanal observatory in South India is ome of them, The number of euuspots is known to
have a periodicity of approximately 11 years 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.

(4)This was first discovered by Bruckner, and given by him s varying length of 25 to 50
years, jts averaga value being set at + 85 years due to the fact that the oyole was compositely mads
ap of the secular and 2 solar eycles,
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9. Method.

The actual method of deriving the Bruckner cycle which is, in essence, an
approximate cycle analysis consists of the following steps: (i) a five year
moving average (R,) 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,) of the observed data from the moving average figures (R,) ate
then plotted against the corresponding years; (iii) a median line (M,) is drawn’
through the curve for 8,; (iv) A plot of the points for R+ M, for each year
will now yield what i1s known as the Double Wolf or the Hellman cycle; and
{v) the median line of this cycle will finally give the Bruckner cycle. v

8. Disoussion of Bruckner Curve for Sunspot Numbers,

The Bruckner curve thus derived from the sunspot Numbers date (1850-
1943) and shown on fig." 112 reveals the following features:

Peaks are observed in the neighbourhood of 1869-70, 1894-95, 1517-18 and
1937-38. Troughs are observed in the vicinity of 1857-58, 1883-84, 1907-08
and 1928-29. Thus, the intervals between the peaks equal, respectively 25, 23
and 20 years : while those between the troughs equal 26, 24 and 21 years. A
continuity of similar trends would indicate a trough in the neighbourhood of
1946-48. Therefors, if any correlation can_be established between the periodi-
city for rainfall and periodicity for sunspot numbers it may be fair to expect low
rainfall years during 1946-48.

2. Comparison with Br uckner C’fmjves for rainfall near Bombay.

With this object in view, two more Bruckner curves, respectively for (1)
the rainfall recorded at Thana raingauge, which has records going back to 1867,
and (ii) the mean rainfall of 2 raingauge stations—Vada and Bhivandi—which
bears a very high and real correlation with the monsoon runoff at Tansa—have
been superimposed on the curve for sunspot numbers in fig. 112. fome degree
of general resemblance is seen from the three curves. Butboth 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 phenomena.

5. Conclusion ‘ :

From a study of the 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, in phase with the Bruckner cycle in
sunspot numbers ...... The question arise8, can any of these cycles be extended
into the future, with any dependability? The answer would have to be negative,
if these data were available.”” Shuman further con¢ludes that extreme values in
the variation of weaiher are not brought about suddenly, but only approached in
an oscillating, pyramiding manner, culminaling at the extreme values so that
only values embraced in, say, not more than 200 to 800 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 practical purpcses. However, as the
. science of meteorology develops and 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.

L]

Fig. 118

Fig. 112
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GENERAL.

,21. Methods followed in fixing model scale ratios and ovércomingv
_.model limitations, based on experience gained at the
Indian Waterways Expenment Station, Poona.
by
Rao Bahadur D. V7 Joglekar and

0 Sir Claude Inglis, C. I. E.
Contents.

fntmduction
Tt/pes of models, . .
Type L - Geoinetncally—mmllar models which give geometncally-slmllat
. - Tresults
‘Type II. Geometrically-similar models which do not give geometrically-
similar results,

Type III. Models -with mobile beds, in which ‘flow pattern’ is the
' dominant factor.- .

Type IV. Vertically-exaggerated models of rivers
' (tidal and non-tidal) : :
(a) rigid;
(b) semi-rigid; -
and (c) mobile, -

Type 1 Geometrically-similar models which give geometrically-simila
results,

Rigid (a) Coefficients of discharge.
(b) Standing wave relations.
Semi- (¢c) Lines of flow at off-takes.
rigid (d) Scour downstream 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 fhe Rohri
Canal Sind.

(i) 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.

Example I (¢) (i) Design of off-take at the entrance to the right pccket
' from the Approach channel at Sukkur.

. (ii) Lines of flow at off-takes.
Example I (d) (i) Scour downsiream of flumed falls.

Types I & 11 combined. Siphon spillways.

Type II  Qeometrically-similar m odels which do not give geometrically-similar
results.

Example IT (i) ngh-coeﬁicxent weirs.
Type TIT Vertwally—twaggerated models with mobzle beds, tn which flow pattem
18 the dominant factor,

Example oI (i) Geometncally—mmﬂar models. Flow pattern down-'
stream of rigid structures. .
" (ii) Vertically-exaggerated models: scour downsiream of
_ rigid structures.

. |
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Type 1V Vertically—exaggerated models,
(a) rigid;
(b) semi-rigid ;
. and (¢) mobile. .
Type v (@) Rigid, vertzcally-exaggerated models, Scale ratios of tzdal models.

Example IV (a) (i) Hooghly rigid tidal models.

Type IV (b) Semirigid, vertically—écbaggemted ‘models,
Example IV (b) (i) Hooghly sem-ngxd tidal model (long).

Example 1v (b) (ll) " ) » s; (Short)
Example IV (b) (1i) Port of Rangoon tidal model.

Type IV (c) Vertically-exaggerated mobile models.
Method of calculating scale-ratios in vertically-exaggerated mobile river
models : _
(1) Introduction
(2) Selection of scale ratio
I Longitudinal scale ratios
I Latitudinal , ,,
III Discharge 5

VI Sand -, -
V  Depth » o ow
VI Slope” . -,
VII Time w o O

(3) Difficulties experienced in river model empenments due o, qﬁcts .
caused by vertical-exaggeration,

(i) Ezxaggerated scour near rigid structures.
(ii) Tncorrect ‘throw-off’ from rigid structures.

(iit) Necessity of txltlng masonry structures. ‘
(iv) Exaggerated size of vortices caused by rigid structures.

(v) Necessity of having different scales for rigid and non-rlgld portlons-
due to excess friction losses:in the l'lgld portion of models.

- (vi) Exaggerated length of standmg wave in plan.
(vii) Longitudinal distortion. :
(i) _leferent time scales for scour and accretion.
Conclusions '
Appendiz I

Eqmvalent size and specific gravity ‘of stones and blocks i in‘a model.
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INTRODUCTION

There are few subjects concerning which so much confusion of thought
exists as about’ the correct role of hydrodynamic models’’. 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 concerned—models’ of alluvial nvers, 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 ar?, :

The aim of this .Note is to explain why some experiments give reliable
results, while others depend to a marked extent on making correct assumptioms.

The methods followed in designing models and in cdrrying out experiments
are described in detail ; and pitfalls to be avoided, and difficulties to be overcome,
are explained ; with suggestlons as to how to mltlgate 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 1nsp1red
prediction of the future. g

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 80 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 approxzimation ; 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 knowh conditions with a high degree of approximation. This will
only be attained after the model has been run for some time to aow 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 lald for the
conditions existing after the model has corrected 1tself

TYPES OF MODELS. ,

~

Various types of models are described below, quoting specific examples of
each type.

Type 1. Geometrically-similar models wlnch give geometncally—slmxlar
- “results.

Type II. Geometncally—sxmxlat models which do not give geometrically
similar results. '

" Type III. Models with a mobile bed, in which “flow pattern” is the
dominating factor.

Type IV. Vertically-exaggerated models of rivers (tldal and non—hdal)
(a) Rigid; :
(b) semi-rigid ;
and (c) mobile.

(1)*Hydrodynamic models as an aid to engn.:eenng skill”” by C.C. Inglis: Presidential address;-
~ Engineoring Section of the 28th Session of the Indian Science Congress, Bemares 1941.
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Type 1. G’eometrically-similar models which give geometrically-similaf‘ results,

In this type, the models are rigid and the changes in energy relations
between velocity and pressure are the chief factors affecting results, requiring
a similar Froude Number (VZ?/gd) in model and prototype. This is easily
attained in some experiments in' which our aim is to determine

(a) Coefficients of discharge,
‘and (b) -Standing wave relations;

but approximately accurate results can also be obtained as regards
’ (c) lines of flow at off-takes,
and- (d) scour 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,

Coéﬁcient of discharge of. S, W Flumes,

Standing wave flumés give geometrically-similar results provided the models
are made relatively smoother than.their prototypes; 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. 4

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. :

: TABLE 25 - - :

Discharge ~ C. ' ‘ Formula

2 1o 10 cusecs. C=.97 q = 3 BD1-®

11 to 50 cusecs. - C=.98 - q = 3.03 BD!-3
~ 51 to 500 cusecs, C=.99 q = 3.06 BD1-3

501 cusecs and abave. C=1 . q = 3.09 BD?-*

_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 before
" applying results to the prototype flume. '

Using Manning’s formula -
ve 1480 r¥st
and assuming the same roughness in the model as in the prototype :

‘b (frictional Ioss)oc‘z LV# [R4/3

(scale ratio)?
(scale ratio)*/®

« (scale ratio)?/3

In other words, the frictional loss is not geometrically-gimilar. Thus let h,
in a full scale flume with depth above throat=10’, be=.153"; h,in 1/10 scale
geometrically-similar model will be=.153/(10)%/% =.033 ft. Thus D 1n large flume,

(1) See item 9 of LW.E.8, Annual Report (Tech) 1944, p.54
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including loss i in friction = 10,163’ and D i in small flume, mcludlng loss in fric-
"~ tion, 1,033". To find C, the coefficient of discharge in the model with D =1.033";
assuming C in prototype 3.09,

q of prototype

@ of model = scale ratio?'3

_ 3.09 % (10.153)1:3
(10)1-5

=3.16 csfit.
3.16 =0, (1,033
or C; (of model) =8.01 (against 3.09 of prototype).

ana’o Masf/k/)an Fall ﬁoﬁr/ [ana/ S/na’
P/an { Modle! SCa/e‘///e' )

" Vanes 126 R To o&k .

Scale~ 1'= 8" ) .
. T, Y e 2 d 2 2 3 x
It * ""S [ T | | TV Y N S AT |
0.8 e w0 #
. 8 )
] ¥ L . fa ! SIOP‘ R
A 36 : yarungaﬂ‘
’\/-:jl-aﬁd—
gy - z@’ﬁi - eplachor | obre e
Ao B s e 1335 " ""—__“—:-
. N mp——"
g PP P 8 e o o 1
Sy —— T e
\ o - \§,$\-
J 45 A £ o™ P 103 A n
8] - , ,
— Lb =525d, =0.9°(= 14-4) ,
. . & hy=dy =017 (=275) concrefe slab

o-5

[ Section ( f/)roagﬁ r/qﬁz‘ J/de )

——Def’ﬁc)’on (fop 2. 100-49 )
’ w.L. for-08 ( m/ﬁ re/m]n.fswn ) (.— - 52) .

»

wc 10/27( 174 32) o
‘ i cnu v ‘olsz( 162 32)—-

Baffle (fop L. =100-63)

N “& (=

.

_i.\' } __%TW)

L Jori3 (=172. 04) Tartm_qar: l
.8l with re/rqyre.sswn =100- 33( 59- 32)
10052 (=162-32) 100:37 (= 159-82)

T8 mane R.5.

-

Fig. 113
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Example I (a) (5) |

DETERMINATION OF THE VARIABLE COEFFICIENT OF DISCHARGE
OF THE 10,595 CUSECS TANDO MASTIKHAN FALL ON THE ROHRI

CANAL, SIND.(V
These experiments with a geometrically-similar model, in which the relative

"roughness was correctly maintained, have shown that the coefficient of discharge

decreased with increase of discharge and hence depth-—due to impact losses at
pier noses increasivg with dépth as the proportion of piers submerged—increased,
The discharge formula of the Tando Mastikhan Fall in Sind was found to be

Q=0C, (B—K,D) D3 ~

K = coefficient of contraction
=0-083 in Tando Mastikhan Fall,.
n = Number of piers =9 in Tando Mastikhan Fall,
‘B =Waterway = 100 ft., | -
D =D, (Depth of water upstream over sill of flume) + V2/50,
and C; =a coefficient.

The accuracy of the results obtained in thé model has been borne out by
observations in the canal. Lo . ’ b

I : ‘ N NOZESZ,’:‘ ,
R I S . LW.E.S.POONA,
" VARIATION OF ‘C"WITH DISCHARGE IN THE
 TANDO-MASTIKHAN FALL.

3-00 r

:9
o
[14]
U
o, Y
M 20
7 o
z .
Y 280 o
2000 6000 10,000

DISCHARGE (Q) IN Cs.

VARIATION OF C' WITH DEPTH OVER
CREST OF FLUME.

300

O 2so

A

2:80 _ ] ] 3
4’ 6 -8 10 12 14
DEPTH OVER CREST OF FLUME

incLuping hy ie D+ Y

Parrkhi.

- Fig. 114

1) Appendix III of item 9 of Annual Report (Tech.) 1944, pp. 48, 49, also C.I. & H.R.8.A.R.
(T) 1938940 pp. 59-60 “ Effect of piers on coefficients ",
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Ezxample I (a) (i) A :
COEFFICIENT OF DISCHARGE OF NIRA LEFT BANE CANAL
HEAD REGULATORSY ’

In this case, the problem was to increase the discharge of an’ existing
regulator, consisting of 7 spans of 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=ACA/2gh) was
increased from .81 to 1.93, making jt possible to increase the discharge 2.3 times,
with the same head. ‘ ‘ : .

