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SUMMAB.Y 

The design, construction and operation of a syphon 

tunnel meant for studies of wat,r flow around control gates (with and 

without air addition) have be~n described. The control gates studied 

are of the type commonly known as ~ertical leaf gatd~ as shown in 

Figure 3.a. 

The standard methode ïor estimating the piping losses 

have been used to calculate the rate of flow of water through the tunnel 

for the cases in which no external air is admitted into the separation 

eddy. The static pressures inside the test section have been calculated 

on the basis of the hydraulic energy balance. The analysis has been 

developed for any pressure level within the test section, and includes 

both ventilated and nqn-ventilated eddies. 

Tables are given to compare the theoretical and experi

mental values of the static pressures at a selected section upstream of 

the gate, at the vena contracta, and at a section just beyond the poi~t 

of reattachment. The tabulated values refer to all the cases of flow 

studied. 

The performance characteristics of the syphon tunnel have 

been worked out for the case when there is no ventilation and no gate 

i 

in the test section and the absolute pressure in·the test section is 

desired to be zero. Comparison has also been made between the theore

tical and experimental values of the cavitation parameter for various 

cases. The approximate value of the ventilation factor (air-water ratio) 

that allows continuous operation of the tunnel has been est~mated. 



A model of the geometry of the separation eddy has been 

suggested. To evaluate the pressure variation along the length of the 

eddy, an expres~ion for the pressure recovery index bas been derived. 

Values of this index based on the geo.etry of the ~del have been co~ 

pared with the experimental resulta and the limitations of the madel 

have been pointed out. 

The eddy lengths derived from experimental resulta have 

been compared with those of the previous investigatorJ and with the 

resulta obtained from submerged jets in an open channel. 

ii 

It bas been found that the length of the separation eddy 

increases with the increase in the ventilation factor. The theore~ically 

predicted values of the overall pressure recover index have been co~ 

firmed numerically by the experimental resultJ for a wide rang~ of 

solidity ratios and ventilation. factors. Both these values suggest 

that with an increase in the ventilation factQr there ia a decrease in 

the said index and that this decreas~ is more pronounce~ when the 

solidit1 ratio is reduced. 
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1. INTRODUCTION 

Owing to simplicity of design, economy of construction, 

and eaee of maintenance, leaf gates are very widely employed for flow 

regulation of large conduits. Such gates are of simple rectangular 

shape mounted either vertically or in an inclined position·spanning 

the corresponding rectangular or square cross-section of the conduit. 

In high-head ipstallations, the high efflux velocities 

generated at partial openings of such a gate result in a problem which 

can be divided into two equally important and distinct parts: 

(1) Reduction in pressure along the bottom of the gate. 

(2) MOre severe reduction in pressure downstream of the gate, 

followed by· a recovery in pressure further ahead, 

The first part, i.e., pressure reduction along the bottom 

of the gate imposes a hydrodynamic load called hydraulic downpull acting 

in the plane 'of the gate. Extensive experimental and theoretical studies 

have been conducted to deal with this aspect; see, for example, 

Naudascher et al.(l) and the bibliography mentioned in Appendix II-A of 

this reference. 

In the present case, it is p,oposed to study the second 

part of the problem, the understanding of which is of utmost importance 

for the following reasons: 

a) Reduction in pressure downstream of the gate establishes a 

pressure differentia! between the two sides giving a net hydro

static force on the gate. This force called hydraulic sidepull 

is a major factor in the design of such gates. 
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b) If the reduction in preaaure ia tufficient to cause aaaeoua and/or 

vaporous cavitation, as is usually the case in hi&h head instal• 

lattons, a larae number of cavities a;e fo~d. Vibration of the 

conduit and pitting of the conduit material is caused by fluctua

tions in pressure which occur when the cavities collapse in the 

pressure recovery zone. 

2 

The report presented herewith is a synthesis of two different 

projects: one concerna the design, construction, and operation of a water 

tunnel and suitable measuring equipment; the other describes the tunnel 

performance and certain analytical and experimental investigations con

nected with the study proposed above. 

For reasons to be cited later, the decision was made to con• 

struct a syphon tunnel for the study of 1flow past the control gates posi

tioned on the test section floor. MOst of the material used in this con

struction was aluminum for its lightness and resistance to corrosion; 

but the parts (bends and turning vanes) that required a lot of welding 

were made of mild steel, because eompared to aluminum, mild steel is much 

easier to weld. Tbese parts were then galvanized to avoid rust formation. 

For design of the gates and conduits, it is essential to 

know the fluctuating forces acting on them. This is possible only if 

evaluation of the fluctuating pressures can be made. The problem is 

very complex because the flqw downstream of the gate is an extremely co~ 

plicated one. As a first step towards the solution it is proposed to 

idealize the situation by making a number of assumptions (given in article 

4) to investigate the pressure distribution, cavitation parameter and 

lengths of the separation eddy (defined ahead), and also to study their 



dependance on the externat air addition. 

Illla.gine a jet issuing fr011 the gate openins• After leaving 

the openiag, the jet WQuld be very fast (aeynolds nuaber of the order of 

105 in the present case) and a e~ort distance downstream (approxiaately 
' 

after the vena contracta section) the region of high shear would becoae 

unatable and the turbulent flow would develop rapidly •. The fluid betveen 

the jet and the floor of the test section downstream of the gate would be 

quickly entrained, establiahing a back flow. This backflov would be 

drawn from underside of the jet further downstream and u this is done the 

jet would be drawn downw,rds. This proceas would continue and the flow 

would reattach to the floor enclosing an eddying or recirculating region. 

This region is commonly termed as a separation bubble or a cavity. In 

the present case where flow of water or of air-water mixture takes place, 

it would be more appropriate to call this region a 'separation eddy' to 

distinguiah it from a true cavity in water or from a separation bubble 

uaually associated with the air flow. 

The present work is mainly concerned with flows completely 

confined in the closed test section and the work somewhat allied to thia 

bas been reported by F8rt~2) and Arie.and ltouae(3). 

F~rt~2) atudied the flow in a 'partially expanding jet•* 

of air for a high solidity ratio of 0.833, the solidity ratio being 

-------~----~------------·-----------~-------------------------------------
* The term 'partially expanding jet' aa used in reference (2), which 

is a translation of P8rthmann'a original paper, impliea that the 
expanaion of the jet isauing from the opening is partial because it 
1a reatricted by the fourth or closing wall of the test section. 
This term may not be confused with that used commonly for compreaaible 
flow. 
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def~ned aa a ratio between the area of blockage due to the gate and the 

area of the test section in wbich the gate is fixed. Bis measurements 

included the total head and static pressures at a number of streamwise 

sections permitting the determination of velocity distri~ution in the 

channel.. Graphical integration of the individual velocity profiles then 

gave the volume of flow for each. The points of equal flow volume were 

· then connected~ resulting in a flow pattern which gave the point of re• 

attacbment. However, no analytical approacb was suggested to compute 

either the pressure distribution or the length of the eddy. 

Arie ând lo~se(J) dealt with two•dimensional flow over a 

noJ;'Dl&l wall in a wind tunnel, using a taU plate at the mid-height of 

the downstream face of the.wau.· The tail plate was used to arrest the 

free oscillations of the flow w~ich would otherwiae occur ia the wake 

behind the wall, if the latter is isolated •. The resulta reported mainlr 

concern low solidity ratios of 0.083 to Q.l67. Because of the complexity 

of the situation, no direct approach was found to predict the profile of 

the separation 'bubble'. The authors derived it through measurements of 

the •elocity across and along the test aecti0n. They found the profile 

to approximat~ roughly to part of an ellipse, though for the sake of 

easier mathematical representation of the stream function they matched 

the profile to a Rankine oval of comparable dimensions. 

Savage(4) suggested a theoretical approach to determine 

the geometry of the steady •separation bubbles 1 behind bluff bodies in 

the case of flows with free streaœlines. This approach is considered to 

·be inapplicable to the present case (discussed in articleS), because 

in a completely confined situation the fluid mechanical aspects of the 

flow around bluff bodies (e.g. control gates) are quite different from 
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those of the flow with free atreamlines. the approach adopted in the 

present work for devising a madel of the eddy geometry involves the use 

of experimentally determined eddy lengths. 

the present study will be helpful in giving some insight 

into the general pattern of flow around the control gates, and in co~ 

puting the mean hydraulic sidepull acting on them. Also, it will give 

an estimate of the eddy lengths and co~sequently the conduit lengths whieh 

would be subjected to the fluctuating forees and bence would need special 

strengthening. For the purpose of designing the gates and conduits, the 

present results must be suppleme~ted by the resulta of the investigation 

of the fluetuating pressures behind the gate. 

In actual installations a change in the gate opening may 

be made by movement of the gate while the water continues to flow throush 

the condu~t. »uring the proeess of this change, the flow characteristics 

must be affected by the rate at whieh the gate is moved. However, in 

the present case the changes .in the opening were brought about by fitting 

in gate models of different heights after emptying the tunnel. the 

resulta of the present work would, therefore, be appl~cable only in a 

situation where the gate opening is fixed or the gate movement is very 

slow. In other words, to apply the present resulta, the flow would have 

to be assumed as quasi•steady. 

s 



2.a 9!nera1 le!!rks 

The decision to deeign and construct a syphon tunnel was 

made on the basis of the following ideas. 

2.a.l Purpose 

It waa proposed to inveatigate mainJy the static pressure 

distribution along the.length of separation eddy formed behind the leaf 

gates in a cloaed conduit and alao.to study the effect of controlled ven

tilation of the eddy on this distribution. The major requiremetlt to pur

aue this atudy wu a auitable water tuimel, equipped witl\ deviees to 

meaaure the atatic pressures at1d the volume flows of air and water, 

2.a.2 Wtter Junnel Q1rcuita 

The investigation could be carried on by making use of a 

water tunnel wlth either a closed or. open circuit. In the former case 

the aue aaaple of water ia uaed over and over &gain, whereas in the 

latter there is a continuous supply of fresh water. In hydroelectric 

projecta, river, canal and conduit flows where the leaf gatea find their 

use, continuous aupply of freah water is aaintained and the air supplied 

to the eddy bebind the gate 18 carried away continuoualy. To aimulate 

this situation more closely, the open circuit seemed preferable. 

Another reaeon for rejecting the closed circuit was that 

the externat air supplied to ventilate the separation eddy would accumu

late and change the density after each cycle of flow. To overcome this 
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difficulty, a suitable dearation system would be needed. The other fac

tors against the adoption of the closed circuit were its higher construc

tional and installation costa. 

An open circuit was thus chosen, though this did entail 

the disadvantage of wasting water during experimental runa. Bawever, 

the actual coat of water waated by using an open circuit worked out to 

be a small fraction of the çost of the dearation system needed for the 

closed circuit. 