Fié'ure 115 shows the original design in full lines and the modified- design
in dotted lines. The masonry of the sluices in the prototype is of coarsed rubble

Fig. 115

(second sort). In the model, this was represented by rough-cast cement plaster -

1o obtain approximately the same relative roughness. .

5 wNo:sessch)
LW.X. STN. poona,

NiZA LEFT BANK MHEAD REGULATOR -
" ScALE.1"=12". ’

ORIGINAL DESIGN SROWN IN FULL LINE.
MODIFIED DESISN SHOWN IN DOTTED LINE,

- LONGITUDINAL SECTION.
. p . p: - .
- ‘é: . ﬂ/g W,
A arFLux= a-98’ H
2 GATE, f? A(’__o;ztz‘nes;sg' :
0. 2 2 7727002 oy

WO e S G I
1 a3t 1, - . fo:50
o = oo L A !

B8 —tfa= === 10 <= - ppeg == 10 - =~

T8 : TIN5 —=L2=TiNi0 - -

Example.I (b) (1) . |
POSITION OF STANDING WAVE WITH VARIOUS DISCHARGES. AND
DIFFERENT DESIGNS ‘OF SILL AT SUKKUR BARRAGE.(2

The criginal desigri of the Barrage profile consisted of 1 in 30 .upstreAnil

slope, an 80 ft. length of horizontal sill at-R. L. 176 and a downstream glacis

slope of 1 in 70. Experiments tarried out at Poona showed that the upstream

and downstream slopes were much too flat and they were, as a result, altered to
1 in 5 upstream and 1 in 10 downstream and the length 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 downitream of the Barrage. The under-
sluice pockets had already been constructed according to the original desiga; but
the 1nain Barrage wos constructed accsrding to the recommended «desiga. 'The
model showed that with the original design and anticipated retrogression, the
standing wave would, under certain conditions, form downstream of the pave-
ment; whereas with the modified design, it would always form on the glacis,
near the Barrage. . -

In the undersluice pockets, where the original design had been followed
before the alieration was recommended, the cut-off (difference of water-levels
upstream and downstream of the barrage) has to be restricted to about 5 ft.,
because there is an unbalanced standing wave condition with large heads,
leading to dangerous bed-scour downstream of the pavement.

(1) Bombay Tech. Paper No. 54 ‘Note on experiments with a model of the H i
Nira Left Bank Canal’. ) ol of the Head Sluices of the

(2) Bombay Tech. Paper No. 29 ‘Note on experiments ecarried out with various designs of .

piers and sill in connect.on with the Lloyd Barrage at Sokkur® .
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LINES OF FLOW AT OFF-TAKES

Example I(c) ()

DESIGN OF OFF-TAKE AT THE ENTRANCE TO THE RIGHT POCKET
FROM APPROACH CHANNEL AT SUKKUR®

2
SYED
b

es3irn
PLAN SHOWING DESIGN OF NFW APPROACH CHANNEL,
ALONG RIGHT BANK, TO EXCLUDE . SAND FROM
RIGHT BANK CANALS AT _SUKKUR.(SHOWN DOTTED)
SCALE:~ 2 INCNES =7 MILE. )

LEFT BANK CANALS®

b 1

o

s e———
DIVIDE wALE.

. T )

. - S

. . Q

: E . S X

. 2222322 %
. SABHBELO IStamD. o ezTF czmTea Y
egkk-” N =1 ‘§§F

4 { 5 _________
R P/, ~Limane, |
NEW ARPROACH CHANNEL: :

M -
RISHT BANK CANALS:

Fig. 116

Figure 116 is an Index plan of the Indus above the Sukkur Barrage with

the new approach channel, which is designed to conirol the quantity of sand

‘entering the Right Bank Canals,

These hitherto drew an excessive load of bed

sand. As a result of model experiments carried out 15 years ago® 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 carried an exceptionally heavy charge of bed sand, heavy accretion

occurred in the North-West and Rice Canals.
reducing the quantity of sand entering the canals

Various alternative methods of
were then tested. The design

~ recommended consisted of a curved approach channel 5,000 £t. long—shownin Fig.
¥ig. 116 116. This investigation presented many difficulties ; and six different models
(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 the

model 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 model.

(1)Annual Report of C.I. & H.R, Sto, for 1937-38 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

*42)Bombay P.W.D, Technical Paper Nos. 45, 46 & 52.
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Ezample ](a) ()
LINES OF FLOW AT OFFTAKES.

In Bombay Technical Paper No. 52"experiments have been descnbed
showing various factors affecting the quantity of sand drawn by off-taking
channels. It was found from experiments carried out in models with v1igid beds
- and mvbile beds, that the former areliable 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 correct degree of vertical exaggeratxon '

Ezample I(d) (i) o
SCOUR DOWNSTREAM OF FLUMED FALILS.®

Scour occurs downstream of falls due to : . -
(1) excess energy which gives rice to eddies and surging ﬂow 3

and (2) mstablhfy of flow, due to a sudden or too sharp expansion, which causeg
* heaving ' and unbalanced flow, with return flow along one.cr both banks.
This return flow forms a large, slowly-revolving, vortex with velucal ax1s, which
pushes the forward flow away from the bank and thus causes ‘jetting’. In this
condition of flow, the large vortices rotate with a high peripheral velocity which,
in turn, causes bank erosion, espec:ally pear the toe, so that the angle of repose
of the bank is exceeded and large pieces._ of . banks shear..off causing deep
embayments, often called * bellies’. This condition can be prevented by con-
structing the ‘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 baffle in euch a position, and of such height, that the standing
wave is always held at the toe, thus destroying a maximum of energy. A deflector
at the downstream end of the pavement should also be constructed to throw the
bigh velocity bed water towards the. surface’ thus producing a bed-roller w1th
horizontal ame, which will prevent, or minimise, downstream scour.

Where a fall has been constructed with too sharp an expansion, it can
usually be made to function satisfactorily by bmldmg, in addition to a baffle and
a deflector, dxvergmg vanes in continuation of the piers, 80 desxgned as to fad out
the flow. ,'

The Tando Mastikhan FalI was construcied with much too sharply dxvergmg Fig. 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 80, conﬁrmmg
all the conclusxons drawn from the model experiments.

Types [ & II oombmed

SIPHON SPILLWAYS.

Siphon epxllways provide a border-line case between Type I and IT; in that
though they come under Type 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 of 7 feet of water above absolute zero pressure, or say 27 feet
below atmosphenc pressure at sea level®

(1)Bombay P.W.D. Technical Paper No. 52 ‘Factors affecting exclusion of bed silt taking off
from alluvial rivers’.
(2) —do~ No. 44 and Annual Report (Tech) for 1944 (pp.29-55).
(3) Annual Report (Tech) 1989-40 pp. 27-29
w nm 40-41 pp. 27-31
w  wm 41-42 pp. 26-28
v o» " 42-43 pp, 24-29
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Prof. Gibson?? carried out experiments with various. sizes -of giphon
models and has shown that the minimum gize of model which gives dynamically-
gimilar results (except priming depth) is such that d /7 > .28, 8o as to ensure
fully turbulent flow, where d = diam. of siphon and h is the operating head in ft.

.- Experiments carried out at Khadakvasla in 1928 with a 500 cusecs siphon
and its 1/8th scale-model showed that though the nature of-priming curves and
coefficients 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 1.15 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. . :

Prof. Gibson in the above-mentioned Paper showed that with a model in
which the head was 3 ft. and a parallel section 12.125" wide by 4", the
discharge increased by 32 per.cent when the outlet was flared as shown in figure

Fig. 117 117, but in experiments carried out at Poona, it was found that though ﬂar'ing the
outlet increased the discharge by 30-6 pur cent in a model with head = 2.95 ft.,
in the full-scale prototype, which:was 8 times as large (head = 24.0'), the discharge
increased by cnly & per cent and civitation occurred downetream of the crest,

Fig. 118 as shown iu fig. 118, -
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Fig. 117 =

It wasconcluded from these experiments that the limiting negative pressures
in a well desjgned siphon is about 27 ft. at sea level and that where a siphon is
working near to this limiting pressure, flaring the outlet cannot increase the
discharge to an appreciable extent, and is undesirable, because itis likely to
induce cavitation and vibration; but where the height of the siphon is small,
flaring will increase the discharge to a marked extent.

(1) Inst. of C. E. Paper No, 4810 (1930-81) on ‘Experiments with siphon spillways’ by Prof.
A, H, Gibgon,

-—
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TYPE II. Geometrically-similar models which do not give similor results,

Example I1 (s).
HIGH COEFFICIENT WEIRS,

Ezperiments carried out at Poona to determine coefficienis of high-
coefficient weirs!!’showed that where the curvature of the Weir profile was sharper
than the path which filaments of water would follow if discharging freely into
air, the coefficient of discharge in the formula q=c¢ D% (whera q = discharge
per foot run and D = upstream depth over weir) increases both with scale and
of water over the weir. The formeris 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 weirand hence, solong as the water adheres to the weir
profile, a reduction of pressure occurs ; and as ‘

p/w +V2/2g + Z = constant
for a filament (Bernoulli's theorem), the velocity is correspondingly increased
and also the discharge. : 3

No theoretical method of estimating the discharge in the prototype being
known, models to different scales were constructed and their results extrapolated
to arrive at pressures and discharges to be anticipated in the prototype.

N2 5685
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Fig. 119

1) Annual Report of the C.I. & H,R. Station for 1937-38 pp. 89-44,
» ) » ” » *» iy, 89-40 PP-. 45-50.
» ” ” ”» » ”» 40-41 PP 42-50
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Photo No. 2255. Showing separation of the nappe at side.
(Note the silk threads in the centre and at side).

no:s5685(0)
ILW.E.STN.POONA,
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Figure 119 shows the coefficients obtained in models with scales of 114, 1/4.5,
1/5 and 1/7 5 of the prototype. From this it will be seen that the larger the scale
the higher the coefficient. When these coefficients were exi‘:ljapolated, 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 channel
we had a check on the accuracy of the conclusions arrived at by extrapolation
from small models ta full scale; but even this presented difficulties—because,
whereas the weir at Bhandardara is 650 {t. long, it was only 4 ft. in the model, V.
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 method 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. channel It was
necessary, however, to place the model safficiently far downstream of the
bellmouth for the 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 ow at the sides at the weir. Providing a
very small degree of expansion in the side walls reduced the 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 so
reduced the discharge coefficient. This inward bed-flow can be clearly seen in
photo no. 2265, which shows threads fixed on the weir indicating distorted lines Fhoto 2265
of flow. " -

Figure 120 shows the coefficients of dischafge plotted against depths D in the Fig. 120
formula q =CD 18 : :

It will be noticed that the coefficient instead of rising to a clear-cut - _
maximum as in figure 119 rises on a curve and, before reaching its natural Fig. 119
maximum, falls and meets the rapidly falling line at C =4.70. Dotted lines show
the 1ising and falling curves extrapolated. These meet at C=4.9 with D=
3:05 ft. as compared with 493 extrapolated from small scale models; but
whereas by that method the maximum value of C rose to 503 with D =410,
this was not attained in the part-width, full-scale model, due to side .effect;
but would be attained in a wide model.

Type III, -

MODELS WITH MUBILE BEDS, IN WHICH FLOW PATTERN IS THE
- DOMINANT FACTOR.

Ezample IIT, (5) S

Geometrically-similar models- .

Flow pattern downstream of rigid structures.

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 observed in the prototype, reproduce the prototype flow pattern sn
long as there is no sand in movement ; but should sand be injected, deposition
will occur in the scour-hole. A geometrically-similar velocity does not, in fact,
create sufficient turbulence to maintain the scour-hole depth; and to create
additional turbulence while maintaining geometrically-similar depth, would
necessitale increasing the velocity and hemce the discharge. This would
introduce complicating factors, such as increased impact losses at piers, incorrect
distribution ‘of sand across the bed, and distortion of flow pattern, which, in

t.lfml ci)aslela_ of jparrow channels, would lead to distortion in plan and exaggeration
of “bellies”. - :

(1) Apnual Report of C. I. & H. R. Stn, Poona for 194041, Pp. 42-45.
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[ :
Example I1I (i1) ‘
VERTICALLY-EXAGGERATED MODELS.

Scour downstream of rigid structures,

Provided the width is very great compared with the depth, as in the cage 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 the side-slopes
and ‘“bellies” comprise a considerable part of the wetted perimeter, vertical
exaggeration brings in many difficulties; because-either the side-slopes must be
verlically exaggerated, in which case the angle of repose is much to steep and
the flow pattern incorrect; or else the banks must be given flatter slopes, approxi-
mating more closely to the angle of repose;—in which case, thq model will be
widely distorted in plan, the “bellies” being greatly exaggerated.

Thus, the most that can be done 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 must be
stressed that our recommendations have been mainly based on field experience,
and very little on what the models showed, except for comparing the relative
value of various alternatives — where the common ‘error could be largely
discounted. ) - ’

Exampl: I1I (it ) _
SCOUR IN THE GANGES DOWNSTREAM OF THE HARDINGE BRIDGE.V

In this case, scour depended on 4 factors:
(1) Curvature of flow upstream, .
(ii) diving and rotary flow induced at the notes of piers,
(iii) ‘depth: velocity’ relation upstream and downstream,
and (iv) material of bed downstream.

To reproduce (1), (iii; and (iv), vertical exaggeration was required; while (ii)
required geometrical-similarity. Early experiments had been carried out with a
full-width model ‘®’ with a vertical.exaggeration of 7.7, the scale ratios 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
flood 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 8o 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 111 (i.e..V. E. was reduced
from 7.7 to 8). The result obtained was thereafter much more satisfactory, in
that the cross-sections were more approximately reproduced 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 could
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.

(1) Annual Report (Tech) of C. 1. & H. R. Station, Poons, 1941-42, pp. 81-82,

(2) Bombay P.W.D. Tech, Paper No, 55 ‘Investigations carried ont by means of models in
connection with the protection of Hardinge Bridge, E. B Railway, (Now Dengsl Assam

Rly,))
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In the present case, the following scale ratios were adopted:

Longitudinal = 1/500

Latitudinal =1/400

vand Vertical =1/266
and vertical exaggeration = 1.5,

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 downstream curved expansion of the
Right Guide Bank sharper than in the river, £0- as to reproduce similarity o:
flow in the form of a large whirl which formed in the river downstream of the
Hardinge 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 for the part of the river
. under consideration.

In 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 span as in the river; but if the number
of piers in the river bridge is even, the number in the model should also be’
even, and vice versa. 4

The foregoing examples have been described in some detail to emphasise
the importauce of the various factors involved in examining scour downstream of
rigid structures.

Type IV, Vertically-exaggerated river models.

(a) rigid
(b) semi-rigid
(c) mobile :

Type IV (a). Rigid, Vertically-exaggerated, river models.

The usual practice is to fix what experience has 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 be the case if the model scales and
selected roughnesses are suitable, intelligent adjustment in the light of local
differences will producq the desired result; but if the design is incorrect, drastic
roughening, such as i3 sometimes adopted at Research Stations, will only
produce a sort of pseudo-correciness; 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. : o

For this type of model, a large amount of data should be available,
preferably extending over a Qenod of five years or more, because the model,
being rigid, cannot adjust itself where it 1s wrong; so, much patient *trial and
error’ work is necessary which, experience at Vicksburg shows, may have to be
spread over a perlo(_l 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-tributory 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 cannot give information regarding changes of the river course
due to erosion, nor can they reproduce accretion resulting from heavy charges of
debris éntering 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 1V (a) (it)
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 etudies.
In many of these, coal dust and other still lighter materials have been injected
to indicate the movement of sediment ; 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 Beparator. ’

SCALE RATIOS OF TIDAL MODELS.

The velocity of translation of tidal wave(!’ is given very approximately by

Rayleigh’s relation _ .
Ve=Ved | e (1)

where'd i1s the mean depth of water includ'ing the height of wave, This is the

wave velocity relative to the fluid ; the velocity relative to the boundary will be
Vo2V -~ -~ e (9

where V is the mean velocity of flow. .

As both V. and V vary from point to” point and with time, the V., scale
ratio must equal the V scale ratio. This raises a difficulty which is frequently
ignored—sometimes justifiably, but more generally without justification— that
.whereas the mean velocity varies as A/ R (the square root of _lhe hydraulic mean
_ depth), V,, 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 vertical exaggeration and they differ considerably

Tgnoring this for the present, and assuming

V « V., « d, as a first approximation, _

Vol Vo = Vi Vo = (dfd)? S - e (8)
where m and p stand for model and pljofotype.

d in (3) represents the vertical scale of the model and

S«<dL .. e (D)

where S represents slope and I represents length ; so the slope scale is
determined by the vertical exaggeration. -

For correct reproduction of the wave i)roﬁle, especially in curved channels,
the longitudinal and latitudinal scales must be equal; so L in (4) represents
horizontal scale :

Time scale 18 given by :

T LIV « Ljd} T (5)
and discharge scale by : ‘
Q « VILd « L4%2 . (6)

In order to arrange that the water surface -slope sgrees 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.

(1) Based on Basic Note No. 70 by Mr. A. R. Thomas.
() Rouse ; Fluid Mechanics, page £79, verified by experiments at Poona Station.
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An indication of the degree of roughness required is given by Manning
equation :—

RiS SR
V < N
Combining this with equations (3) and (4).
RE ,
N« 3 . e (D)

All the above 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) (i).
‘RIGID TIDAL MODEL OF THE HOOGHLY."?

A rigid tidal model of a 20 mile length of the Hooghly above 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 used 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.‘®

Type IV (b)
SEMI-RIGID, VERTICALLY-EXAGGERATED MODELS.

In semi-rigid models, the sides, 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 width, 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 course, and the secondary effects due to such changes, the model
would help us little. )

REYNOLD’S CRITERION OF TURBULENT FLOW IN TIDAL MODELS.(3

In order that the motion in a model shall be similar to that in a river, 1t is
necessary that the velocity shall be sufficiently great to ensure ‘turbulent flow’
and from experiments on models of symmetrical estuaries, Reynolds came
to the conclusion that in order to ensure this, the product h®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 exaggeration of scales.

‘ The scales of the Hooghly model are : Horizontal scale = 1/300 ; depth scale=
1/60 and so e =5-0; and the maximum tidal range at the seaward end is 12-5 ft.
for a bore tide so the value of h3e works out to 0045, which is considerably less
than 0-09 ; but the model gave satisfactory resalts. 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 so
that reproduction of correct shape ceases to be an important factor—yet, where the
depth 18 considerable relative to the width—as is the case in river channels —
adopting correct vertical exaggeration 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

()CI & H.R.S. AR(T). 1940-41, pp. 18-19.
-(2) » ” 11] ” (1]

”
» » » - 1941-42, pp. 23-24.
(3)Extract of Basic Note No, 139 by Mr. Padsalgikar.
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by trial and error the model being run until conditions are appraximately similar
to those in the river; and experience shows that it 18 much more important to
develop known river conditions than try to enforce scales based on assumptions
regarding sand load ete., on which formulas have to be based. Indeed, much
of our most snccessful 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 reliable data,
rather than a large amount of data of doubtful accuracy.

When we first started model experimentation 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 expertence, io analyse the data, and
have frequently found that information supplied has been widely incorrect or
omitted important features. :

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) (5). - ' . )
: 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—i.e. 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®? and the Severn Model of Gibson®, but the scales and the
discharges were very much greater in the Hooghly model.

. Tt 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--
tions and in defect in the deeper parts. Thus the depth was more uniform in

the model than in the river.

Tt 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
mugh higher relative discharge than in the river. This is true of all river
models. .

Ezample IV (b) (15) ,
' SHORT, LARGE-SCALE, TIDAL MODEL OF THE HOOGHLY.

[

In order to reproduce correct bed-scour and accretion in the short model, in

, which the vertical exaggeration was 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 6bserve the effects of various alternative treatments, a comparison

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
" gimilar 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

(1) Vernon - Harcourt, Proceedings of Royal Society, Vol. XLV, 1888-89.
(2) Gibson ““Construction and operation of Severn Tidal Model” H. M. Stationery Office (1983)
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treatments not been accelerated by adding silt by hand to raise the bed by an
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 accretion 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 IV (b) (s73)
PORT OF RANGOON TIDAL MODEL.®")

An excellent example of a small tidal model in which conditions were .
correctly imposed was the Rangoon model‘*’. 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 was not threatened by eventual extinction, it was evident that
some limitation on the draught of vessels using the Pori would be inevitable
unless rectification of the approaches was carried out by artificial means—a prediction
which, it is understood, has been fulfilled. The point to 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 vertically-exaggerated mobile river models.

Introduction,

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 material‘®. If it has split into a number of interlacing channels, this .
indicates that in addition to a heavy charge, the stream is ‘Aashy’. If, on the
other hand, the channel is deep and narrow with high berms, this indicates a
bigh 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
conditions on the spot. Consider, for example, two cases: the Gandak River
(Quax =300,000 cusecs) and the Tapti River (Qua.x =1,000,000 -cusecs). The
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. '

() Instt. of C.E, Paper No.5100: ‘Investigation of outer approsch channels to the Port of
Raogoon by mesns of a tidal model’ by Oscar Elsden. | .

(2) Annual Report ( Tech ) 1941-42, page 10.
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(2) Selection of ratios for vertically-exaggerated maodels,

The scale ratios to be selected are :—

I Longi‘udinal scale ratio,
II. Latitudinal ,,
III. Discharge - ,,
IV. Sand :
. V. Depth
VI. Slope
VII. Time

I, Longitudinal scale ratio, o

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 suitable. 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 detall 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, - . : :

1]
1
n "
n n
LI | )

II. Latitudinal scale,” , :
It is convenient to construct and operate mobile models with
. Longitudinal scale = Latitudinal scale. :
i e. Lp/Lim= W,/W,, L being the length and W the width ‘ (1)
But Ly/Ln = v Q,/Qn, vide III below and according to Lacey regime formula
W,=C,vQ, and W, = Oy vQu

Equation (1) means  Q/Qn=0p/Cra ¥ Q,/Qu
Cp=Ca L

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 mate}'ial of the banks is scour~
resistant ; but where the question under investigation is bank erosion, and hence
curvature and meandering, model widths generally tend to be too great; and,
though this can be neutralised to a certain extent by using a finer. bed I_naterlal
and selecting a bank material which is somewhat scour-resistant ; yet 1t 18 often -
difficult to maintain the correct width, and time can often be saved 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.

III. Discharge soale,

Where the dominant discharge of a river is not known it can generally be
worked out approximately from the meander length ; because, d-espxte statements
that meander length depends on slope, experience shows that in alluvial tracts

M, =42V Q.0
and M, =30 4/Q__. (roughly).
There are three ways in which the discharge scale may be determined :—
(i) Q « L? '
(i) Q « Ld. Vg
and (i) by trial and error, °
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Of these, (iii) is quick and simple. It consists in altering the discharge
until approximately correct depths of flow are obtained. Though this is permis-
sible where only short-term results are required; where long-term results are
desu‘ed-—especm]]y where the reproduction of erosion and meanders 18 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-
butlon but where there is curvature-due to embayments or meanders, Q must
be kept « to L?; and two models are advisable, one to show curvature, and
the other to determine discharge relations. In the 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

Barrage depth scale = 1/40 {from 1/62500 = 1/250 X 1

dl5)

IV. Sand scale ratio ' -

As the limit of diameter within which ripples form is narrow—about 0.2
to 0.4 mm (weighted mean value of m. )—and as the power of £ in the
formula d « Q/f” 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, but
in general a slightly finer sand is desirable in the model.

Ta the case of boulder rivers and those with material coarser than 0-6 mm.,
ripples do not form, and the material in the model must be much smaller than in
the prototype - see Appendxx L

V. Depth scale,

‘d’ is not an mdependent 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 relaymg and for
a new regime to be set up. , _

VI, Slope scale ratio,

Slope depends on the dlscharge, grade and charge of matenal in movement
on the bed.

Although it simplifies work to have V.E. S.E our expenence is that this
is rarely attained in fully mobile models, though it can be produced if the banks
are held. When the vertical and slope exaggerations do not agree, the model is
gaid to_be tilted. The depth scale is then different from the slope scale which
coraplicates 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,

$=.000542 £33 [ Q'
and the model bed laid snitially to this slope exaggeration.

The model is then run for some time, being adJusted from time to time txll
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 originally chosen are wrong. Hence the great importance
of adopting correct scales in the first instance.
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VII. Time scale ratio,

This factor has got to be determined experimentally. Where silting is the
important factor to be reproduced, the time scale will have to be considerably
longer thaun when scour is the 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 longer time than high ones; thus the time scale varies
inversely as the discharge.

(3) DIFFICULTIES EXPERIENCED IN RIVER MODEL EXPERIMENTATION.

(a) Effect of vertical exaggeration of embankments and rigid structures,
(@) Exaggerated scour-hole. o

- Where banks and rigid structures are vertically-exaggerated they occupy a
much greater proportion of the model surface than they do in their prototypes; and
the deeper the scour, the greater the exaggeration. This causes disproportionately
large vortices to form ; because these are developed by the velocity of flow which,
in turn, is determined by the depth scale, which is vertically-exaggerated. From
this it follows that scour-holes are disproportionately large in models; the
material scoured from the bed is not carried away but tends to accumu-
late downstream and when the discharge falls, the scour-holes do not silt ;
but continue to haye a disproportionate effect on flow, -

(1) Incorrect “Throw off.”