2.a.3 '-asont for.A4option of the Syphon Tunnel 

There would be three alternatives for producing flow with 

an open circuit. One would be to instal a suction pump and its driving 

unit to suck the flow from the main tupply reservoir, another would be 

to devise a syetem of pumping the flow at super atmospheric pressures 

and the laat would.be to dispense with any auch installation and make 

use of the syphon phenomenon. The last alternative was cbosen for the 

following reasons: 

(1) Coat Consideration 

The coat of construction, installation and maintenance 

of a tunnel provided with a suction pump, a driving unit 

and a speed control unit would be far higher than that 

of a syphon tunnel. Also,no vital functi~n of the experi

mental investigation proposed would be sacrificed by 

choosing the latter kind of tunnel, assuming the availa

bility of enough driving head and a discharge sump that 

would take the tunnel flow during the period of a test 
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run without being flooded. 

(2) Readily Available Facilities 

The facilities available in the laboratory were ideally 

suited to the last alternative. An adequate water supply 

reservoir was situated on the ground floor and a draining 

sump in the basement at a suitable distance from the 

tank. Thus, a driving head ranging from about 18.5 feet 

to 20 feet was readily available for the purpose. 

An opening in the ground floor required for the installa

tion of a large cavitation tunnel was so placed that the 

discharge leg of the syphon tunnel could pass vertically 

to reach close to the drain sump. 

(3) Academie Aspect 

It was proposed to note carefully the constructional and 

operational difficulties in such a tunnel and to try to 

find remediai measures for improvement. Satisfactory 

progress in this would be encouraging, for it would 

establish a method of performing certain flow studies in 

situations where expense is a major consideration. 

2.a.4 Disadvantages of the Syphon Tunnel 

(1) Control 

The tunnel was designed for manual control only. On 

certain occasions the help of a second person was obliga

tory in closing and opening of the outlet. 
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(2) Operating Handicaps 

The sump could not, in some cases, carry the full dis• 

charge of the tunnel for the periode required to let the 

mercury columns of the manomete~ stabilize. This diffi-

culty was circum.ented through the use of a squashing 

deviee t:o build up the mercuJ:y columns in two or more 

runa• 

Maximum.driving head was limited to 20 feet only, which 

in turn limited the magnitud~s of flow velocities and 

negative pressures. Indirectly it also restricted the 

amount of air addition to a certain limit beyond which 

the flow would break down. 

2.b Dgsisn !Pd Construction of the §Iphon Tunnel 

Overall dimensions 9f the tunnel are given in article 

2.b.S. Figure 1 gives an idea of the proportions of the tunnel and its 

general arrangement. Figure 2 shows the actual rela~ive placement of 

the test section, mercury manometer board and rotameter~ etc. 

Test Seçtion 
1 1 

The requirements for the test section were as follows: 

(1) To hcve clear and transparent aide panels so that visual 

observations and photography of the flow were possible. 

(2) Test section was to opera~e always at sub~atmospheric 

pressures so that the outside air had a tendency to force 

its way into it. Any such leaks would modi.fy the flow 
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patterp in an uncont~olled fashion, distorting the pres• 

sure aeasur~nts and the visual or photographie observa• 

tions. Bence, the test section was to be ~de as air• 

tight as possible. 

(3) To be able to withstand 15 psi differentia1 pressure plus 

possible pounding of cavity collapae• 

(4) Ass..Oling and 4isassembling of the test section to be 

eaey to facilit4te Jeneral clean up and also to help in 

case some st4tic pressure holes got ctogged with dirt 

part:l.des deposit;ed from wat;er and made it necessary to 

·take the test seption apart. 

(S) Insertion 4nd securing of the gate modela in the tett 

section to be performed easily. 

(6) J,.ength of the test ••ction downstr•am of the gate to be 

large~ than the maximum expected distance of reattachment 

by a suffici~nt margin. 

lodv of the 'l'!ft Section 

liaure S shows the 4 ft long teet section with nominal 

cross-section of 3 in• x 3 in. (actual 3.06 in. x 3.06 in•)• This aize 

was chosen as an optimum, keepi'QI :tn mi'Qd the ease in flow observations 

and in sec~ring the test modela. lloor and roof we~e made from 3 in. 

x 1·1/2 in. x 1/4 in. aluminum channel. the type of aluminum ae~ected 

satisfied the requirements of weldability and excellent resistance to 

corrosion. The aide panels were made from 6 in. wide and 1/2 in. thick 

clear and transparent plexialas sheets. 

The commonly e~loyed method of securing alumtnum channel 
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and plexiglas sheets 18 to bolt them together. 'rbere vere certain valid 

objections to this method.. Owing to the large n'UII1:>er of holes the plexi• 

glas would be weake~ad; aasembling and diaaasembling would become labori

ous. Mbreovar, the pointa of tigbtening being fixed would pose a serious 

problem vhen leaks appeared between the fully tightened boita. To avoid 

all this, it vas decided to U'se "C" clampa inatead of bo1ta as ahown in' 

Figure 5. They provided e&fY JlllllC)auverability in the lbifting of clamping 

points to get the beat aealing effect after each operation of disassembly 

4nd re-assembly. 

Steel etripa about 1 in. wide and 1/16 in• thick vere 

screved down lengthwise to the outer edges of plexiglas sheets so that 

the "C" chmpa bore on the steel etripa rather thandirectly on the 

plexiglas. 

Steel strips vere uaeful in two ways: 

(1) Tightening load at the catch points waa more uniformly 

diatributed lengthwise and to soma extent breadtn,ise alao. 

(2) Plexiglas sheets vere protected fr~ undesirable dentina 

and sçratching. 

Ft!fa•! of ~he Tan, &.ct,on 

The upatream and daV:natre.- flanges of the test section 

were made identical. Fisure 3.b shows the arrangement of the flange 

asaellbly. · The flange vas c_,osed .of aix detachable piecea, that is, 

~ plexiglas aheet en.da, two aluain\111 channel eude, and two 2 tu. x 2 in. 

steel angles. Each end of the aluminum channel w•s fitted with a 1.75 in. 

x 2.5 in. x 0.75 in• aluminum block velded at the inner aide to provide 
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a flat face for the flauge. 

As the flaugea vere composed of many detachable pieces 

they provided the 110st vulnerable spots for leakage. Considerable diffi• 

culty was experienced in the beginning in sealing the leaks at the 

entrance and exit of the test section. It was first thought that the 

test section be assembled and the faces of the flanges be milled. This 

was not pursued as this would be neither an easy nor a satisfactory 

solution; because, in spite of this the faces would not be flat easily 

during any subsequent reasaemblies of the test section. due to the working 

clearance between the holea and the bolta. Thus, the idea of milling 

waa dropped in favour of the following simple and inexpensive method. 

The faces of both the flanges were treated with a thin layer of epoxy 

glue and made roughly flat• After the epoxy glue had dried, the faces 

were rubbed with a fine grained aandpaper dise to achieve the desired 

surface. This bad, of course,to be done each time the test section was 

assembled. 

Thus, the leaks vere virtually eliminated from the 

flauges. Bowever, if a emall leak did appear, it was easily sealed off 

with· plasticine. 

S.tatic Pressure Jloles 

A total of 36 ho les were provided, 22 on the floor and 

14 in the ceiling of the test section. Owing to eddy formations around 

and inside the static pressure holes, the measured values of the static 

pressure get:1 distorted. · l'he distortion becomes smaller with decreaaing 

hole diameter. A usually recommended aize for the hole diameter is 

about 0,5 mm. In the present,work, the hole size used was l/64 in. 



(0.4 mm approx.). 

Pixiy of the Gate Modflt 

Bach time a aate model waa to be replaced by another, 

the upatream flange of the test section waa diaconnected froa the flanae 

of the aluminua square channel, Binee there vu slidina clearance 

between the aate and the test section, the aate was inserted from the 

opeaing in the flange and pushed forward to the correct position. Its 

ba1e was then screwed on to the floor of the test section by means of 

three steel screwa inaerted from out41ide. l'taure 3.a aivea proportions 

of the gatea. l'ive different aates vith heiahts 1.0, 1.5, 2.0, 2.5 and 

2. 73 in. were used, one by one • rhe term 'gate opening' was defined as 
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the difference bet1t'een the test S!Ction Width and the aate height• Thus 

the actual aate openings were:2.06, 1.56, 1.06, 0.56, and 0.33 in. 

correspc;t.nd:l.naly. ror.the sake of c:onvenience these openinas are referred 

to in the following text by their nominal valuea as 2, 1•1/2, 1, 1/2, and 

1/4 in. reapectively. 

?:um1ns Vantf 
1 

To minimise the loeaes due to separation and secondary 

motion ariaing at the right•analed benda and to obtain unifora standard 

flow, the turning vanee ware provided at both upstreaœ and dawnstream 

benda. 

The vane design was bued on the experiaeutal investigation 



of Klein, Tapper and Green(S). The curves in Figure 4.a as reproâuced 

fr• this reference show ~he resulta obtained by thea. The terra 

'r•sbtance' uaed here is def:lned as the ratio of the pressure drop at 

the vànes to the upstream impact pressure and the tet'll8 gap and chord 

are at shown :ln ligure 4.b. · The curves indlcate the fotlowina perfor

.ance characteristics: 

Vane 

Â 

B 

c 

Mlnt.u. Resistance 

20~ 

21'% 

23~ 

(Gap:Chord) 

0.30 

o.41 

0.39 

Comparing the vanea A and B, it was found that if we 

adopted A, we would rettuire larger nuaber of vanes whereas reduction in 

resistance would be insipificant • A larger nuaber of vanes in our· 

case would not only add to conatriction, but also would present diffi• 

culty in welding, as the apace vas very auch limited. 

On coaparison between vanes B and C, we could at once 

conclude that the vanea B vere preferable as fewer were rettuired and 

were -.uch easier to conat ruet. At the same tiae they gave a minf.m\aa 

resistance, which was lesa than that of C. Thua, it waa decided to 

adopt the design of vanea B. l'our vanes were fi:xed in each of the two 

benda uaed. 

· Special Wsld&na technique 

Normtlly weldina of the vanea. ia carried out as shown in 

the top two sketches of l'taure 4.c. Weld .aterial is deposited on the 

inside and/er outside of the arc either continuoualy or intermittently 
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alona the bo1111dary • 

Tb,ia .. thod of fixin& vanes to the body· of the band is 

si.,le and ••ick, but this affects adversely the very purpose of etabi• 

lizing the flow, eepecially in oases like this wbere spacina between 

vanes is ~uite sma11. A conatriction is formed at the welded ends of 

vanes distorting the flow. 