Furthermore, ‘‘throw-off” is markedly different from vertically-exaggerated
banks or structures; as shown by models of the Ganges upstream of the Hardinge
Bridge‘?’ and Sukkur Approach Channel.®> 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 effect, if projecting too far it has a dispro-
portionately great effect and causes abnormal scour. Kach 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. The 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 have to be changed.

Though altering the slope of projections distorts the model in plan and
elevation; the reproduction of correct throw-off and curvature 1s in many
cases of prime importance. Under such conditions, such a compromise is
essential, ‘

The practice at Poona has been to construct at least two models in such
casest oné of the whole river, to a 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, Entryconditions 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 produced 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

~repeated until approximate similarity of effects is reproduced.

~

(ili) Necessity of tilting masonry structures, ,
. An interesting example of the necessity of distorting a model is exemplified
in the Mahanadi-Katjuri model, Cuttack (Orissa)‘®.

1) Bombay T.P. 55,

2) 0.I. & H.R. Station, Annus] Report (Tech.) for 1941-42. .
(8) Indian Waterwsys Experiment Station, Annual Report (Tech) for 1943 (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 dxis of flow in the Mabanadi. In the
prototype, the top of Naraj weir is at the same level all across; but the surface
slope of water in the Mahanadi 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 bank to the left bank of the Katjuri

“ (iv)" Ezaggerated vortices,

. Another cause of distortion in the Mahanadi model results from an’ area of
return flow at the entranceto Naraj Gorge, caused by Sidheswar Ilill. The length
of this vortex tends to be proportional to the vertically-exaggeraied depth scale,
whereas ils 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 léngth of standing wave,

To obtain a correctly positioned standing wave downstream of Naraj
Weir, the weir should be geometrically similar; but in that case it would extend -
far downstream in plan and would cause water 10 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 bzst 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. 3

(vi) Necessity of having different scale ratios for rigid and non-rigid portions
of models due to excess friction losses in the rigid portions of models, S

Another difficulty was that friction losses over the weir were relatively:
greater in the model than in the river; so a relatively greater depth was required
to pass the same discharge. : : : .

In a vertically-exaggerated model of a river, the gl level depends on the
intensity of discharge per ft. run; and, as the discharge=A X V,and V « v q,
discharge scale « L xd x v @ ‘ o

But the discharge scale in a river ;nodel e«cL?; hence
L2=Lxdxvd

.. depth scale for the rigid stracture
d =128
and unless this holds, we will not get correct water levels in the model.

In practice two cases will arise,
(a) L2 =Ld%*
~and (b) L2 > L4s!?

Case (@) :—Though L% = L x d%/2 jn the channel portion, we still would
not get tha correct 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
we make the model pavement very smooth. As a result, the coefficient of
discharge in the model is lower fhan 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
geometrically-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 L°® is not equal to Ld% 2 the water levels obtained will not be
correct, 80 we must adopt a depth scale for the barrage portion, which is different
from the scale for the river portion—{depth scale given by d =T.2/% ),

[Note—The. water_level should be taken as the datum for this new, local,
depth scale]. .

AY

)

G5, fo pridobype, -

L LC.SECTION OF WEIR.

Fig. 122

If, after doing fhis, we find that the upstreém 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 éind Barrage model :—
The length scale for the river = 1/250
Desiguned depth scale = 1/50
.~ Discharge scale = 1/62,500 = L2

Discharge scale for . ‘
. . 1 1 - -
the barrage =LD°" = &5% 50872 ~ 87,500

o L SLivVT
When the discharge is 500,000 cusecs with the canals closed,
The downstream level to be maintained = R.L. 59-00

The anticipated upstream level in the river was R.L. 61.00
' (2 afflux);

but the upstream water level.obtained in 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 dls.charge the depth
gcale for the barrage with correct water level = L2/ = 40—i.e. th.e pavement
level had to be lower than according to the depth scale of the river 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 latitudinal reduction and in many
cases it is best to visualise it as such. Similarly, slope exaggeration is essentially
@ contraction of longttudinal scale. In spite of this, it is the general practice in
model studies, even when the slope exaggeration is increased by tilting the model,
to make the longitudinal scale the same as the latitudinal scale in order to prevent
distortion in plan. » _ : -

In extreme cases this slope exaggeration may lead to conditions in the river
producing hyper-critical velocities in the model ; but, more generally, it merely
leads to distorticn, 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 L
(@) flow from the twin gorges at Sukkur? and
(1) the groynes in the Jumna at Delhi‘®,

In the former, the gorge is foreshb_rtened 74 times, affectiﬁg 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. ‘

A

(viii) Different time scales for scour and accretion

In a river, by far the greater part of the material in motion is #n 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 accumulation 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, due to scour and erosion being relatively too-
quick and silting much too slow. These difficulties were prominent in the 1/500-
scale model of the Ganges above the Hardinge Bridge® .

Conclusions.

It will be clear from this note that though some types of problems can be-
successfully solved with the aid of models, other types, especially problems
connected with rivers flowing in alluvium, present extraordinary difficulties.

Nevertheless, models are always helpful to enable us
(i) o visualise the problem, '

(). to verify data, to see whether it is correct and adequate or whether
important details have been omitted—such as exposed rock, lime kankar, etc.

(1) Aunnual Report of C.I. & H.R. Station, 1939-40.
Ibid

(3) Annual Report (Tech) C.I. & E.R. Station 1938-89, pp. 22-23.
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(ili) 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 made, include tor great reliance on thought-numbing
formulas, They should be used only as a guide for initial laying, thereafter
observation of model behaviour and comparison of this with river conditions
should be the basis for further modifications, ‘ :

A common mistake is to relay models for subsequent experiments according
to the original scales. This, of course, is wrong. The scale ratios should be
modified in the light of results, and thé original scales scrapped.

. Let us consider the various factors involved :—
(1) natural slope exaggeration ;
(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 ;

_ (vil) exaggerated effects in the model due to rigid portions such as rock,
. lime kankar, clay, barrages, groynes, ete. ; . '

(viil) differences in flood cycles from year to year;
- and (ix) difference in sand and bed material from 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 mobjle 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 understanding of why certain
modifications which we have been carrying cut have been successful; but they
- bave not, and cannot entirely, eliminate the inherent. divergences, mor 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 that river results have been verified and have been
found to be closely correct ; yet those who make this statement relay their modela
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 what was assumed ; but
the real reason is that only qualitative similarity has been achieved. In any case,
our object is to predict what will happen hereafter—not for a year or two, but fer
several years ahead—and if a correct solution were to depend on our predicting
correct river conditions year by year for several years ahead, the model would
always be wrong ; because, at best, models, like sausage machines, cannot give
you back more than you put into them !

For our purpose, it is necessary to study the data of a river for as many
years as available, Flood hydrographs, annual surveys, data about bed material,
silt charges, etc., - but especially river changes,—must all be studied and
explained. Only thus can the most probable, and the most extreme variations
in river conditions, be predicted and tested in ths model.
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Our experience of verification is that shere 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 fastor affects all the other factors.

Mobile rver »models are tn fact & valuable aid ta'eng*ineen'ng skill which, -~
however, they can never replace. "

APPENDIX I
. EQUIVALENT SIZE AND SPECIFIC GRAVITY OF STONES
AND BLOCXS IN A MODEL. .

Experiments were carried out in connection with the Sarda model."”> These
were more basi¢ than specific in character, in that the object was to 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

N

(a)- when movement commenced, 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 '

() bed movement just commenced ; and. .
(ii)- general ‘movement occurred ; with different dischal:ges.

The stone was laid in a single layer on a hard smooth bed .in one seriess
" and in a 27 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 series. - : _ ' Fig. 123

. The following conclusions were drawn :—
(1) When (a) V?%/gd in river = V2/gd in model,

(b) Specific gravity of blocks or stones in prolotype -and model

are equal, . _ e
stones above 1/4” grade in a channel less than 1 ft. deep behaved similarly
under conditions of equal V/\/gd with diameter « depth; but pebbles less than
- 1/4" grade tended to depart from this relationship. The same was trune of
cubical blocks of various sizes ranging from 1/2” to 2" cube. In other words,
with equal Fr (=VZ/gd) in model and river, blocks and stones behave
gimilarly when ‘ -

median diameter of stone
depth of flow

. 1s the same in model and river, within the limits stated.
(2) When

() Froude number of prototype is not equal to Froude number
of model,

and (b) specific gravity of blocks or stomes in river and model
are equal, ‘ . :

/

(1)Reproduced from A.R. (T), C.L & H.R. Sta.; 1939-40, pp. 50-51 ; also see pp. 22-28.
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Fig. 128
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experiments showed that e

median dlau:ieter of stone o (V2[gd)!s

apprommately for commencement of movement. . -Thus if the ratio of Froude
numbers (model: river) is 1-2, the volume of stone in the model should be
increased in the ratio, (1-2)" 333 = 9.04 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

d—e—ﬁiﬁ‘ﬁf—tﬁfﬁ « ( Froude No)®?
(4) When | ~
(a) Froude No. of prototype is not equal_ to Froude No. of model,

(b) specific gravity of model and prototype blocks are also different,

ég‘: oc (Frx b—f—a)" 1
where : \
d = depth of fow

p = density of water
b= denmty 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 is given by . -

b -p xv2.d0-10
0 (dia,) 21

or
1.10

- bm—p _ dia. p | .
2Tl (Vi) x (222 (daldg)ore

where the suffixes m and p refer to model and prototype respectively.
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' Baffle below the toe of a fall ina
parallel-sided channel—experi-

e 52

31 ..

ments to find the optimum posi- '

tion and height of a .
Baffle Fall—Hurdling over—
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Demgn of—

_Bafﬂes downstream of S.W.F.
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bridge.
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Broach—scour caused by left 85
bank groyne. ' : T
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Bed ripp]es and bed waves.

- Bed eand-—Factors affectmg the
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Béll-mouth entrance of flumes -,..
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Hooghly River.

Bengal--’lralmng the Ganges at
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Water Supply.
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effect for equivalent size and
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Bombay Presidency — Afflux
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effect of bellmouths added to
top of openings of the Mula
river causeway at Rahuri.
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water supply from Sabarmati
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improve the

83 ...
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way over the waste weir of
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augmentation of — '
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Paper on “The C.L and -H. R.
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Bombay foreshore — Prevention ... e oo see eer oa e ¥
of erosion on—and reclamation
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Bombay, Nira L. B. Canal——Jeur R 6 1 SRS
aqueduct on the — Discharge .
formula for.

Bose’'s Dr., slope formula, for ... ... o e & eer eeeeee e
Punjab Canals.

Boulevard on right bank down- vee  wee  see wes 2% wer wee e
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Boundary layer and inlet length ... ... «. 52 o e e e e
of open channels, ‘ :

Brahmaputra and the ploposed 44 28 see ees  ses  ses  ese Coaas wes
Eastern Bengal Railway Bridge
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with a model of. .
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gaon— Analysis of -
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Bank Embankment dJ/s of : ' ‘
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Rohri-Quetta Railway—
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- causes of and steps required to o '
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Bridge on Beas River noar Beas . e e e cen e wee 29 .
Station on the N. W. Railway ‘
on Lahore-Ludhiana section.
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growth in the Mutha R. B. '
Canal (Poona) during the cold -
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bed at Sukkar Barrage and how
to reduce rate of nse—Part II. .

Causes leading to eroeion of the ...

left bank of the Rupnarain
. Riveru/s of the Kolaghat bridge
on the B.N. Rallway
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of drowning, skKew flow, scale - : -y
‘effect and falling shutters of the . '
Son Anicut, Dehri, on” o
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(Urissa)-—~How to—

Control, how to and train the ’

Beki Balkadoba, and Manas
Rivers (Assam.)

»Controllmg erosion of the “Bur
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S.W.F. . | } ~

Crump's theory of seepage losses 60 ... soe  cer  wse ser  wee eer cee
from canals; - ) '

Current meters and velocity T0d8 ... we oo Bl wer cee wee e
—Comparsion of discharges -

calculated from velocities obser-

vedwith

Curvature of fow—unfavourable ... e 35 acr  oe ae e 56 Ll
—established in the model of
Lower Sind Barrage when
constructed at site “C” in the
loop.



INDEX

c

Pages of Annual Report (Technical) for the year

1987‘

1 -88

12881939 1940 1941 | 1942 | 1948 | 1944
-89 | -40 —42 | 43 |

- Cut-off channel—new—factors
favourable for.opening a—
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and its effect on condition u/s.

Cut-offs . in rivers upsiream of
- bridges with guide banks,

Cut-offs in the vicinity of Rallway .

Bridges—prediction of—

Cut- and ease-waters of bridge
piers—suitable shapes for—

Curvature of flow— Effect of—on
causing maxlmum scour round
a pier.