To overcome this difficulty, a special weldina technique 

vas ad.opted as illustrated in the two bott011. sketches of Pipre 4.c. 

'Countersunk bolee vere drilled at suitable intervals in the aide plates 

-along curves that corresponded to the vane profile. Veld material was 
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deposited from outside. Tbese welding spots met the vane edge, but did 

not project auch into the flow path, rendering the flow patb comparatively 

&J!Oother • 'l'hus, the velding technique choa en may be conaideJ:ed aa an 

improvement over the conventional one. 

The vanea and the benda vere made out of 1/16 in, and 

1/8 in. thick steel eheets reapectively. ligure 4.d give1 a view •f 

the vanes and the bend. 

2.b.3 traneitions 

In an effort to retain as auch as pos1ible an identical 

pattern of flow from the supply reservoir to the test .. del, it waa 

thougbt advisable to use a square tube •f the .... inside dimensions &8 

that of the test section. The actual aize of the test section was 

3,06 in. x 3.06 in• No square tube vas available to conform to this 

aize exactly, the neareat aize available being 2.76 in. x 2.76 in• 

inside .. aaureaents (3 in. x 3 in. outside uasur .. nts). 



'rhus "tt was necessary to prov:tde a transition upstreaa 

of the test section. For the seme reason, a transition was also 

necessary doWQJJtream. of the test section. 

pPstreaœ Transition 

The alum!num tube described above wassplit at the corners 

for a length of 6 :tu. The freed aides vere then pr:tea apart suit~ly 

and corneT•gaps f:tlled w:tth weld ... material. This gave a change of cross• 

section from 2.76 in. x 2.76 :ln. to 3.06 in. x 3.06 :ln., :ln a length of 

6 in., that is, a slope of lr4o. wh:tch may be regarded as gentle enough 

to leave the flow undisturbed. 

Any irregular:tties appear:tng ou the inside due to weldiB$ 

vere carefully ch:tpped off and the surface .ade saooth. 

pPwgstre!! Transition 

This tran,:ttion was made integral with the downstre .. 

bend fitted with vanes. 1/8 in• thick steel sheet was used for the 

purpose. The cross-sectional change from 2.76 in. x 2.76 in• to 

3.06 in. x 3.06 in. was brought about in a length of 2 ft., giving a 

slope of lr160. The transition vas galvanized along with the bend. 

2,b.4 1nlet and Qutlet Controle 

Priudng was necessary before the tunnel could be 

started. Por priming of the tunnel, the inlet and outlet vere to be 

blocked. l'or this an inlet blockage and an arrangement for-opening and 

cloaing of outlet vere pr.vided. 
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Inlet Blockage 

This consisted of a steel plate faced with rubber and 

fitted with two threaded brasa rods whioh in turn were co.nnected to two 

springs of 15 pounds per inch stiffness • The free ends of the springs 

were then joined to the h4ndles as sbown in Figure 1. The plate rested 

against the inlet opening firml1 held by the springs in tension. 

Outlet Closing and Opening Arrang!!@9t 

A 4 in. Victaulic butterfly valve vas fixed t~ the outlet 

in the basement. The handle of the valve vas connected to two separate 

cords which passed around the suitably placed and rigidly supported 

pulleys. The free ends of the cords were located on the ground floor, 

so that the opening and closing oper~tions could be performed conveni• 

ently from there. ligure 1 illustrâtes the closing and opening arrange• 

ment. 

2,b,5 Specification of the Tunnel 

Designation 

Nominal Sise 

Vertical length of the entry l•g 

Length of the horizontal poTtion 

Vertical length of the discharge leg 

Maximum driving head 

Maximum discharge 

SYPBON TUNNEL 

3 in. x 3 in. 

6.5 ft 

13.0 ft 

24.5 ft 

20 ft 

1.27 cusecs (Theoretical) 

1.23 cusecs (lxpertaental) 
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* cavitation Humber 

2.57 (Theoretical) 

2.66 (Experimental) 

Ventilation factor r 2 0.2 

(for continuous operation of the 
syphon tunnel as discussed later) 

2.c Meaaurina lguipment 

2.c .1 . Volume Flow of Water 

This was m.ea.sured by a direct method. A piezom.eter tube 

showed the level of water in the supply tank agaiust a scale in the 

background. The readiugs could be taken with au accuracy up to 1/40th 

of an inch. The fall in level of water in the tank (aize 60 ft x 3 ft 

x 3 ft) gave the total volume of flow in a certain interval of time. 

2.c~2 Volume Flow of Air 

A rotameter consisting of a 150 mm ecale• a plain taper 

tube and a spherical float was used for measuring the volume flow of 

air. CAlibration curves supplied by the manufacturera gave the rel&• 

tion between level of the float and the rate of volume flow of air at 

specified standard conditions of pressure and temperature. Air was 

supplied from the atmosphere through the rotameter to a point located 

----~~--------------------------------~---~--------~-------~---~-------
* The values gtven here refer to the case in whieh no gate or orifice 

plate is used and the temperature of water is 750F. 
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1 

ou the ceutre-line of the test section floor and at a distance of 1·5/8 

in. downstream of the gate. The quantity of air could be varied by 

means of a built-in needle valve. The carrying base waa provided with 

19 

a spirit level and levelling screws to help place the rotameter properly. 

MaXiœua capacity of the rotameter was 125 cu.ft./hour at the standard 

conditions (!8 , p8). 

2.c.3 Meaturement of Velocity of Water 

The turning vanes in the upstream bend were introduced 

to aake the velocity distribution in the flow approaching the gate as 

uniforœ as possible across the square channel. lb study the success of 

these vaues, velocities were measured at a section 3 ft downstream of 

this bend. A pitot tube was traversed in the vertical plane at the 

lateral Ddd•section of the alumiuum square channel. A tap for indica

ting static pressures was located in the aide wall of the channel appro

priately. The pitot tube and the static tap were connected to an 

inverted 'U1 tube manometer. Velocity was computed fr~ the differentia! 

head indicated, 

2.c.4 Meaayrement of Static Pressures 

(i) MUltiple-tube Mercury Manometer 

It was required to measure static pressures at a large 

number of points. A multiple-tube mercury manometer was conatructed. 

There were in all 20 glass tubes, each of 32 inch length and 4 mm 

inside diameter. The manometer board was a sheet of clear and trans

parent plexiglas measuring 36 in. x 18 in. x 3/8 in. 1V1 grooves were 



.tlled lengthwise to provide proper seatlng for the alaaa tubes. Scales 

in inch-fractions were engraved by the aide of each aroove. 411 the 

tubes were connected to a common stainless steel reservoir filled with 

•rcury. One of the tubes was alway1 open to atmo1phare to larve as a 

reference. 

It waa convenient to take photoarapha of each set of 

readinga on the manometer and interpret them later. For th~a, the mano-

mater was lighted aufficiently from the back. to diffuse the light on 

the back uniformly, the plexiglas sheet was backed by a 1heet of ground 

glaaa. 

A Dexton frame was conatructed to which were fixed all 
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the components mentioned above. Figure 6 showa the arrang ... nt deacribed. 

(11) Squaahing Deviee 

It was eaaential to have ao.. kind of a deviee that 

would isolate the manometer from the tunnel in the following aituatione: 

(a) When the tunnel waa beina prtmed 

(b) When it was needed to build up mercury columna 

in more than a ainale run of the tunnel (aee 

article 2.a.4) 

(c) When it was desired to freeze the readinaa on 

the manometer board for takina note of them. 

Detailed de1cription of the squaahina or squeezing deviee uaed il given 

by ltwok(6). Thil deviee waa fixed on the top of the Q!xion frame, as 

aeen in Figure 6. 



. 3, OPERATION Ol!' THE TUNNEL 

3,a Qperational Sequence 

As a first step it was imperative to make the mercury 

mànometer ready for static pr~ssure measurements before the tunnel was 

run, This was the most tt.e•consuming job, in that any possible traces 

of air either entrapped in the glass tubes or in the 7Ygon tubes linking 

manometer to the static pressure tapa bad to be removed. There were 

19 auch tubes and each bad to be attended to individually. A syringe 

was used to pump distilled water through the tubes, one by one, driving 

the entrapped air out to the atmosphere through the main mercury 

reservoir. 

Bowever, it was found later that all this procedure 

could be avoided prior to the next experiment if it were performed 

within a day or so. This was done by locking the squashing deviee when 

the tunnel was still running, there being no air in the tubes at that 

time. Unlocking was done during the next experiment when the tunnel 

was already running. It was inadvisable to keep the squashing deviee 

locked for more than a day, because the rubber tubes were likely to be 

deformed permanently and also because air evolved out of the stagnant 

water in the tubes became significant too. 

The next step after making the Qaa.nometer ready and 

locking the squashing deviee was closing the outlet valve and fitting 

the apring•supported blockage plate at the inlet. The air exit valve 

and the priming valve were then opened. White water from the mains 

filled the tunnel, air rushed out through the exit valve. When the 

21 



gate opening was about 1 in. or lesa,. the air had difficulty making its 

way to the exit valve. In those situations, one or two appropriate 

'C' clamps were loosened to help the air out. 

When priming was almost complete, the priming and air 

exit valves were closed, and the blockage plate at the inlet was 

removed. Fur~her, to make sure that air pockets, if any were left, were 

virtually eliminated, the outlet was opened for a short time and then 

closed. The w•ter rushing down dragged the air out along with it. 

The tunnel was then. ready for operation. It .lD.&Y be 

noted that when priming was not coçlete, the resultant volume flow in 

the tunnel was much reduced, and a complete break in the flow occurred 

as atmospheric air forced its vay up from the outlet side to destroy 

the syphoning action. 

3.b Operatio~al Limit (On Air-Supply) 

Controlled amounts of air were supplied to ventilate the 

separation eddies. It was found that steady runs of the tunnel were 

possible only up to a certain limit of the air supply. Beyond that 

limit, the volume flow of water became too low to let the tunnel run 
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full, The flow first became unsteady and then broke as described above. 

Observations made in a large number of test runs indicated the opera-

tional limit of the tunnel as r 2 nearly equal to 0.2. The measured 

pressures given in the following pages for any case of r2> .0;;2· are obtained 

from the highest values of suction indicated by the mercury manometer 

before the breakdown of the flow. 
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4. THBORBTICAL ANALYSIS 

The rate of flow of water through the tunnel bas been 

found by using the standard methode of calculating the piping losses. 

An integral technique simplified by the assumption of unifom and uni• 

directional velocity bas been adopted to find the relationship between 

the static pressures at various streamwise locations in the test section 

(artiçles 4.c.l and 4.c.2). 

4.a !valuation of the Rate of Flow of Water 

The following evaluation is given for the case when the 

separation eddy is not ventilated. In the case of a ventilated eddy 

the actually measured value of ~ is ~ept as the known parameter• Incor

porating Equation (A.4) into Equation (A.l) of Appendix I.A, substituting 

appropriate numerical values and using the continuity relation, we 

obtain the following expression (F.P.S. units) in wbich H is a known 

quantity, 

H- [12.0 + 3.67 < :a _ 1)
2] ~2 

g c 

This is valid when no orifice plate is inserted at 

(1) 

position X (Figure 7). It may be generalized to the following form: 

~ 2 2 H • [(12.0 + 1!) + 3.67 ( A C • 1) ] ~ 
g c 

(2) 

where 11 is the loss factor associated with the orifice plates and is 



given in Appendix I.B. Namerical values of 1} are: 

1} • 0 Pull•Open Case 

• 17,4 Half•Open Case 

• 158.7 Quarter•Open case. 

The above terms may be defined as followsl 

'Pull•Open' case When the flow passage at K (Fiaure 7) is 

fully open, i.e. the case in which no 

orifice plate is used. 
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' Hal f-Open' case When an orifice plate having • nominal area 

'Quarter-Open' case 

4 .. b Bvaluation of Po 

of flow ectual to one•half of the area À 
8 

is inserted at K. 

When an orifice plate having a nominal 

area of flow equal to one-quarter of the 

area A is inaerted at K. s 

Po is the static pressure at the section (0) shown in 

Figure 7. An equation of the hydraulic energy balance may be stated as 

follovs1 

2 .!&.. Po 
R&tiiiOs • B' + 28 + fw' + ER' (section À to O) 

+ EHf (section À to 0) 

Subatituting for the above EH' and EHf appropriately 

froa Appendix I.À and inserting numerical values, we o'btain 



Po • 2 .f.. g [H t .. E' .. 7.66 0 ] w amos v (F.P.s. units) 

where H t is 33.76 ft of water or 29.79 in. of mercury. amos 

The above equation would apply when there is no orifice 

plate atM (Figure 7). General form of the equation would be 

Po • ~ 8 [33.76 • E' • (7.66 +11) ~2 
] (3) 

where 1} h48 the same meaning ~ in Equation (2) and E' • (7.5 - h) ft, 

as evident from Figure 7. 
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Pressure RelaSioD§hips 
. 1 . 

0 
SKETCH (Cl.) 

.... , 
' ' ..... 

' ' ' ' 

5KETCH (b) 

1. fressure acting across eacb sectiqn varies due to gravitatienal 

effect only. 

26 

Temperature of w•ter T ~n the test section remain• at the T$&ervo1r w . 

level. 

3. The l.eyi\Olds ~umber of the flow is very h:tgh (appro•iutely of the 
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order of 105), so that shearing forces at the wall may be neglected. 

Allo, the effect of the boundary layer development is assumed to 

be.negligible. 

4. Air on entry into the test section is swept downstream instantane• 

ously so that the density of the fluid in the hatched portion at 

section (1) in the sketch (a) is unaffected. Thereafter, the 

downstreaa variation of deneity of the air•water mixture ia assumed 

to be linear up to section (r), i.e. the density changes linearly 

in the hatched portion froa fw at section (1) to fmr at section 

(r). After section (r) the density is assumed to remain constant 

at the latter value. 

s. The water is already saturated with air and other gaaes at its 

temperature T , so that the air drawn in froa outside into the sep-w . 

aration eddy retains its identity in the air•water mixture rather 

than being absorbed. 
A 2 

6. ~ v2dA • ~ where V is the velocity, Ais the corresponding 

area of flow and Q is the rate of volume flow. Note that the net 

flux of air•water mixture through any vertical section of the 

separation eddy is assumed to be negliaible. 

1. The effect of surface tension on the pressures is assumed negli• 

gible (Appendix II.A). 

Sgtch (b) 

Pressure varies ac ross any section due to gravity • At 

the section (O) the variation is uniforœ as the denaity of the flow is 

the aame across the section; but from the gate up to the section (r) 



the denaity is different at the inside and outside of the ventilated 

eddy and bence the variation is non•uniform.. For exaaple. at the 

section (1) the density outside the eddy is fw• wbereas inside it ia 

lesa due to the addition of air, Thus, the pressure at the floo~ of 

the test section may be (p1 +IF) instead of (p1 + IF')• Similar argu• 

ment aay be applied to the otber sections along the length of the eddy. 

4.c.1 llelation between Po and p1 

Homentum balance at sect:f,.ona (0) and. (1) JQAy be esta

bliabed as follows (see sketch a) : 

Bvaluating Jp d• frOID sketch (b) and. applying aasumption 

. (6), we get 

or 

where 
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1 The pressure tera (area DllG • area ABC) x d is negli• 

gible as shown in Appenciix II.B. Applying the equation of continuity, 

the above expression ~y be simplified to the following: 

2 2] [(Va ) . ( î;) (4) 

4.c.2 Relation between p1 and p . x 

An equation simdlar to the one in the previous article 
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may be written for the sections (1) and (x) with reference to sketch (a). 

A AC 

[ 
t 8 c 2 J 
f. P dA + f f V dA 

0 wo 
section (1) 

At 

• [[ pdA+ 

A 

t[v!zd•J 
section (x) 

1'hi8 may be si.,Ufied to the form given below by 

applying assumption (6) and evaluating ~dA from sketch (b). 

plAt + (area DIFG) x d + 

or 

(px • pl) • (area DIPG ... 

lw ~2 
A C • •x At + area (BIJK) x d 
g c 2 

+ 'mx~ 

.. ~ 
area HlJlC.) x ~ + .w\ 

0 <x 'x r 

A 
x 

[ 1 . .A. c ... 
8 c 

~~ 
f 2. 
w~ 

(Sa) 

~ 
A 

] .. 

x 

(Sb) 



x>O 

or 

x>O (6) 

This simplification is justified because the màsa of air 

drawn into the eddy is a very s~ll fraction of the maas of water, 

although the volume is appreciable. The pressure term (area DBlG • .area 

1 HIJK) x d may be neglected as s~ll, as illustrated numarically in 

Appendix II.B. rhus Equation (Sb) may be changed to the following form: 

2 
fwQ, ( ....L 

A AC .. 
t g c 

(7) 

Assumption (4) regarding linear density variation may 

be interpreted mathematically as 

(8) 

Applying Equation (6) at section (2) we get 

where 

so that 

f fw Q, 
m2 • (Q, + Qa2) 

(Sa) 

But ~2 • .er (asslllllpti9n 4) 
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Therefore 

(9) 

where 

Combinins Equations (6) and (9), we de4uce 

(10) 

Insert:l.ng this relation in Bquatton (7) we 1IUlY write finally 

When no air is 

(1 + r 2) 
----=---x_ ..... l, 0 <x' xr (Ua) 
A (1 + r - r - ) x . 2 2 x 

r 

introduced, r 2 • 0, Equation (Ua) is reduced to 
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(p •p)• 
fwQw2 

[ _1._ ..!. ], 0 <x 'xr (llb)" 
At AC 

... 
A x 1 

g c x 

4.c·.3 B.elation between p1 ·~d p2 

By virtue of the assump~ion (4) the denaity of the air• · 

water mixture is a discontinuôus function at the point of reattachment, 
. . x 

because the value of the term ( x ) in the above eCJu&tions being unity 
. r 

·at x • x remains unity for x ) x • Therefore, at the section (2) the · r r 

E~tion (tla) may be modified as follows: 

. i 



f.wo 2 
~ [ 1 

At AC 8 c 

When no air ia introdu.ced,. r 2 • 0 and lquation (12a) 

chanaes to the follovin8 
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(12a) 

(12b) 

4.d Prtsture lfsoverx lgdex 

(i) :s 
This it an index of the recovery of pressure . along the 

lensth of the separation eddy after the flow hu pused the vena con

tracta. By definiti9n 

or 

c • 
px 

Combinins lquations (lla) and (13b), we obtain 

(13a) 

(l3b) 

.. (1 + r 2) 
____ ...._ __ ] , 0 <x ( xr (14a) 

A (1 + r 
2 

• r 
2 

.! ) 
X XX' 

Por r 2 • 0 

2(A C ) 2 
sc [ ...L ..l.] 
At AC • A • 

8 c x 
(14b) 



(11) c
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This is an ove~all pressure recovery index representing 

the total 81D0unt of pressure recoverec:t from section (1) to 1e~tion (2) 

(see sketch a). By definition, 

·(lSa) 

By the same arg~nt as given in article 4.c.3, the 

term ( 3) in Equation (14a) is unity beyond the point of reatt•chœent. 
xr 

Thus, at section (2) this equation may be modified as below: 

2(A C ) 2 
_.!,_ (1 + r~) 

cp2. a s [ .. l 
At AC \ 8 c 

.. 

When no air is added, r 2 • 0, hence 

2(A C ) 2 

[ 1 .-LJ cp2 • 
ac 
\ AC \ 8 c 

4.e Cav&tation Parf!eter 

In its well known fora the cavitation parameter :I.e 

defined as 
p-p 

a"- ç 

c ifv2 

where ~ •· cavitation parameter 
ç 

p • critical preesure generally taken equal to the water c . 

vapour pressure 

p • static pressure at a point 

(lSb) 

(lSc) 

(16a) 
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V • velocity of flow at that point 

f • mas~ density of the fluid. 

In our case, the cavitation parameter may be tak.en as 

<J". • ~'::.l_ .. _P..,c 
C 1 Dy 2 

2 J.w vc 

(16b) 

Since changes in the values of E' and H, in our case, 

are too small to affect the cavitation parameter, we may write the 

following f~ctional relationships for any fixecJ value of ~. 

~ (h, d, T , Q 2, V ~ f. \. 
w a vc w' 

Changes in temperature Tw affect p
0

• A proper value of 

pc .at known Tw should take care of the temperature effeçt. The value 

Qf pc at any temperature may be found from standard tables or curvea. 

In a non•dimensional form we may state the above relation as followa t 

pl - Pc 
1/.. 2 - v 2 w vc 

In other words 

~. r2( ~· ~2) 
• 'z ( ~. •2) 

] v (cJ•h) d vc . 

wbere 0 OG V (d-b) d 
'W vc 

(17) 

Theoretical values of ~and p1, as derive4 from Equa• 

tions (2), (3), and (4) where r 2 • O, make it poasible to plot values 

of ~ against ~ for the known orifice plate openinga. Figure 34 
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compares auch values with those found from experimenta • 
• 

Similarly, 1t~re 35 shows the comparison between the 
h 

theoretical and experimen~al values of ~ aaainat r 2 wben ~ ia fixed. 