Curvature of flow,

Curvature of flow due to pitching
round piers.

Curvature of flow in the approach

. channel along new right bank
at Sukkur—Dredging to im-
prove—

Curvature—reproduction of—-m a
model.

"Cut-off between Bakshi Khal and ..

Mankur Khal, 1856.

Curvature of flow in the throat of
a standing wave flume,"

Cuttack Orissa — Kat]un and
Mahanadi group of rivers near—
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Cuttack (Orissa) — Kendrapara ... ... .. o wor o ()* 0 o
canal taking off Birupa River
u/s of Mahanadi Anicut at— - -
How to prevent silting of—

Cuttack (Orissa)—Mahanadi and
Katjuri at—Distribution of flood
waters. between—

Cuttack (Orissa) — Naraj weir . .., .. «e o oo 38 wr e
at - standing wave and drowned .
condition of the-—and their
effect on the sand drawn by the
Katjurl

_ D
Damage in 1944 to the Surat- see . ose oo ‘ (11 sns “ne ’ e 87 sem
Rander Road and the City wall
of Surat d/s of the Hope Bridge
at ‘Surat and rec;mmendations

to ameliorate present condi-
tions.

Damage to lands bordering on the
Tapti, Narbada and Sabar-

- matirivers during 1944 flood
' season.

Damodar bridge proposed at Burd-
wan (Bengal)—estimated scour
at piers of.

24 sar ‘lll T e ens . sen [ XX

Damodar River Flood Enquiry . ... ... . e oo @, 5, ...
. Committee (Proposals to prevent : 1,2,
arecurrence of damageresulting o 7 13
from breaches)—by Government
of Bengal and Technical and
Joint (,gommiltee appointed by
the Government of India.

Damodar left bank embankment. e eee mee ene e e B e e
d/s of Burdwan (Bengalj—
Breaches in the—

Damodar River, Bengal—propo-. ver vee ese eet e s 3%
sals to prevent a recurrence of
damage regulting from breaches
in the—

Danger of waler-logging in the ... .ee e oes  eea  ses see S¥  aee
" Eastern Nara Tract in Khairpur :
State in Sind.
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*Dates of beginning of depletion
from Lake Tansa, Bombay—
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Dates of break of monsoon at
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1896 to 1944. S

Datum area 1,000 ft. d/s of Suk-
kur Barrage before Right Bank
approach channel was con-

- structed and after. -

Deccan canals—Growth of aqua-
tic weeds in the

Deccan canals—Varieties of aqua-
tic weeds on -

Deccan fan catchment flood for-
. mula taking shape into account.

‘Deep scour dfs of the N.W. Rail-
way Bridge over the N.W. Canal
near Ruk, Sind—experiments

carried out to evolve a suitable -

design of pavement and side
expansion to induce accretion.

Deflecting g royn e— Measures
_ taken to control erosion of the
left bank of the Rupnarain ufs

of the B.N. Rly. Bridge at

Kolaghat by means of a—

Deflector for pi'oteéting the bed
of the pavement of S.W.F.s and
bafile falls—Design of— -

Degradation of sand—see abra- -

sion of sand.

. Dehri (Bihar)—Son anicut" at—
present method of regulating
" the—- g .

Dehri (Bihar)}—Son riverat—sand -

drawn by the canals and
- underluices u/s of the anicutf

Dehri—Ejectors for canals taking
off the Son at—Head available
for working the—
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to reduce sand entry from
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ling the anicut

Dehri on Son (Blha;r)—Protectlon
u/s of the sluices and along the
divide walls.

Dehri on the Son (Bihar)—Pre- ...

vention of scour dfs of sluices.

Dehri on Son (Bihar)—Prevention ...

of scour at junction of high
level weir and low level falling
shutter portion of Son amcut
weir.

Dehricon Son (Blhar)—eand ex-
cluding heads for the M.E.
" Canal and M.W. Canal on
the—

Dehrion Son (Bihar)—Coeﬁ’icient
of discharge of weir.

Dehri—Son Anicut at— Control-
ling the sand entering the
canals.

Delbi Gate Pumping Station— ...

Training of Jumna River at—
with pitched embankment on
the right bank.

Delhi Province—Training of the
Jumna near Pallia village.

Delhi to Okbla weir—Road along
the Jumna river from

Delhi—Training of the Jumna
at- Delhi Gate Pumping
Station.

65

Delhi-Wazirabad Pamping Station ...

3 miles upsiream of the Rail-
‘way Bridge on the right bank
of the Jumna.

Delhi Water Supply Committes
appointed by the Government
of India. :
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Deltaic rivers—Deterioration of,
Experiments with a model of

* the Nuna and Pothi Rivers in
the Mahanadi Delta (Orissa).
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controlling—

Deltaic nvers—-Factors affectmg
the— .

. Denudation, erosion & floods

Denudation —soil _ excess sand - ...

charge due to—

Depo_sition: N.V, relation
(N = charge ;
V.= terminal velocity).

Depriming device of the Jam- ...

shedpur siphon spillway.
Design of a stilling basin d[s of

the overflow section of the -

main Erinpura Dam in Jodhpur
State. \

Design of approach channel. of
flumes and falls.

Desxgn of canals, in Sind,
Part I —New canals and
Part II—Inundation canals.

Design of channels vu‘/s of

S.W.Fs.”

Design of cistern belbw flumes.

Design of downstream portion of

S.W. Flumes, standard design

—where very high recovery of
head is not essential.

Design of downstream portlons of
S.W. Flumes, standard design
— where it 18 important to lose
as little head as possible.

Design of guide banks and divide
walls downstream of the new
undersluices of the Son at Dehri
(Bihar). .
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Design of the Lower Sind Bar-
rage—Ezxperiments to test the

- design for scour and sand
exclusion from canals—Sind.

Deslgu of Lower Sind Barrage ai
"~ Hajipur.

Design of new canals in Sind—
recommendations for bed width,
depth, slope—

Design of off-take at the entrance
to the right pocket from the
approach channel at Sukkur. ..

Desilting and dredging of Tanks
in Sangli State.

Detention reservoirs and their
effect on fluctuation in discharge
and sand charge.

Determination of the coefficient of _

discharge of  the automatic

gates spillway for the Tansa.

Dam.

Determination of the variable co-
efficient of the 10,595 cs.
Tando Mastikhan Fall on the
Rohri Canal, Sind.

Device to ensure sﬁlling before
“water is let into a model.

Dharamtar, Rewas and Karanja
—Landing wharves at—

Dharma Storage Reservoir, Dhar-
war (Bombay Presidency) —
Flumed design of outlet for.

Dickens’ run-off formu]a

Dxﬂicultles experienced in river
model experiments due to effects
caused by vertical exaggeration.

Difficulties in combined, ngld
mobile, meandering, river
models.

Difficulties met in experiments
with model of the Indus at
Sukkur Barrage.
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Dilution of bed materials,

‘Dimensions of Gibb modules—
Table of— . ° )

Discharges calculated from velo- |,

cities observed with current
meters and velocity rods —
comparison cf.

Discharge causing failure of pro-
tection round bridge piers.

" Discharge coefficient of S.W.F.s
—effect of piers on. '

Discharge of rivers—Calculation

of (a) at weirs and (b) by slope. -

methad.

Discharges available for scouring
the R. B. approach channel at
Sukkar.

Discharges, scouring — Testing
apron with, in- the pocket and
tail channels at Sukkur.

Discharge Table of S. W. Flumes
and Falls.

Dissipatioﬁ of energy below falla.

Dissipation of energy dfs of Lower
Sind Barrage (2400 {t. u/s of
site B near Hajipur)— Experi-
ments in connection with—

Dissipation of energy—alternative
designs of baffle platform dfs
of the Jamshedpur siphon spill-
way for—

Dissipating energy below the
masonry waste weir of the
Timba Tank at Harsol, Taluka
Prantaj, District Ahmedabad.’

Dissipating energy below W type .

fall in old Etawah Branch of
the Delhi Canal (U.P.).

Dissipating energy in Spin Karez
. Waste Weir channel, Quetta,
Baluchistan.
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Distributaries and canals—Exclu-
sion of sand from the head of—

Divergence experiments.

Divergence from regime in stable
channels in alluvium—analysis
of 10 sites on distributaries of
the Sarda.Main Canal (U.P.).

Divergence from regime in stable
channels in alluvium—Note on,
by the Director.

Diversion channel of Spm Karez, -

Quetta (Baluch xstan)

Dock—How to reduce waves in a
—caused by swell in a harbour

Dominant diecharge and meander
length. ,

Downstream expansions — Rect-

6

56

angular Hyperbolic U.P. design .

adopted in flumes and falls.

Drag causmg scour of pltchlng

round piers.

Drag-form—due to éhape of slab
or pier obstructlng the flow.

Drag due to skin frl.ctlon

‘Dramage channels of the Damo-_ ..

dar River.

Dredging to improve curvature of
flow in the approach channel
along R.B. at Sukkur.

Dr. Bose’s slope formula. ]

Dunbar Cotton Mill—Training the |

Hooghly River at;—with a by~ -

pass channel.

Dunbar Mill — Longitudinal and

cross row of piles at the—to
enable accretion and silting to
take place. ,

Dunbar Mill on the Hooghly—
Erosion of bank near the, how
to prevent, by a tidal model.
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Canals—Headworks at TaJe- :
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at Amingaon on Brahmapufra—
Fi‘lxpenments with a model of
-the

Eastern Bengal Railway Bridge -
at Amingaon on Brahamaputra

44

~—Experiments with a model of -

" the Ganges at Hardinge Bridge.

" Eastern Bengal Railway Bridge

- at Amingaon on Brahmaputra—

Sluices 1n Railway embank-. -
ments for Abdulpur Nawabganj A

Railway.

s

- Eastern Nara

Eastern Nara and Rohri Canals

(Sind)—Fluctuations of grade .

of materials exposed on the
beds of— .

Effect of constructing a barrage
across a river on bed levels and

water levels u/s and d/s with

particular reference tothe Indus

(Sind).

Effect of closing the Head Regul— v

ator of the Rohri Canal (Sind)
from the top downwards, on
the canal regimen:

Effect of constructing a trench d/s
' ﬁf a Boil dam on the saturatmn
ne. _

‘Effect of hlgh level bndge pave-
ment on scour d/s of the Rail-
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Effect of size distribution of parti- ... . .o e e we 56w e
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. Ejectors for canals taking off the ... .. .. ... e we 43
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Embankment near Nanpara (U.P.)
to divert the whole of the
. Saraju river into the Gograi,
thus preventing spill flowing
into the Saraju Tirhi channels,

Embankments for controlling
_deltaic rivers.

Emperical run-off formulas

Energy dissipation below masonry
waste weir of the Timba Tank
.at Harsol, Taluka Prantaj, Dist.
Ahmedabad.

Ehergy dissipation below Spin
Karez waste weir channel
(Baluchistan).

Energy dissipation below Stand-
ing Wave Flume Falls.

Engineering Congress (Bombay)-
Paper on the *“C.I. aad H.R.
Stn., Khadakwasla” by A. R.
Thomas, Dy. Director. .

Engineering Congress (Punjab)—
Written discussion by the Direc-
tor on paper 245 “Raiufall and
run-off”. -
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Enquiries dealt with, withou
~experiments. :

Entry conditions of models.

Entry conditions of model of the
Ganges at Hardinge Bridge.

Equivalent size and specific
gravity of stones and blocks in
a model. -

Eradication of water weeds from
Canals. '

Erinpura Irrigation and Hydro-
electrical Project siphon spill-
ways in Jodhpur State.
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mati Rivers—Prevention of— : 84.
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River at Shikandarpur in
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Controlling the -

Erosion of the right bank of the ... .o o wie " wee wee N (1) LR
Indus above Rohri and danger .
of breach of the main line,
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Bombay Foreshore and recla- °
mation of land bearing S. No.
71, part of Juhu and creek-land.
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Exclusion of bed sand from ;!énals
and distributaries — factors
affecting the

Exclusion of bed sand

from the
.. Jamrao Canal. :

Exclusion of bed sand with a

model of Faizwah Head Regu~

lator-Ex-Khairpur Feeder West
(Sind).

Exclusion of sand from caxials

-taking off the Son river in Bihar.

Experiments in connection with
dissipation of energy down-
stream of Lower Sind Barrage
(2400 ft. upstream of site B
near Hajipur).

Experiments to determine a

suitable profile of ‘the Lower -

Sind Barrage to cause minimum
afflux with gates fully open,
Expeﬁmeﬁts with a verticél]y

exaggerated model (1/400,1/66)

_of ‘the Mahanadi and its bran-
- ches at Cuttack (Orissa).
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Factors affecting deltaic rivers. -

Factors affecting exclusion of bed
sand from canals,

Factors affecting flow in alluvial ..

Channels.

Factors affecting growth of aqua- -

tic weeds in Deccan Canals.