4.f Performapce Characteriatice of the Sfphon Tunnel 
; 

General 

Equations (2) and (3) indicate the possibility of con• 

atructing a similar ayphon tunnel or of modifyins the prêaent one to 

obtai~ deaired values of ~ or p0 (bence p1 ~d P2) through manipula

tion of H, B', IL and AC. -J. 1 c 

lor a.similar syphon tunnel there will be changes only 

in the çonstants pf these equations, depending mainly upon the internal 

dimensions of the tunnel. These changes can eaaily be arrived at 

following the procedure d'tailed in Appendi~ l.A and I.B. 

The performance characterietics descrtbed as followa 

relate specificalty to a syphon tunnel free of control gate and havina 

internal dimensions equal to those of the preaent one, when the varia~ 

tion limita as noted below are allowed in the values of H and B', 

putUns thecn:et~cally no restriction on the values of ~. 

JMISificat&PPa for the Analxsis Used 

For a given posi;ion of water supply leval. a change in 

driving head B necesaitates a corresponding change in the length of 

the discharge les; whereaa, a change in elevation l' brings about 

equ4l changes in the lengthe of both the entry and discharge legs of 

the eyphon tunnel. 

To obtain pure cavitation (vaporous type) in the test· 
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section, pressure must be equal to or lesa than the vapour pressure 

1 which may be of the order of 4 paia or so, depending upou the tempera-

ture of water. In tne extrema caee it may be equal to ••ro psia. So 

let, ua cou:Lder an ideal situ.t.tion when a zero value for the pressure 

in the test section is aimed at. For a real value of ~· l' ia always 

lesa than 33.76 ft or Hatmos~ In practice it may be only about 25 feet 

or even lesa. The v.-lue of H, however, can be made as much as. needed 
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by lenathening the discharae les vertically, thouah this is aleo 1everely 

limited in the case of an experimental set•up in a leboratory. 

the lengths of the vertical entry and discharge lesa of 

the present tunnel are 6.S ft and 24.5 ft reepectively and the aovernina 

equations are (2) and (3). If we assign arbitrarily high values of 30 

ft and 80 ft respectively to the lengths of the vertical entry and dia• 

charge leas, the new governing equations would be 

an cl 

H • r (13.89 + '1.> + 3.67 < ~tc • 1)
21 ~2 

• c 
(18) 

(1.9) 

Coçarlng the nw Equations (18) and (19) with tha old 

ona1 (2) and (3), we find that the extent of modification, tbouah not 

nealigible, is definitely amall in the context of drastiç chans•• 

introduced in the lengthl of the legs. The gap between the new equa• 

tion1 and the old onee would be much narrower for moderate values of 

the1e lengths. Thil il so because the dominating factors contributing 

to the losa of head are benda, entrance and exit and the abrupt chana•• 



in cross-sections, etc., rather than friction in the pipe. 

This justifies the sufficiency of BquationJ (2) and (3) 

in discussing the pe~~ormance characteristics, provided moderate values 

of the leng~hs of the legs are used. 

In the absence of a control gate Equation (2) reduces to 

Q 2 -
w 

H (20). 
(12.0 + !)_) 

For Po • 0, Equation (3) becomes 

Oy 2 -
0 

(33.76 • E') 
(7.66 + !)_) 

and Equa~ion (20) changes to 

(12.0 + ~)_) 

wbere ~ and HO are the respective values of ~ and H when Po • o. 
Q 

Relating Equattons (21) and (22) we ob~ain 

~2 + ~ 
Ha • (33.76- E') 7•66 + J! 

(21) 

(22) 

(23) 

The perfo~ance characteristics are given in the form of 

curves, relating parameters Il• ~, ~, u, HO• and B', where loss 
0 

coefficient K} is a function of the orifice plate de•ian. Figures 10 

to 13 show curves deduced from Equations (20) to (23). Theae curves 

are h'lpful in the tunnel design, in that one can read off directly 

the value of any one parameter wben the others are known. 
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PRf!ible Kpdifica~ion Cin the Present, 'l'ugnel) 

It ta not eae~ly possible in our ~fa~lics Laboratory 

to increase the driv~ng head appreciably, Bowever, to get to the case 

of ~ure cavitation in the present tunnel, we have to depend on tqe 

changes being made in E' and ~. But, we bave already ~ed quarter• 

open orifice plate with th' f~tor ~ nearly equal to 16Q. Thefe is no~ 

auch point in increaaing Jt any further, because it will reduce the 

rate of discharge conaiderably and make the flow suscept~ble to break• 

down in the same way as described in article 3.a. It is tberefore 

suggested that a change be made in the elevation B'. The exiating 

value of E' is about S ft. It is evident froa Figure 13 that for the 

maximum driving head of 20 ft (aa in our case) and 1} approximately 

equal to SO, an elevation E' of nearly 15 ft is sufficient to give ue 

the zero abaolute pressure. Thus, we would bave to raise our hori

•ontal portion of the tunnel by about 10 ft, mak1ng co~reaponding 

changea in the entry and discharge lege and the working platform. 

iole gf ra,stor ~ 

Jt is the losa factor aasociated with the orifice plates 

that were tnserted at section M (Figure 7). The orifice plates were 

ueed to vary the flow rate and to obtain a considerable pressure drop 

before the flow reacbed the test model. This drop was helpful to 

induce cavitation and to drew air in for ventilatina the separation 

eddy. 

In the beginning an attempt to reàuce the flow rate waa 

madè by inserting various orifice plates at a section juet upstream of 

the Vtctaulic valve r. (Fig1Jre 7). Thil 1118thod w.. found much laas 
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effective than the use of orif~çe plates at the section M. This simply 

gave a greater losa of kinetic head at the outlet decreas~ng the flow 

rate to some extent, but increased the pressure in the test •ection 

which was not desired. 
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S • GBOIIB'l'llY OF TBB SBPAIATION IDM 

The geometry of the separation eddies formed in several 

different situations bas been of interest to various investiaators. It 

bas been studied by Bourque and Newman(J), Sawyer(S), wyganski(9) and 

ethers, in connection with the reattachment of two-dimensional inco~ 

pressible jets to adjacent surfaces. In all these cases the basic 

assumptions were the same, i.e. uniformity of pressure inside and out• 

side the eddy and description of the the velocity profile of the jet 
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similar to that ~f a free jet, with the centre•line of the jet a circular 

arc. The aasumption of the uniformity of pressure inside the bubble is 

somewhat doubtful as the experimental resulta show that the pressure 

varies significantly in almost all the cases studied. 

However, in the present case the pressure is assumed to 

vary along the length of the eddy; as confirmed by the measured 
& (~ t 

velocity distribution of For:thluum in a partially expanding jet , 

there is no similarity in velocity profiles~ and finally the geometry 

of the eddy denies conformability to any single shape. Tbough there 

are some helpful factors, e.g. the continuity relation and the assumption 

of the pressure remaining constant across any vertical plane in the 

* test section , yet the problem remains complicated. The complexity 

---------------------------------------------------------------------·-
t see footnote on page 3 

* Note that the assumption (1) in article 4.c allows the affect of 
aravity on the pressure across a vertical plane, but it is shown in 

Appendix II.B that this affect is negligible, so that ultimately it 
amounts to saying that the pressure remains constant across any vertical 
plane in the test section. 
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of the problea il confirmed by Arie and Bouse (l) who, whf.le studying 

the two•dimensional flow over a normal wall, approached the geometry of 

the separation eddy with knowledge of the experimental resulta a priori. 

A theoretical approach bas been suggested by Savage(4) 

for determining the geometry of the steady 'separation bubbles' behind 

bluff bodies in the case of flowe with free streaml!nes. lmplicit in 

thil approach are a number of basic assumptions including the similarity 

of velocity profiles downstream of the bluff body and taking of the 

static pressure at reattachment e,ual to that of the free streamline. 

It bas already been pointed out that this aseumption about velocity 

profiles cannot be made in the present situation. Also, since the flow 

studied is completely confined, the assumption about the static pressure 

at reattachment being equal to that of the free streamline is not rele• 

vant. 'rhus, the above approach is considered as unadaptable to the 

preaent case. 

As a result of several attempts, it bas been found that 

any single madel based on an alliptical forœ, circular arc, a sloping 

straiaht line etc. or comblnationa of theae doea not aimulate the eddy 

geometry for all the cases of flow studied presently. 

A Model of the l4sty GeoMtn 

A model that does give fairly aatiefactory resulte for 

solidity ratioa ~ 0.8 nearly is described as followe; 

It ia asaumed that the vena contracta is about one gate 

opening downatreaœ of the gate and that from the vena contracta up to 

the point of reattachaent the eddy profile is siaulated by a quarter of 
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SKETCH (c) 

a Rankine oval shawn in the abov~ sketch. 

The Rankine oval is a sta~nation streaml~ne generated 

by lining a source and a sink with a uniform flow. If U is the 

velocity of uniform stream, source of strength +m' and sink of strength 

•m' are situated 2s apart, x is the semi-major axis and h is the 
r vc 

semi-minor axis of the oval, then following reference (10) we may 

write 

and 

h 'l't'Uhvc vc • cot ___, 
m' s 

2 x __!L r • 1 + 2 11' Us 
8 

2 + 2 2 
x y - 8 -

2ltU 
2ys cot m' 

Let us put 

y 

(24a) 

(24b) 

(24c) 
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_s_ 
h vc 

With simple manipulation Equations (24a) and (24b) yield 

-1 tan K2 • 

K 2 
- 2 

Substituting this in Equation (24c) we get 

2 (2 x • 2 hvc K2 y cot 

-1 tan K2 
h vc 

h can be derived for a given value of h; x is vc r 

(24d) 

(25) 

(26) 

determined experimentally as illustrated in Figure 9 for a typical 

case; so that K2 is given by Equation (25). Now Equation (26) can be 

solved to get the complete geometry of the oval. 

Pressure Distribution From the MOdel 

Pressure distribution in the form of pressure recovery 

index, C , can now be found from Equation (l4a) at any station x px 

along the length of the eddy. Plots of this are shown for solidity 

ratios 0.892 and 0.817 in Figures 15 to 24. Limitation about the 

application of the model is clearly stateq in article 6.d. 
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6. EXPERIMENTAL R.ESULl'S. AND DISCUSSION 

6.a Flow Pictures 

Piatures of the flow with and without ventilation of 

the eddies are given in Figure 8 for a few typical cases with a 

h nominal gate opening of 1/2 in. (or d • 0.817). l'he pictures were 

taken with an exposurl'! of 1/1000 sec. in each case. l'bey are arranged 

from the top of the page (Figure 8) in increasi11g order of the ventila-

tion factor. 

Picture S.a is given in respect of a non-ventilated 

eddy for which the absolute presC~ure at the vena contracta in the test 

section was only 5.09 in. of mercury. At that low pressure the diffu-
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sion of the dissolved gases (gaseous cavitation) resulted in the genera-

tion of gas bubbles behind the gate. These bubbles appear as black 

specks in the picture. 