Factors affecting meander of
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- modules. ,

Factors affecting silting~ and
scouring of channels”-Note for
the Orissa Flood Advisory
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Factors affecting the coefficient of
discharge of Ganesh Iyer's
volute siphon,

Factors affecting the shape and
dimensions of ripples & waves.
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bifurcation. -
(iii) .Rélative discharges.

Factors various, scale effect of,
on models.

Fair weather and freshet spring

tides in the Rupnarain River at
Kolaghat Rly. Bridge on the
B.N. Railway in 1944 and in
its mobile bed model.

Faizwah Head Reculator, Ex-
Khairpur Feeder West-(Sind)—
sahd—exclusion experiments
with a model of

Fall —Ezxperiments with a model
of falls on the Montgomery
Pakpattan Link (Punjab). »

Fall in parallel-sided channel—
Experiments to find the opti-
mum position and height of a
baffle below the toe of a

Falling aprons— characteristics of

» » —Conditions In
which they fail

— Effect of dispo-
sition of stone on
the
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& size of stone
on the
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Falls, flumed—scour d/s of
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Inglis.
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River Sutlej between.

Ferozepore Weir —Retrogressmn A
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Flood Advisory Committee == -.

Orissa

Flood discharge of the Brahma-
'~ puira at Amingaon— Estimate
of the maximum

Flood of the Ganges and it
" lessons.

Flood protection measures for
Nuna-Pothi Rivers in Orissa.

Floods— causes of—in Sind.

Flcods, denudation and erosion.

Floods, river— Sunspot mtensﬂ:y
cycles as a medium of- predict-
ing the probable dates of
occurrence of—

"Flow below eXpansions.

Flow below Standing Wave
Flumes —stabilization of—

Flow in alluvial channe]s-—Fac-
tors affecting
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Flow problems— Use of models
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Flume Meter Baffle Falls— Design.
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Flumes - pebble-bed — Transpor-
tation of gebbles in— :

Fluming of Outlets — Godavari 32
, right and left bank canal Head
Regulators (Bombay).
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Fluming _.of Outlets — Dharma ... ... 56 e wo we v eee
Storage Reservoir —outlet for ~
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FlumedFalls—Scourdownstream 97
of— ,

Formdrag—Coefﬁcxent of—Scale cee see e wee 20 % i wh eee e
effect on—
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slab or pier obstructing the-
ﬂow.

Form drag—Impact losses due ... .. e . 228 49 s wh e
 to, of slabs and piers under . ‘
axial flow conditions -
Form drag of cylmdets I COD=  vvv  eee  see e e wee (DT 4% L
nection with bridge investiga-
- tion for Central Provinces.

'Folrinula for Venturi Flumes. . «. 56  we  se

o

Formula, slope—Dr. Bose’'s ...

Forty cusecs Standing Wave e’ s see soe anr wen e S0 e
Flume in the masonry conduit, :
taking off from the HaleJl
Reservoir —Karachi Water
Supply scheme— -
Freshet spring and fair weather ... see  wov wss weo wnee 17 ..
tide in the Rupnarain River
at Kolaghat Railway Bridge
on the BN. Railway i
1944 and in its moblle bed
“model, '

Fuleli Canal new headworks— cee esn oo oo - ' .. e
scour near the Head of the— -
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Gandak River at Bagaha on the .

Oadh and Tithut Railway
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- Bndge.
Gandak at Bagaha on the Oudh

and Tirhat Railway—condi-

tions leading to the outflanking -

of the Railway Bridge.

-—Do—— —Do~  Chhitauni
groyne acting as an attractlng
spur in pulling the river round
its nose.

—Do— —Do— afflux u/s of

the Railway brldge on the—

-in 1925.

—Do—  —Do—
of the future movement of. - -

—Do— —Do~—~ sand on the
bed of the

—Do— - :
. Mississippi formula for esti-
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discharge in the—in 1924.
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- tors effecting the coeﬂiclent of -

discharge of—

Ganges above the Hardmge
Bndge (Eastern Bengal Ry.)— -

Experiments with a model of -

the

Ganges flood and its lessons.
Ganges and three of its tribu-
taries to demonstrate the mean-
- dering tendency of rivers ca
ing sand and silt in allavial
plains —Preliminary experi-
ments with a model of the

Ganges—Maximum scour profile
between guide banks of the—
at the Haidinge Bridge.

Prediction ...

—~Do— use of the. ...
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and regeneration in the fair
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Glacis slopes of Flume Falls vot ees  ees - wse  ses e ees 88 e

Godavari Right and Left Bank 82 ... v coo e ver aee e e
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with
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Seepage losses from canals. )

Grading sand and silt by e e e ower e e 61w e
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dency).

Grids to stabilize flow in expan= 58 ... ... e wee e wee e e
sions, -

Groyne, deflectng — Measures ... o aee e wee G em
taken to control erosion of the -
left bank of the Rupnarain
upstream of the Bengal Nagpur
_ Railway Bridge at Kolaghat by
means of a—
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Groyne repelling—Proposal for
protecting the left bank of the
Rupnarain * River u/s of the
Railway Bridge at Kolaghat on

. the B.N. Railway. -

Groynes and islands—control of
- flow, through bridges by mean
of -

Groynes, att,ract'ing.—& repelling.

Groynes, Brushwood, effective in
*  eliminating ‘bellies’ and return
flow due to ‘jetting’, prevented

by lowering pavement.

| Groynes on the Sabarmati River
- at Ahmedabad—Effect of, on
its course.

Groynes upstream of the- Mithrao ..

Approach channel” to reverse
- the curvature of flow and so
put more sand into Mithrao.

Groynes with a ieglilator toreduce
sand entry in M.W. Canal at
Dehri (Bihar).

- Groynes with a regulator toreduce
sand entry in the Sarda Main
Canal at Banbassa (U.P.).

# Guide bank system by Sir Francis

Spring.

- Guntkal-Bezwada section of the ...

M. & S.M. Rly.—~Heavy run-off
from a small catchment u/s of

-38

a bridge on the—which caused .

the river to overflow the em~
bankment and Railway track
causing an accident.

H

Hajipur, ‘Sind, Design of Lower
Sind Barrage at T

s
sas

62
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Haleji Reservoir~Karachi WAter ve s see  wen

Supply scheme—Forty cusecs

S.W.F. in the masonry conduit
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Hardinge vBridge piers—Comp1-
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that in model.
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R ’ N J
Hardinge Bridge piers 2 and 83— .

Reproduction in a model, of the
scour-hole downstream of—

Hardinge Bridge piers—scour .

caused by—

Hardinge Bridge —Relation be-
. tween maximum scour and
discharge at—

Hardinge Bridge — Reproduction
" of breach in Right Guide Bank.

e

Hardinge Bridge — Scour-hole ...

downstream of the—

Headworks—Punjab practice of
constructing

Heavy run-ofi from a small catch-

-ment uf/s of a bridge on the

Guntkal Bezwada sectiou of the

+ M. & SM. Railway - which

caused the river to overflow the

embankment and railway track
causing an dccident,

High Coefficient Weirs.

High Coefficient Weir, drowned,

Experiments with—

High Coefficient Weir—~Coeffi-
cient of disharge of—
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Bijapur  District = (Bombay
Presidency). ' :
High coefficient weir for the v 2T wh vh eer ches

waste weir at Lake Arthur Hill,

Bhandardara (Bombay).

" High Coefficient Weir—over part
of Son Anicut—effect of —on - -
sand -drawn -by canals and

formation

of islands and

channels upstream.
1

High level pitching—elfect of—
laid round Hardinge Bridge

1

piers, on 'the depth of dJs

scour. -

33

High level stone pitching main- ...
tained at Hope Bridge near
Surat distorted curvature of

flow and caused damage up- -

stream and downstream in 1944,

Historical review of steps taken

by the Sind Government to

collect data in conneclion with

the Indus and to control it in "

‘its passage through Sind.

. History of the water supply of

Bomyay. _

Hooghly—** Knuckle ” formation
at several points along the fore-
shore of thev-—gbove Calcutta. -

Hooghly River above Calcutta—

~ -How to improve the—

Hooéhly river—Tidal ‘model to -

prevent bank erosion near Dun-
bar and Titaghar mills.

Hooghly rigid tidal models.

Hooghly~River at Dunbar Cot-

- ton Mill—Training the—with

a by-pass channel.

" Hooghly semi

(long). -

-rigid tidal model
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1948

Hooghly semi-rigid tidal model
(short).

Hope Bridge near Surat—closing

. of spills on right bank u/s of—
led to heavy erosion of the
Rander Road.

Hot Wire® observations in experi-
ments for inlet length of open
channel,

Hot wire observations in model

Right Guide Bank of Hardinge

Bridge.

Hot wire observations ‘in ﬁiodels
" of submersible bridges (C.P.),

Hur Hura khal.
Hurdling over baffle wall,

Hydraulic elements and con-
stants—Nomograms for deter-
mining the

Hydraulic gradient or saturation
hnes—effect of ufs and -dfs

- water levels of the Solani
Khadir dam model on—

Hydrodynamic models as an aid
to Engineering skill — Presi-
dential address by the Director
before the Engineering Section
of theIndian Science Congress.

Hydrodynamic Research work
done by the Special Irrigation
Division (Bombay)—An outline
of — '

I

Impact losses due to form drag
of slabs and piers under axial
flow conditions.

Impact losses on slabs of sub-
mersible bridges.

Ixﬁprovement of the Rice Canal
due to the Right Bank ap-
proach channel at Sukkar.
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Improvmg curvature of flow in
the approach channel along
~ inner right bank, Sukkur,

Inclination of s]ope of falling
.. aprons. '

Indian Railway Conference Asso- . ...

ciation.—Discussion of Paper
on “Prol:ectxon of bridge pier
against scour.”

71

Indian Science Congress.-—Direc—

tor's Presidential address to
Engineering section on “Hydro«

dynamic model as ‘an aid to-

Engineering skill.”

‘Indus above Rohri—Erosion on ...

the right bank of the—and:

danger of breach of the main

line N. W. Railway. - .

Indus above Sukkur (Sind)—Re- -

alignment of the Rohri-Quetta
_Railway necessitated by the
danger of breaches in the
marginal bunds of the—--

Indus—Analysis of Bilot creek

- and Paharpur Canal data (Ex--

[TTY

Indus 35 miles dfs of Kala- -

_bagh, NWFP)in—

Indus and the Lloyd Barrage at
Sukkur.—Experiments with a

model of the, forr sand eontrol
of the right bank canals.

Indus, Sukkur—accretion p——

Indus, Bukkur island, in the—,
acts as an attractlng island—

Indus at Sukkur (Sind)—New
factors which will affect rate
of .rise of water levels in the—

| Indua——downstream of Kalabagh
—analysis of changes in the
course of the— :

26

Indua—-j amshoro bund on IZhe left ...

bank of the—~near Hyderabad
(Sind).
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the causes of breaches in the - A 10
. River Bunds in Sind and steps '
reqaired to minimize the danger
" of recurrence.

Information - regardmg rainfall,  eee ees see wes e e e 3T e
‘run-off Formulas and rate of '
silting of reservoirs required in ,
connection with a scheme in g -
Transvaal Ssuth Afnca. :

Inglis’ fan catchment discharge ... ese oo ees ee 38 67 .. ..
formula, introduction of shape -
factor in—

Inglis’ stability factor (f) FOr & see  ose aee wer 2 eee wee e e
canal system. .

Tnlet length channel experiments, . ees =or 52 34 s e e e
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Institution of Engineers (India)-

. 8

Paper read by S.C. Majumdar,

Chief Engineer, Bengal, on

“Ganges flood and its lessons”~
and discussion by C.C. Inglis. . -

Inundation ,Canals in Smd—
Analysis of —and ‘its compari-

~ gon with the data of perennial .-

canals

Inundation Canals i in Smd—De~ .

sign of—
Island at Suleimenki

Island for the Lower Sind Barrage
“ site C.

Islands and attractmg spurs—use
of — for trammg a river.

Islands and groynes—OontroI of

flow through bridgea by means "

of—. B

Islands for holding‘a divers :

Islands u/s o£ the Barrage at. ...

. Kalabagh. . ‘
' J o

Jamrao and Sukkur

Barrage ...

Canals — Relationship between .

surface width and Q of —

Jamrao and ~Sukkar Barrage

Canals—Relationship between

1 SandQ

Jamrao Canal (Smd)—-Exclusnon
of bed sand from the—

84

Jax'nrao Canals, Sukkar Barrage ...
Canals, L.C.C., L.J.C. (Punjab)

—Relationship between area
and dlscharge of.

Jamrao,LCC and L J.C: data

compared with the U.P data
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Jamshedpur Syphon aplllway for
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designs of baffle platform dls
of the—
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~ Jamshedpur Water Supply .. ... 27 27 26 .. . o ..
- storage, Tatanagar (Bihar)—
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pressures during priming.
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Canal (Bombay) — Discharge - g :
formula for— '
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—from damage by Luni River
floods.

JodhpurState——Constructionofa e e eve aee we aee e 2%
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-Jodhpur State—Design of a stile vee v aeeere aeewee e 2 .
ling basin d/s of the overflow .
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Dam in— o
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tion and 'Hydro-electrical Pro-
ject siphon spillways in—
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Jodhpur Water Supp]y channel—
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Jumna at New Delhl——Present es
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and supplies in the—

Jumna at New Delhi—Training
of the, near Dell Gate’Tump-
ing Station. - :

Jumna canals .—.Eastem and
Western — Headworks = at
Tajewala.

Jumna near Pallia Vﬂlage—Trein-
ing the

Jumna River at Delhi Gate Pump- ..

ing Station—Training of—with

pitched embankment on the -

nght. bank.

Ju omna river atTajeWala;Coﬁfml
of —by means of spurs.

Jumna river—Relation between ...

floods in the monsoon and re-
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in the— .

Jumna—Road along the, “from

Delhi to Okhla weir. -~

Jumna—Wazirabad Pumping
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way Bridge on the nght bank
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Kaira town protection by training
the Watrak river in Gujerat
(Bombay Presidency).

Kalabagh—Analysis of changes
in the course of the River Indus
downstream of—

Kalabagh Barrage — Fifetts of
constructing the—on supplies

to -the Paharpur Canal in
N.W.F. Province.

Katllzlxbagh Barrage—Jslands ufs of
(-} Lo

Kalabagh Barrage — Probable
effect of constructing the—on
the course of the Indus.

Karachi water supply scheme—
40 cusecs standing wave
flame in the masonry conduit

taking off from the Haleji

Reservolr.

Karanja, Rewas and Dharamtar-
Landing wharves at—
Kumta—lhnor

Karwar and

Ports.

Katjuri and Mahanadi at Cuttack
- (Orissa)—Distribution of flood
waters between—

Kat]un and Mahanadi group of
nivers near Cuttack, Orissa—
Experiments with a model of
the—

Katjuri — Standing wave and

drowned conditions of the
Naraj weir at Cuttack (Orissa)
and their effect on the sand
drawn by the— )

Kendrapara Canal taking off
" Birupa river u/s of Mahanadi
anicut at Cuttack, Orjgsa— How

to prevent silting of—

Kenredy and Lacey.
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Xnuckle at Dunbar Cotton Mills—

-38

Longitudinal and cross row of -

piles at the—to enable accretion
and silting to take place.

» “Knuckle” formation at several
points along-the forechore of
“ the Hooghly above Calcutta,

" "Kosai River. o, o

"Kosi gorge—Land slides in the

Kosi River -~ Factors aﬁectmg
rapxd westerly movement of—

Kotn and Sukkur—Silt in ﬂuspen- .
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of—
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Lacey and Kennedy. .
Lacey‘reginie theory.
Lacey's formulas.®
Lacey's formulas—EE{ect of de-
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. Lacey’s regime formula in connec-

tion with model scales.

Lacey theory of shock — in
channel flow.
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Bijapur District (Bombay Presi-
dency) — Design  of
Coefficient Weir for

Piers, .bridge —Estimated scour
at the, of the proposed bridge
at Bardwan (Bengal)

Pxers, bridge — Suitable shape
for cut— and ease-waters of —

Piers,
pitching round

Piers —Effect of, on Standing

Wave flume dlscharge co—eﬂi-'

c1ent : -

Pxers——Bndge, - Fallure of the—-
under construction over the
Ajoy River in the Santal
Parganas, Bihar, during 1942
floods. )

Piers, Hardmge Bndge — scour
" round the )

Piers —Minimym safe levels of
_ pltchmg' round

Piers — Shps downstream of — ...

due to hxgh level pltchmg

Plers —scoyur round the

Piers —scour round the, of the
proposed Eastern Bengal Rail-
way Bridge at
onlBrahmaputra

Piles —Longitudinal and cross
row of — at the knuckle at
Dunbar cotton Mills to enable

. accretion and silting to take
place.

Pilot Model and mobile bed model
—Ezxperiments with —

Pitching — High level — effect
of —laidround Hardinge Bridge
piers on the depth of d/s
Scour.

High

Drag causing scour of ...

25 vl e
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ses sie

. 24 sa (XXl see st
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sas »ae 59 |
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1987
| -38

-39

-40

-42

-48°

1988(198911940}1194111942]1948
-41

1944] 1945

Pitching — Low level “— round .
piers —

Hardinge Bridge -
effect of, on scour d/s

- Pool — Improvement of éRajx-
-wada creek and Ratnagm Bay

(Bombay) veL e

~I’orf: of Rangoon Tiﬂal Model.

, Posxtlomng of ¢ attractmg islands -

ag related to meander lenglh

Pothl and Nuna Rlvers in the"
- Mahanadi delta — Expe riments

with a model of the —

~ Prediction of cut—oﬁfs
vicinity of Railway Brid ges.

Prediction of the future move-

ment of the Gandak River at,

Bagaha.

Present and future water require-

ments and suppliesinthe J una.

at Delhi.

Prossures in the
: sxphon spillway.

Prevention of collapse of: Rohn., .

Multan Road Bridge over Rohri
Canal at R. D. 52, 000 in Sind.

Provention of damage to the .

Surat-Rander Road and the
city wall of Surat dJs of the

in the

J aﬁshedpur. .

Y Y g

Hope Bndge from floods in the .

Tapti River in Gujarat.

Preventlon of erosion at l\eamati
in Assam. - :

Prevention of erosion of agricul-
tural lands along the Tapti,

 Narbada and Sabarmati rivers,

Prevention of erosion o Bombay -
foreshore and reclamation of
land bearing S.No. 71 part of

Juhu.and creek—land. )

fPreventnon of foreshore erosxon
at Vizagipatam,

.-r: 32 o

.sl

- 1%

.. 3,6,

87

sen
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P ‘ T 11987 1988‘1939 194011941,1942|1943 1944|1945
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Prevention of further erosion
on the left. bank of the
Rupnarain river above Kola- /
ghat Railway Bridge of the
B. N, Rallway. .

[T1] e "es (1Y) ann sen (XT) 13 see

Prevention of scour below a .. .. - ‘..- v
, gridge on the N. ‘W, Canal in : 7 23
_Sind. . ’ :

4
Prevention of scour In Garang e see  ees  gee s ess see aee 3% 4,
river on Assam access Road. -

Prevention of scour — Below .. (ua .. 22 e eee e e ae
Dwrani Outfall channel at ,
Quetta (Baluchistan). . h .

- Prevention of scour—at junction ... . .. 21 ...
.of high level weir and low level :
shutter portion of the Son anicut

at Dehri (Bihar).

Prevention of scour—At noses of .o v i 21 L s e
Divide walls u/s and d/s of the
Son Anicut undersluices.

e res

b

Prevention of scour‘—‘DIs OFthe wee  wer wer 24 vee it e eer e
Sarda Barrage at Banbassa.

Preventlonofseawall erosion at ver  ews  see  ses  ser  wse -aes 1% o
Bombay. . . : , !

“Prevention of silt going into the ... ... e e e e e 2¥ .
Surada Reservoir at its Padma
Intake in Orissa.

Priming weir /s of the Jamshed= we  eee wrs ses 26 wee wn e e
* pur Siphon spillway.

" Priming depths of the Jamshed- ... e e wee 2T e e i e
pur Siphon.

Proposal to construct a Barrage ..r ... e aes eee wme e 2% o
on Tank Zam in N, W. F, Pro-
vince to split up water belween
several areas.

Proposals to prevent a recurrence. ... ... ses e ese ese e 3%
of damage resulting from brea- '
ches in the Damodar river,
Bengal.

'Propﬁsed diversion of 40,000 8. ees oo see  ur e e e 2%
to relieve flooding at Gorakhpm‘
on O, and T. Railway.
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Pages of Abnual Report (Technical) for the year

1937
-88

1988
-89

)

1940
-41

194171942
-42 | -48

1943] 1944

1946 -

Proportionality of discharge in.

8. W. F.s.and height of hump—
Relation between —

Protection blacks round the spur

vngse in Sarda model —Design
o -

Protection of aprons—Characteris-
tics of falling

Protection of aprons — conditions
under which they fail.

Protection of apron. dfs of tail
channel sluices at Sukkur.

A9

Protection of. banks by falling

aprons.

Protection of Bridge piers against

gcour.

Protection of Bridge piers against

gcour and minimum safelevel at
which to lay stone around piers.

Protection of Bridge pier agiiinst .

scour—Discharge -causing fail-
‘ure of—

Protection of Bridge piers against ., ...

“seour — Effect of width‘ of —

Protection of Bridge piers against
.gcour — Comparison of Har-

dinge Bridge data with model. .

Protection of island nose d/s of
raised sill in R. B. approach

70

72

channel at Sukkur, by laying a

stone*apron along its face.

Protection of Kaira town in Guje-
rat (Bombay Presidency) by
training the Watrak river.

Protection of Railway Bridge at -
R.D. 74944 — Experiments

with a model of the Rice cana
in connection with— )

Protection of retaining walls from
scour by means of repelling
gpurs  (Baluchistan) without
model experiments.

wed
g

22

LYY

35

12

37

37

15

sse
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Protection of stones and blocks— .. w. 50
. Experiments to determine equi- ’

valent size and specific gravity
of

Protection of the Bhadeli village .. 52 |
by training the Auranga river )
(Dist. Surat), Bombay.

Protection of threatened N. W. o o o e oo 13
 Railway embankment—Experi-

ments -with .a ‘1/600 : 1/120

model of Indus River ufs of the

Bukkur Gorge in connectlon .

with— ' ‘ ’

Protecting the toe of a retai'ning
wall from scour, particularly '
on a curve, in South Quetta, : -

- Baluchistan. N e

Protection to the piers of the ... e
Elgin Bridge over the
Gogra River on- O, & T. Rail-
way.

Protective measures below the e e oue
new undersluices of Son at :
Dehri — Bihar officers’ pro-
posals tested in Model.

Protective measures = Debhrl .. o
(iBihar ) == Optimum  design
of control blocks and deflec- , _ L
tors. . X . . .

Publication of the Central 3 1 2 10 1- 3 .. 6 4
Trrigation and Hydrodynamic
Research - Station,/Indian -
Waterways Experlment . -
Station, Poona, during the '
year.

Punjab Engineering Congress-—- oo ese ae B
Written discussion by Director *
on “Rainfall and run-off”, '

Punjab Engineering Congresse==
Written discussion by Director
on Paper No. 275 “River-
trammg and control by pitched
‘attracting’ islands.”

Punjab — Experiments with 27 28 29 31 .o e oo o o
models of S. W.F, Falls on
Montgomery Pakpattan link.
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o -8 | -89 | 40 | -41 | 4 L
PunJab Government — C’hos ‘Act.. . e i wee 8 e e
- passed by the — for afforesta- ’ .
tion — :
Pun;jab Irrigation Nomograms by O | B
“Mr, E S. Lindley. co - o
Pun]ab practice of constructmg cer eme aee wedn wie des oene 98
headworks. - ‘ »
l’unjab,‘ L.J.C, L.C.O., JaIIira.o ‘.ee . e . e . esn . wes wse » 23 ave. e

canals and Sukkur Barrage
Canals (Sind) — Relationship
between area and dlscharge —_—

Pun sxltometer — Meaa diameter -«
-of Sind silt and sand by sedi- .
mentation and sieving methods,
compared thh that obtained’

: by——» A Lo sen s ace cat

Q. &
’ 'Quetta, Baluchistan — Durrani

Outfall channel dlsmpatlon of
energym T e

Quetta; Balnchlstan—Spm Karez ...
diversion channel ore o

Quetta Baluchistan — I'runcated
trapezoidal 8 W.F., design for
a, for the Spin Karez Project.

Quetta - Rohri Railway—realign- S

ment of the, necessitated by the
danger of breacheainthe margi-
'nal bunds of the Indus above .
Sukkur -

R‘

Rahun causeway of the Mula. 17 .‘.'

River — Afflux experiments
to determine the effect of add- ..
ing bellmouths u/s and dfs at
th'e top of openings of the

‘ Rahun cduseway — Trammg ‘the 14
- Mula above the

53

see

L]

Rallway bridge dfs of Bagaha on ...........

the Gandak river — Proposed '

22

65 ..

63

e

LT T

L L

13‘

Tiw



184 : INDEX

Pages of Annual Report (Tecbnical) for the year -

1987|1988)1939(1940, 194111942 1943(1944| 1945
~38 | -39 | —40 | —41 | —42 _43| ) ‘ l

R

Railway Conferance Association, ... ... . 1% o o o .
Indian — discussion of the :
Note on “Protection of bridge
piers against scour.”

Railway embankménts dla 0£ 90D . vee  vee we wee 21 sh et e e
Anicut — effect of, on sand -
drawn — by M. E. Canal.