Picturea 8.b, 8.c, and 8.d refer to the ventilated 

eddies. The former two pictures represent the eddies with ventilation 

factors (r2) less than 0.2, whereas the last representa an eddy with 

the factor greater than 0.2. As pointed out earlier, 0.2 was the 

approximate limiting value of the ventilation factor above which the 

continuous operation of the syphon tunnel was not possible. Thus, in 

the last case when r 2 was equal to 0.305 the flow through the test 

section $eemed to be continuous only for a short period (about 15 

seconds) after which it broke down. Picture S.d shows the flow at the 

time of such a breakdown 



6.b Tabulated Comparison Between Analytic and Measured Pressures 

The comparison is reported in direct tabuler form to 

give a clear idea of the behaviour of the pressures when the ventila

tion factor r 2, and orifice plate opening, and solidity ratio (h/d) 

are varied. 

It may be stressed here again that in the case of venti

lated eddies the operation of the tunnel was continuous only up to a 

value of r 2 nearly equalling 0.2. For r 2 ) 0.2, the resulta given for 

pressures simply refer to the highest values of suction reached before 

the breakdown of the flow. 

(i) Static pressure Po and hence Pos were found analytically 

from Equation (3) for each case. Corresponding experimental values of 

p08 were determtned at a distance 1 ft downstream of the entrance of 

the test section. 

(ii) Theoretical values of pls were determined from Equation 

(4), whereas the experimental values were determined at the vena con

tracta section (assumed to occur at a distance equal to one gate-opening 

from the gate edge) from the mean experimental curves whose qualitative 

picture is as shown in Figure 9. 

(iii) Theoretical values of p28 were found from Equation (12a). 

It is seen from the typical experimental curve in Figure 9 that beyond 

a certain section (reattaçhment section) downstream of the gate, the 

pressures become sensibly constant. For ali the cases the experimental 

values of p28 were determined from such curves. 
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6.c Upstream Xelocity Profiles 

The inverted 'U' tube manometer was used to find the 

velocities of flow at a section 3 ft ahead from the upstream bend. 

Plots of these velocities are given in Figure 14. It is found from 

these plots that the vanes were partially successful in achieving the 

abject of making the velocity distribution across the channel fairly 

uniform. 

6.d' Pressure Recovery Index 

Pressure distributions along the length of both the 

types of eddy (ventilated and non-ventilated) are presented in the 

form of pressure recovery index C against a non-dimensional ratio px 

(x/h). 

The curves based on the Rankine oval geometry of the 

eddy (Eq~ation 26) were computed for all the cases of flow studied. 

Agreement between the curves thus computed and the experimental values 

was just satisfactory only for the cases of h/d equal to 0.892 and 

0.817 [Figures 15 to 24]. 
h . 

It is seen from Figures 25 and 26 (for d • 0.653) that 

the diverge~ce between these curves and the experimental points is 

h 
qu~te large. The divergence remains large for d equal to 0.49 and 

0.327. The reason for this divergence may be given as follows: The 

geometry of the Rankine oval is fixed uniquely by the lengths of the 

eddy which are determined experimentally. The experimental resulta 

show these lengths to be such that the ratio of the ~nor to the major 

axis of the oval is considerably reduced when the solidity ratio is 
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made less. Thus, it is expected that for lowèr solidity ratios the 

profile given by quarter•oval shall be flatter for larger portions of 

the eddy lengths. For these portions, in other words, the model would 

predict a much Slower change in ~he effective area of flow (shown 

hatched in sketch a) and conse~uently in the velocity or in the static 

pressure. This fact is not borne out by the actual measuremen~s and 

gives rise to the divergence mention~d above. 

low solidity 

The model postulated in reference (3) is meant for very 

h 
ratios ( d ~ 0.17) only. It is part of a half Rankine 

oval and is quite different from the model given here. In that mode! 

the length between source and sink is arbitrarily varied to match the 

resulting st~gnation streamline with the experimen~ally determined 

shape of the cavity. 

Figures 27 to l2 give only the mean experimental curves 

relating C with x/h. In some of the curves for C versus x/h we px px 

find that c goes negative. This only implies that in such cases the px 

absolute pressure is not a minimum at the assumed vena contracta section 

but at some section further downstream. This situation seems to arise 

mainly because of the ventila~ion. As discussed in article 6.h.3, the 

ventilated eddies are longer than non•ventilated ones, so that in 

general the effective area of flow (shown h~tched in sketch a, article 

4.c) changes more slowly in their case. At the same time, the volume 

flux passing through the ventilated eddies becomes larger due to the 

additional entrainment of the air supplied. All this resulta in 

increased dynamic pressure and reduced static pressure, explaining 

thereby the existence of negative values of the pressure recovery 

index cpx• 
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Th~ ~xp~rim~ntally d~termined variation of C 2 against 
p ' 

r 2 is compared with the theoretical curves in Figure 33. cp2 decreases 

when r
2 

increases, the decrease being more pronounced for lower solidity 

ratios. This can be easily predicted on examining the difference between 

the expressions of the Equations (lSb) and (lSc). It is evident from 

Figure 33 that almost all the experimental points tend to lie below the 

theoretical curves. This discrepancy can, to some extent, be explained 

by the facts that we have neglected f~iction and non-uniformity of 

velocity and also we have not accounted for the air or gases evolving 

out of water (due to gaseous cavitation). The last fact, if aceounted 

for, would give increased air•water ratio so that the real value of r 2 

would be higher and all the plotted experimental points ought to shift 

to the right on the same horizontal level in Figure 33 giving a better 

agreement with the theoretical curves. 

6.e * Cavitation P!rameter 

The theoretical and experimental values of the cavit'ation 

parameter D-e are given in Figure 34 for various combinations of h/d 

----------------------------------------------------------------------~ 
* The minimum value of cavitation parameter 

tunnel was 0.018. This value was reached 
a venturimeter madel fixed in the test section. 
defiried as 

pth .. Pc 

l fwv!h 

~ reached in this 
during an experiment on 
~ in this case was 

where pih and Vth represented the static pressure and velocity respec• 
tively f the tnroat of the venturimeter. 



and orifice plate openings when r 2 • O. Figure 35 gives OC versus r 2 

for a typical case of solidity ratio h ( d • 0.817). 

in general a fall in 

Figure 34 indicates 

h 
~ for a rise in the solidity rAtio d for the 

same value of R!• In other words, it broadly implies that other signi• 

ficant variables remaining constant, the tunnel is more susceptible to 

cavitation at lesser gate openings. Figure 35 shows that the increase 

in ventilation factor gives higher values of cavitation parameter. This 

is so because the flow rate of water goes down and the static pressure 

at the vena contracta goes up as the supply of air is increased. 

6.f Overall Flow Ratio 

To find the values of maximum discharge .that the tunnel 

could carry, experimenta were performed for the full, half, an~ 

quarter-open cases (for definition, see article 4.a) with no ventilation 

and no control gate in the test section. These values were named as 

49 

~ max correspondingly. Also, the measured values of ~ for all possible 

combinations of the orifice plate openings and the five gate openings 

w~re already known. Thus, the ratio 0 / 0 (i.e. overall flow v wmax . 

ratio) could be worked out for every such combination. The experimental 

values of this ratio have been compared in Fi~ure 36 with the theoret• 

ical ones, the latter being found by using Equation (2). The figure 

indicates substantial agreement between the experimental and theoret-

ical results. 
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6.g aeattaegment Slopf and Prttsure Gradient 

h The quantity ~ , whieh f,s the slope of the line joi.Ding 

the top edge of the &lilte with the point of reattaebm.ent·, may be termed 

d as the average reattaehment siope and another quantity P2 - Pl 
'X 

r 
• 1 2 - J:.v 2 w vc 

may be termed as the average non•diménsional pressure gradient. 

Figure 37 gives mean experimentàl curves relating the above two quanti· 

ties for different values of 11 when r 2 • O. From these curves it is 

found that: 

(i) In general, for any particular control gate the 

average reattacbment dope increases with the increase in Il• This is 

so because the flow approachiri.g the gate 1s init:lally more turbulent 

.for higher values of 11 and therefore spreads more quickly after passing 

through the gate opening. 

(ii) 
h . . 

As the value of d is reduced, the depeDdence of 

the average reattachment slope on the average non•dimensional pressure 

gradient becomes progress:l.vely lesa. It may, therefore, be expected 

that the slope (or the ratio of the 'Qeight of the gate to the reattach• 

h ment distance) would tend to be almost constant when d is redueed 

below a certain value. Tbis is in agreement with the resulta of Arie 
(3j . 

and louse who, while investigating a similar case, found that the said 

h 
ratio was almost constant at about 0.06 when d was varied from 0.083 

to 0.167. 



6.h B.eattachment Distances 
1 

Visual and Graphical Determination of X 
1 1 ' + 

It may be noted that it was possible, by direct visuali-

zation. to locate roughly the region of reattachment inJide the test 

seçtion during those experimental runs in which the ventil•~ion factor 

was either zero or small (up to .07 approximately). For large ventila-

tion factors, the clouding of the flow prevented satisfactory visualiza-

tion. The reattachment regions that were thus located seemed to extend 

over a few inches. The distances between the gate and the middle of 

these visually located regions were recorded and named as X • On co~ 
r 

parison, it was found that these distances matched satisfactorily (see 

Table II) with those determined graphically by the method illustrated 

in Figure 9. 

On this basis it was assumed that the graphical method 

would give satisfactory values of Xr for higher values of r 2 also. In 

the absence of any better method of finding X experimentally, it was 
r 

thought reasonable to use the graphically found values throughout. 

6.h.l 

With the given geometry of the syphon tùnnel, it ~~ 

possible to relate the quantities Xr, h, d, Qa2 and ~as follows: 

x 
r --h 
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when r 2 • O, 

h 
or when d is fixed, 

Experimental plots of these relations are given in 

Figures 38 and 39. Figure 38 shows that the mean experimental curve 

Il (2) 
is in close agreement with the value. determined by Fortluaann • The 

values found by Arie and Rouse(J) are given in the figure_ for reference. 

In connection with the mean experimental curve in Figure 

38 lt may be pointed out that it was not possible with the present experi

h mental set•up to extend the experimental resulta for d greater than 

0.892 or less than 0.327. Thè reasons are: 

(1) 
h 

When a gate with d • 0.915 (h • 2.8 in.) was used, the discharge 

was so small that air was able to push up from the outlet end and 

the flow broke down soèn after the tunnel was started. 

(2) The capacity of discharge s~ was too small to allow the use of 

a gate of height much less than 1 in. (i.e. ~ ( 0.327). For 

example, it was expected that the diacharge sump would start ove~ 

floWfng in about 10 seconds, if a gate of 1/2 in. height were 

qsed. The squashing deviee was not considered effiéient enough for 

building up the mercury columns for runs of such a short duration. 

Xt is relevant to remark here that during the experi• 

mental runs without any gate, the discharge rate was very high and the 

sump limited the continuous run to about 8 seecmds, so that the 

squashing deviee was not really useful. However, for this case, it was 

obvious that the pressure throughout the test section would be sensibly 

constant, so that it would be sufficient to determine the pressure at 

one or two points only. This object could be achieved by building up 



just two pressure columns of the mercury manometer tn a number of test 

runa by s4uashing the corresponding pressure carrying rubber tubes 

carefully between the fingers. 

Experimenta were conducted in an open channel fitted 

with an adjustable sluice gate: to find the eddy lengths for comparison 

with those found already in the test section of the syphon tunnel. 

~-----------------)(~--------------~-~! 
A 

..,.f ----------------------

~.1 1 ~DDY 

1 

. r ~ 
~. 1 

SI<ETCH (~) 

S3 

MEÀN 'D~PTH OF WAï/!R <Le. • d..r~d..t 
SOLI'f)ITY R#I>.TIO • ..t,.o/cL.c. !! l..jd, 

Width of the open channel was 12•1/4 in. Depth of water in the channel 

was different in the different experimenta. It ranged from abou~ 10 in. 

to 14 in., 80 that the ratio of the depth to the width lay between o.a 
to 1.1 approximately. Value of this ratio in the case of test section 

was fixed as 1.0. Thus, the above ratio which represented the geometry 

of the cross-section of the flow was roughly of the same order in both 

~he open channel and the te1t section. 
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The sect~çm A (sketch d), where the reattachment occurred, 

was located simply by sprinkling small bits of paper on the surface of 

the water and watching their movement. It was observed that the bits 

dropped. on the surface to the right of A moved upstream while those 

dropped to the left of A lllOVed downstream. Thus, it was possible to 

locate the section A, because the bits dropped there got divided, some 

~ing upstre41ll and some downstream. It may be pointed out here that 

the reattac~nt section A could not be defined sharply. ~ fact, it 

was a reattachment region, the centre of which was located by judgement 

and was designated as the reattachment section A. 

The gate opening and the depth of water in the channel 

were varied and the values of X determined by the method explained r . 

above. The resulta are reported in Figure 38. The points given by the 

open-channel experiment div.erge considerably frol!l the mean curve (obtained 

from the closed test section of the syphon tunnel) for the low solidity 

ratios, but they show better agreement·wtth the curve for hd.gher solidity 

ratios. For ~) 0.9 the trend of the points from the open-channel and 

the trend of the lllean curve are virtually the same. 

The Reynold~ numbers of the flow investigated both in 

the open channel and the test section were large enough to justifY the 

assumption that shear stresses at the walls did not play mu~h part to 

account for the divergence stated above. Huœer~cal value of Reynolds 

number (based on the gate opening) in the case of the open channel was 

almost constant at about 20,000 for all the cases investigated, whereas 

in the case of the test section it varied approximately from 60,000 for 

h h i • 0.892 to 300,000 for d • 0.327. 

To verifY the validity of the assumption about shear 



stresses at the walls, experimenta were conducted in the open channel 

with a plastic sheet floating on the surface of water. The sheet 

spanned the channel witb so111e clearance on both lengtbwise edies between 

the sheet and the vertical aides of the channel. Wrinkling of the 

sheet wq avoided by stretching it appropriately. The length of the 

sheet was such that the reattacbment distances were well within it. 
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The plastic sheet would, to a large extent, simulate the fourth (enclosing) 

wall of the test section of the syphon tunnel as far as the wall shear 

stresses were concerned. 

The reattachment sections in this case were located as 

foll9WS• Small bits of paper were mixed with water and the mixture was, 

fed deep into the water supply a short distance upstream of the gate. 

The water flowing through the gate opening carr!ed the bits along. 

Movement of these bits was watched through one of the transparent sides 

of the channel. On observing the paths followed by the bits a region 

could be located roughly where a number of these bits bit the bottom of 

the floating plastic sheet or came very close to it and then separated 

into the upstream and downstre~ directions. The middle of this region 

was chosen as the reattacbment section. 

The resulta of these experiaents are also plotted in 

Figure 38 •. It is observed from this figure that there is no conspicuous 

difference between the experimental plots for the two cases (with and 

without plastic sheet) of the open channel. This observation substant

iates the assumptions made regarding the wall shear stresses. On this 

basis, it may be assumed that these stresses play no significant role 

in causing the apparent diversence between the resulta obtained from 

the test section and from the open channel (Figure 38). 



Let us now consider the gravitational effect on the 

hydrostatic pressure distribution. Pressure difference between any two 

points lying in the same horizontal plane would not be affected by 

gravity in the case of flow in the test section whereas it would be 

affected in the open channel as follows. The floor of the open channel 

was almost horizontal. The depth of water in the channel was observed 

to increase from a section just downstream of the gate up to a section 

beyond the point of reattacbment. Tbus, owing to the gravitational 

effect there would be a rising pressure gradient along the flow between 

the two sections, which would help the jet to spread more quickly. In 

qther words, the length of the eddy would ~e reduced due to the said 

affect. Hpwever, the actual difference in the depths between the above 

two sections in the present case was only about 1/2 i~at the most, 

whereas the mean depth of water was near about 1· ft. It appears, there-

fore, that the gravitational effect atone could not account for the 

divergence mentioned above. Further, it is not clear as to why this 

divergence, which is reasonably small for high solidity ratios 

h ( d ) 0.8 say), grows considera~ly as the solidity ratio is reduced. 

6.h.3 Effect of Ventilation 

Figure 39 shows convincingly that the reattachment dis• 

tance increased with r 2, being the least when r 2 was equal to zero. 

~ already described in the i~troduction, the fast moving 

jet issuing through the gate opening entrains the fluid from the region 

(A)near the gate. Loss of this fluid is replenished by the fluid from 

further downstream. · This establishes a back flow which is drawn from 

56 



-

FLOW 
~ 

(A) 

c 

SKETCH (e) 

... , 
' ' ' ' \ \ 

' \ 
D 

the underside of the jet. As this is done the jet is drawn downwards. 

This process continues and the flow reattaches to the floor. Let us 

ass~ that the reattachment occurs at C in the case of non-ventilated 

eddy. Now when the eddy is ventilated, there is a source of continuous 

supply of air at B, shown in sketch.(~· The fluid entrained by the jet 

from the region(A)is replenished partly by this air supply and partly 

by the ~uid fr~m further downstream. Tbus, in the case of a ventilated 

eddy the tendencr of the jet to bend downwards after passing the 

region Ais less, so that the reattachment distance is longer (say BD 

instead of BC). 
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7. CONCLUSIONS 

1. Tho~gh the syphon t~nnel was designed and constructed 

primarily for the etudies of control gates, it is believed to be poten-

ti ally more useful. V.arious types of modela like aerofoils, venturi-

~eters, cylinders and spheres can also be fixed in the existing test 

section. In some cases, of course, it would be necessary to make some 

slight modification in the test section. 

2. With the help of the performance characteristics derived 

it is possible to bring about some alterations in the existing tunnel 

or çonstruct another similar tunnel so as to obtain desired values of 

volume flow of water, pressure level or cavitation parameter in the 

test section. 

3. With an increase in the ventilation factor, there ~s a 

decrease in the overall pressure recovery ind~ cp2' and, as anticipated, 

this decrease 1s more pronounced when the solidity ratio is reduced. 

MOreover, the value of this index can be predicted quite accurately. 

4. Control of the cavitation parameter in a flow similar to 

the one investigated can be achieved by proper ventilation of the eddy. 

lncrease in the ventilation factor seem$ to increase the cavitation 

parameter rapidly, so that the severeness of cavitation is reduced. 

s. The profiles of the separation eddies formed behind con-

trol gates in closed conduits are influenced considerably by the 

h 
solidity raUo d' so that they are not, in geqeral, conformable to any 

specifie geometrical shape. 



6. The length of an ed4y is invariably affected by ventila-

tion. On the ~asis of the present experimen~al data it is found that 

t;he higher the vent.ilation factor, the larger is the reattachment dis• 

tance or the length of the eddy. 

7. The present work could be usefully extended in the 

following areas: 

a) Study of the pressure ~luctuations in the flow and the pulsa

tions of the eddy downstream of the control gate, both for 

ventilated and non•ventila~ed cases. 

b) Study of the influence of the dissolved and free gas content 

of water on the pressure fluctuation and distribution in the 

case of ventilated and non•ventilated eddies. 

c) Study of the pressure distribution and flow stability for: 

1. 'Bled-off eddies' where the term would signify the 

controlled bleeding off of water from the recircula• 

ting or dead water region behind the control gate 

by a suitab1e suction pump. 

ii. 'Wat;er•fed eddies' where the term would apply to the 

feeding of the eddy by cont.rolled amounts of water, 

either from an outside source or from a point at a 

higher pressure in the same water tunnel. 
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d) Reinforcement of the present study by extending the experimental 

work into the realm of pure cavitation and into a range of 

solidity ratios higher than 0.892 and lower than 0.327. These 

figures refer to the ranse covered in the present study. 



AfPENDIX 1 

(a) Details of the ;testes Ihrough the Tunnel 
1 

Driving head H is the known parameter in this case. A 

hydraulic equation of head balance (when no orifice plate is inserted 

.at section M) may be written as follows, with reference tq Figure 7: 

wbere 

H • EH' + .EH' f 

• HA+ RB + H(; + HE + HF + H.J + <Hi+ RN> + Hf (ABEJ~) .•• (A.l) 

v 2 

HA • Entrance losa at A • o.s ~ 
v2 g 

H8 • Bend losa at B • 0.21 2! •••• Klein et al.(S) 

(V - V )2 vc t 
2g H(; • Abrupt çontraction loss at G • 

v 2 
8 

~ • Bend loss at E • 0.21 28 •••• Klein et al. (S) 

(V . - V ) 2 

HF~ Expansion loes at F • 8

28 
P 

v 2 
H.J • Head loss due to 45° bend • K' 2!-

2 Q) 4(Q) where K' • 0.9457 sin ( 2 + 2.047 sin 2 , as given in some stan• 

dard text books. 

For 9 • 45°, K' • 0.182 

and 

HK • head loss due to the butterfly valve at K 

RN • Dynamic head loss at the outlet 
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Note.;.hat 

v 2 

tH' (section A to 0) • f [ (.!!) 
28

8 

f m ABC 

v 2 
+(~) ...L] 

m C to 0 28 

and ! tH' (section À to 0) • Hl + H8 

For large hydrauliç con~uits, head losa tncurred at the 

fu~ly open butterfly valve bas little·· imp9rtance; whereas in the present 

situation, the valve does provide a sizeable area of blockage ~ (shown 
1 • ' 

shade4 in the following sketch), thus prohibiting the neglect of BK. 