Railwﬁy embankments — SIUHCES vo e BB e e e e e e
for, on Abdulpur Nawabganj ‘
Railway (E. B. Railway). .

Rainfall and run-off in Iedian .. .. .. 56 .. 34 44, 68 ..
catchments. B ) 67

e
.
.
.

Ra.infé,ll and run—off in Ar.d'er'i-. . vee  aee 69 it e
can .catchments ‘ : .

Rainfall and 1‘11!1"’0& fl'Om Kal'am' ;.. L 11 ase (11 .;; nes (11 68 [ 113
nasa river at Silhat weir, U. P. '

Rajiwada creek and Rabmagii .. .. wo wo 1% e e we e
Bay (Bombay ), Improvement
of Port. T
Rajkot State —Run-off from S v VU ;1. SO
. Lalpuri Tank in — :

Rajkot State—Thorala catéhme_nt o e e e e e (D) e e
in — Maximum possible dis- -
charge from catchment of —

Rander Road — closing of spills ... ... i v s e w88 e
on right bank ufs of Hope .
Bridge near Surat led to heavy

" erosion of the —

RangoonPorl;TidalMo.del. e e e e 10T

Rapid — Design of a, for waste 50 ... v oo cir wnn er e e
weir Channel of Spin Karez
Reservoir, Quetta, Baluchistan.

Rate of sand attrition in channels. ... ... we  wor ses oer 62 we L

T 4
Ratnagiri Bay and Rajiwada ... o eee e 1* s e e
creck—improvement of Port. :

Ratnagiri — Erosion at—how 0 4 wee  sor sor wee e ()Y cer e
improve conditions and prevent
further —

Recommendations Of tbe SOlani e PYYY s soe YY) ses ees 63 see
dam section based on model

.
Avnammnmantao :
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R

16871988

=38 | -39

19391940
=40 | 41

1941
-42

194211943 | 1944
sl

1945

- Recavery of head,'rmodular limit
and rangein S.W. Flumes,

Regeneration in the Jumna river.
Regime—Definition of—. .
 Regulator-~Makhi, Sind.

Regime — Divergence from—in ...

stable channels in alluvium,

Regime formula —Lacey’s, in
connection with model scales.

Regime—Lacey—theory.
Regime, natural, sand charge,

Regime sites—seven—in Sind.

Regulation and scouring of tail |

channel at Sukkur. \

Regulation of Son Anicut-;pms ent
method of—on rising flood and
falling flood. ‘

~

Regulator, suggested, in right

gorge between Sukkur and

Bukkur to control sand entering
‘the Canals. e

Regulator in a. groyne to reduce

sand entry in M.W. Canal at

~ DPehni (Bibhar). = .

Regulator in a groyne to reduce
sand eniry in the Sarda Main-
Canal at Banbassa (U.P.). ‘

Relation between bulk proportion-
ality and height of hump.

Relation between floods in the

Monsoon and regenmeration in
the Hot-weather in the Jumna
River.

Relation between maximum scour

ves o

and discharge' at Hardinge

Bridge.

Relation between mean diameter
of bed material and discharge
in a canal system.

20

16

19

13

sas’ (1] 37

Tees” ~onp sen



186

INDEX

R

Pages Annual Report (Techuical) for the year

1987719881939
-38

1940 (1941 (1942 194s|1944| 1945

-39 | —40

Relation between fhe mean rain-
fall at Wada and Bhivandi and
Bombay water supply—1895 to
1944. -

Relation between proportionality -

" of -discharge in S.W.F.s and
height of hump—

Relation between the size of air
pipe, size of the discharge.pipe
and the drum -with leakage
from chamber. S

Relation N.V(N = charge; V. =
terminal velocity) S

Relatiox;—slope, of Lacey and
Dr. Bose 3 .

Relaﬁoﬁship belween area and -

discharge of L.C.C., L.J.C.

(Punjab), Jamrao canals and -

Sukkur Barage canals (Sind).

Relation between mean depth
and discharge per foot width of
- Jamrao and S.B, Canals(Sind).

Relations};lip between S and Q of
Jamrao and Sukkur Barrage
_ canals. .

' Relationship between ° surface
width and Q of Jamrao and
Sukkur Bairage canals.

Relationship between turbulence

and bed mix. :

Remodelling of Son Anicut at
Dehri

. Remodelling Railway Bridge over
the N.W. canal at R.D. 75,000
on the N.W. Railway. .

Remcdelling the Rice canal. in
Head portion.

Repelling groyne upstream of the
Railway Bridge on the Rup-
narain River at Kolaghat on
B.N. Railway—comparison of
results in the model and in the*
river.

-41 |42 | 48
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1937)1938,1939
~40

-38

-39

~41

~42

—43

19401194111942]1943

19441 1945

Reproduction of acour-hole in.a
model d/s of Hardmge Bridge
piers 2 and 3.

Research work—-H—ydrodynamlc; -

.done by the Special Irrigation

Division (Bombay), an outline

of—"

Reaervoirs-—Detention, ‘and their

effect on fluctuations in dis-

charge, and sand charge.

Reservon-s — Sil¢ accumulation
in— e

Reservoirs — Silting  of — with

special reference. to the Ekruk -

- Tank (Bombay).
Residual turbulence—Effect of i

on rate of- deposition of

.Sand— _

Retammg ‘walls from scour —
" Protection of — by means of
repelling spurs (Baluchistan),

(advice without model expen- .

“ments).

.Retrogressmn d/s of Ferozepore»

weir.

Return, flow below expanmons—

Conditions under whlch it

develops. , -

Revetment acts as ‘attré.cting"

groyne - .
Review = Hlstoncal—— of steps
taken by the Sind Government
to collect data in connechon
w1th Indus and to control it in

- its passage through Sind.’

Rewas, Karanja and Dharamtar
‘ —-Landmg wharves at -

Rice Canal - Expenments with
model of, in connection with

_protection 'of the Rallway Brxdge ’

at R.D, 74344~ -

Rice canal in head “portion —
Remodelling the = -

BN Y Y ]

sve’

. 81
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104
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1987 1938

-89

1939
=40

1940] 19411942

~41 | -42

-43

1943] 19!4' 1945

Rice Canal —Improvement of the ... .

— due to Right Bank approach
channel at Sukkur.

Right Bank Approach Channel at

* Sukkur — Alignment of the

inner bank of the tail channel

- and junctions of the outer bank
with the Barrage. '

Right Bank approach channel at

Sukkur — Alternatives for con-

structing the, in two working
geasons. .

Right Bank approachv Channel 'at

Sukkur — Datum area 1,000 ft.
d/s of Sukkur Barrage before

and after the —was constructed

Right Bank Approach channel ...

at Sukkur — Discharges avail-
- able for scouring
the

— Improvement of the
Rice canal due to—

5, —Junction of the ...

otiter bank of, with
Barrage. y

.,  —Probable scour
along the banks
of

nose of

Right Bank Approach Channel at
Sukkur — Scour at mnose of
outer bank of, in prototype and
model.

nght Bank Approach Channel at
"~ Sukkur— Tail channel scourmg
and regulation.

Right Bank Approach Channel at
Sukkur — ®o control sand enter-
ing the Right Bank Canals.

Right Guide Bank of the Hardinge 72

. Bridge on the Ganges (E.B.
Railway) — Reproduction of
breach of, in model.

e

— Scour around the ...

.o

2 ..

(1] } 13 e

19
ond 15 20
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R - 1987|1988)19891940 | 1941
|38

-39

~40

-41

-42

1942

-43

1948

1944

1945

Ripples and waves-classdica— _

tion of —-

Ripples and waves — Factors _...
affecting the shape and dimen-~
sxons of — _

Ripples — Effect of size, distribu- ...
tion of particles, speclﬁc gravity,
* charge of bed sand and dis-

~ charge on.

Ripple formatlon — Mechanism -
of — :

.Ripples on bed formation of

Rnpples to ‘waves — Transxtxon
from — .

River discharge — Calculation of .

(a) at weirs and (b) by slope
" method.

River models —Scour at Spurs ...
, . In— IR . ’

River model experiments —diffi- ...
culties experienced in— due to
effects caused by vertlcal exag—
geratlon

‘Rigid structures in wide channels
~—Scour downstream of— ° :

R1g1d vertlcally-exaggerated, 3

. models .

River floods— Sunspot intensity
cycles as a medium of -prediect-
ing the probable dates of oceur-
rence of

Rivers on flood plains and mclsed
nvers—curvature of meanders
in

Rivers on flood plains and incised " ...
rivers — Relation between
‘meander belts;distance between
meanders on axis of stream,
width and discharge of '

River training and control by v
pitched islands.

asa, e

@33

'54.A

- b6

- 57

53

110~

- 113,

97

67--
71

087

86~
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R 1987)1988119389)1940|194111942]1943|1944| 194b
~38 | -89 | —40 | ~41 | —42 | 43 |

River Training — the wuse of ., .. ..
;aftracting' spurs and islands
or—

see LI} 47 97 [11]

Road along the Jumna from Delhi ... ... 56 ...
to Okhla weir.

Rohri and Eastern Nara Canals— .. ot we o es 3D

F:luctuations of grade of mate- e
rials exposed on the beds of
the— 4

Rohri ca:nal (Sind)_EEfGCt Of c]-os' vse ves ees .ne see YY) 35 Y1) [11)

ing the Head Regulator of the
—from the top downwards, on
the canal Regimen:

Rohri—Erosion on the Right Bank ... .. s v w oo (D% ...
of the Indus above—and danger
of breach of the main line,
N. W. Rly.

Rohri-Multan Road Bridge over ... .. . e wee wee e 3
" Rohri canal at R. D. 52,000 in

Sind — Prevention of collapse

of.

Rohri-Quetta Railway —realign= ... e e e e oo (D* w0 wee
ment of the—necessitated by '
the danger of breaches in the

* marginal bunds of the Indus
above Sukkur (Sind).

Roughness of surface— Effect of, ... .. o 45 w0 o e e
on coefficient of H. C. weir. - .

Rugosity of coment—gand plaster ... .. e B9 e e see e e
_in rigid channels. ‘

Run-off formulas—Empirical— ... wv ser e e e 67 eee e

Run-off from catchments inCeylon ... oo soe e wer see we 2% .
—advice regarding probable
maximum

Run-off from Erinpura Reservoir, ... ess oo o0 ser oo e 65 0ue
Jodhpur State. '

Run-off from\Lalpuri Tank I e ceee eee  esn  wes  ser v 68 ai
Rajkot State. T

Run-off from the catchment Of 39  wee  eer  see  esr we cin eee eas
Lake Arthur Hill, Bhandardara ‘ )
(Bombay Presidency). '
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1937
-38

1940,19411942,1943

1‘938 I 1939
~41 | =42 | 43

1944l 1945

Run-off — Heavy ~— from a small
catchment u/s of a bridge of the
M. and 8.M. Rly., which caused
the river to overflow the em-
bankment and _ railway track

. causing an accident.

Run-off, maximum flood and

catchment area — Relation be— :

tween—

Rupnarain Bridge near Kolaghat
on the B. N. Railway in Bengal

34 67

— Measures to prevent bank -

erosion at

Rupnaram River u/s of the Kola-

ghat bridge on the B.N. Rly. — .

Causes leading to erosion of the
left bank of the—

Rupnarain River u/s of the Kola-
ghat bridge on the B. N. Rly.—
, Fair weather and freshet spring
" tides in the - in 1944 and in 1ts
mobile bed model

Rupnarain River u/s of the Kola~
ghat bridge on the B. N. Rly.—

Maximum freshet ebb discharge .

(11 ess cav ssw 4 vsean L1 2] sen

in the —in 1944, estimation

of

Rapnarain River ufs of the Kola-
ghat bridge on the B.N. Ry.—
Meander length of the —
Increase in the—due to increase
in freshet discharge—

. Rupnarain River above Kolaghat ...

- Railway Bridge on the B. N.
Railway—Prevention of further
, erosion on the left bank of
. the—

Bupnarain River above. Kolaghat
Railway Bridge on the B. N.

Railway—Repelling groyne u/s.

of the Bridge — Comparison of
results in the model and in the
river —

Rupnarain River above Kolaghat
Railway Bridge on the B. N.
Railway—Tidal range of the —

/
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‘R&S ‘ 1937 193871939 19401941 {1942 1943 | 1944) 1945
: -89 |40 | -41 |42 |43 |

Rupnarain~ ufs of the B. N. vee taer  aee  sme e ese s eee  BeT
Railway Bridge at Kolaghat—

measures taken to control

_erosion of the left bank of the

—by means of a deflecting

groyne.
Ryve’s Run'OfffOTmula ‘ ess  eee eon sse ses ate 6:'. s PPYS
S | s
' SaBamiah, Narbada and Tapti ... o oo we we e we 28,
Rivers — Prevention of erosion o 5,
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