There are two ways in which (H[ + ~) may be eva1uated: 

(1) If we assume that the flow contracta at the valve and tben expands 

to fill the pipe before the outlet, then 

(V' - V )2 
H.!_a K p -x 2g . 

where VK • velocity at the vena contracta fo~d downstream of the 

butterfly valve 

- v À 
p p 

(A - A )C p TD c 



And 

80 that 

v 2 
Il'_ '"' ...2... 
~ 2g 

<Bic + RN> • 
(V' • V ) 2 V 2 

K p ...J!.... 
2g + 2g (A.2) 

(2) We may note that the distance between the outlet an4 th' valve 

blockage is very short, 80 that the flow may issue as two separate jets 

on either side of the open valv,. 

Th en 

<»ic + UN> -
(V' - V )

2 
K p 

2g + (A.3) 

HPwaver, it was observed actually that water issued out first as two 

separate jets, r~ined so for some time and then mersed to fill the 

outlet pipe. Hence, neither e~uation (A,2) nor (A.3) is truly repre-

8entative. 

It may, however, b' potnted out that the difference in 

the two expressions (A.2) and (A.3) is small in the ~ontext of overall 

values of the !osses. Bither of the expressions would do approximately. 

Mean value of the ewo expressions was ultimately accepted as a compro• 

mise. 

Th us 

(VK • V ) 
2 

<BR: + llft> - 2g p 

Substituting the value of Vi: and rearranging the terme 

we obtain 
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V 2 A 2 

<BK+ RN>- f- [ 1•5 {(A -p~)C 1 
} 

(A.4) 

g ·p c 



(B) Head 
1
Loss at .section M (Jisurs 7) 

To vary the velocity in the tunnel and to obtain sizeable 

pressure drop in the flow before it rea~hed the test model, orifice 

plates were inserted at the se~tion M. The terms full•open, half•open, 

and quarter-open used below are defined in article 4.a. If the head 

loss due to an orifice plate inserted at M be worked out in the form 
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2 t , . . 
11~ , we .ay c~ll 11 the loss factor assoc~ated with tbat owifice plate~ 

ruu-o2Fn Case 

Since no orifice plate was used in this case, the flow 

passage at M was fully open. There was no head loss and nellce Kx • O. 

Half.,open Case 

The orifice plate used in this case consisted of 13 

holes of S/8 in. diaaseter each, so that the ratio of the area of each 

hole to the corresponding average area of supply was 1/1.91. Knowing 

this, the coefficient of contraction could b' worked out. 

so that 

Let V h • Velocity at the vena contracta of tpe hole vc 

- ~ Area of the hole x coefficient of eqntraction 

Head loss -(v h-v)2 
VS S . 

2g 

Putting numerical value" and working in r.P.s. units we 

Head loss 2 
- 17.4 ~ 

~ • 17.4 

(ft of w~ter) 



9gfrter•open Cafe 
1 

The orifice plate used in thiJ c•ae bad 17 boles of 

3/8 in. diameter each. Proceeding in the above aanner i~ ia found that 

2 Head losa 11if 158.7 \ (ft of water) 

flo that: 

't • 158.7 
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APPBNDJX II 

There •re two types of c«vitatio~, vaporo~s and s•so~s, 

as defined by Strasberg(ll). In~eption pressure f9r v•poro~s cavita• 

tion in water is either equal to or les~ than the corr,spo~ding vapour 
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pre.-sure. Gaseous cavitation, howevèr, is a coQsequence 9f the diffusion 

of dissolved gases out of water at a press~re which .-y be higher than 

the vapour pressure, but ~ust be lower t~an the saturation pressure for 

the gases dissolved in wat~r. 

During the present study, it was found from the measured 

me~ st4tic pressures that they were always a~ove the corresponding 

water vapour pressures. 'J;herefore, it would be safe to neglect any 

cons.ideration of the vaporous cavitat:l,on. :rhere wu, of course, ample 

gaseous cavitation resulting ip the evolution of gas bubbles. The gas 

hubble~ are capable of retainina an internat pressure high~r than the 

-.bient externat pressu~e due to the surface tension, obeying the 

following principle& 

(p - p ) • 
i e 

2o
---! 
Il 

0 

The static pressure determined experimentally ignores 

the existence of pi ~d is, therefore, not truly representative. Prom 

a practical point of view, a correçtion to aceount for pi is necessary 

only when the problem of surface tension is serious. 

The eize of the ga, bubbles could be estimated approxi• 

mat,ly by direct observation through the trallsparent panels of the test 



section for the cases in which the value of r 2 lay between 1ero and 

o.os nearly. Thus, the qualitative effect of ventilation on the size 

of the bubbles could be rough1y ascertaf.ned for this rans' of r 2• For 

higher values of r 2 ~he mixture of air and water bec~ clouded and the 

aize of bubbles could not be judged, ~waver, the observations that 

were possible did give an ~~dicat~on that the increase in ventilation 

factor increased the proportion of larger sized bubbles. AlthoQgh it 

was not possible to make any definite assertion about the aize 9f the 

bubbles when the factor r 2 was increased beyond .os, it seeme~ plausible 

to assume that the &hove indication would hold. Furtber, mosc: of the 

bubbles observed appeared to be about a mm or bigger in aize, so that 

if we take ~ • o.oos lb/ft for ordinary water at 68°F, then (p1 • p
8

) 

would be ~ 0.02 psi. This is very small in comparbon with the 

.value of the pressures measured. In view of this, no allowance was 

made to compensate for the effect of surface teJlsion .• 

(B) Pensity•affected Pressure Terms 

terms: 

and 

ln articles 4.c.l and 4.c.2 we come across the following 

(area DBFG:- area ABC) x * 
1 (area DIFG - area HIJK) x d 

For brevitY let us represent these terms by Y
1 

and Y2 

respectively. These terms may be desi~ated as density-affected 

pressure terms. because they represent pressure and owe their existence 
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solely to the difference in densities of water and the air-water mixture. 



) 

It is obvious from sk~tch (b) in article 4.c that the 

area ABC is the largest and the area LMN ~he 

areas. If we represent the te~ (area ABC ~ 

smallest among the shaded 

l area LMN) x d by Y3, we 

may say that Y3 is greater than Yl or Y2• It is possible to evaluate 

Y3 n~rically as follows: 

so that 

y !Il 

3 

From Equation (8~) 

where 

1 x-
d 

y
3 

can be evalqated from the above equation for any g:tven value of r 2, 

for example, 

if r 2 • 0.2, Y3 111 0.02 in. of mercury 

and if r 2 • 0.4, Y3 • 0.034 in. of mercury. 

~e values of r 2 constituting the main body of the 

investigation are less than 0.2, which means that Y3 in most of the 

cases would be less than 0.02 in. of mercury. Also Y
1 

and Y~ both 

are smaller than Y3, so that their values in ~st of the cases studied 

would be much less than 0.02 in. of mercu~. Bence, on examining the 

equations containing Y1 and Y2 it is possible to assume that both Y1 and 

Y2 wquld be ~egligible in comparison with the other quant~ties involved 

in those equations. 
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' Nominal Nominal Ventilation 
Gate Orifice factor 

Opening Plate r2 
OPENING 

1/4 in. Pull o.o 

h 0.164 
(d0.892) Ralf o.o 

0.166 
Quarter o.o 

0.133 
0.260 

1/2 in. Pull o.o 
h 0.075 

(d •0.817) 0.165 
0.250 

Ralf 0.0 
0.078 
0.167 
0.252 

Quarter o.o 
0.070 
0.166 
0.224 

1 in Pull o.o 
h 0.033 

(d •0.653) 0.152 
Ralf o.o 

0.038 
0.105 

Quarter o.o 
0.072 
0.177 

'l'ABLE I 

TABLE OP PI.ISSUI.BS 

Pos . pl .. s 
it).ches of Hg inches of Hg 

Theoret. Experim. Theoret. Experim. 
-

4.72 4.92 24.ot· 23.96 
4.67 4.88 20.45 19.95 
5.34 5.60 23.94 23.65 
5.28 4.76 19.18 19.15 
7.69 7.32 23.66 23.45 
7.33 6.85 21.08 21.00 
6.06 6.11 13.43 13.40 

5.89 5.65 25.49 25.10 
5.77 5.60 22.78 22.85 
5.70 5.61 20.58 20.40 
5.63 5.60 16.32 14.85 
6.75 7.22 25.20 24.70 
6.71 6.89 22.26 22.50 
6.60 6.53 19.32 19.35 
6.39 6.09 16.00 14.40 

12.01 11.54 24.00 23.55 
11.25 11.23 22.45 22.30 
9.76 9.58 19.04 19.05 
8.66 8.61 14.82 14.70 

7.07 8.11 26.47 24.90 
6.77 . 8.06 23.59 23.95 
6.45 7.77 20.88 21.15 

10.79 11.99 25.77 24.80 
9.68 11.71 22.17 22.60 
9.42 10.97 21.54 20.90 

17.92 17.56 23.28 23.50 
16.98 16.45 21.93 21.80 
14.38 13.89 18.17 18.05 

P2s 
inches of Hg 

Theoret. Experim. 

21.57 21.25 
18.49 18.07 
21.59 21.45 
17.45 17.55 
21.64 21.50 
19.37 19.35 
12.54 12.75 

21.32 20.85 
19.31 19.75 
17.72 17.70 
13.99 13.00 
21.34 21.15 
19.14 19.60 
16.69 17.00 
14.22 12.60 
21.51 21.20 
20.28 20.15 
17.41 . 17.60 
13.61 13.45 

18.73 18.65 
17.44 18.00 
15.85 16.10 
20.02 19.95 
17.77 18.20 
16.82 17.10 
21.30 21.00 
20.14 19.90 
16.82 16.70 

e 

..... 
0 
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TABLE I (continued) 

Nominal Nominal Ventilation 'os 

Gate Orifice factor inches.of Hg 

Opening Plate r2 Theoret. Experim. 
OPEHIHG 

1 .. 1/2 in. Balf o.o 14.87 15.45 
h 0.051 13.11 14.80 

(d •0.49) 0.081 12.75 14.45 
Quarter o.o 20.09 20.45 

0.070 19.17 18.96 
0.172 16.51 16.05 

2 in. Balf o.o - 17.51 16.75 
h 0.024 15.29 16.64 

(d -o.327) 0.059 14.87 16.15 
Quarter o.o 20.81 21.35 

0.071 20 .. 02 20.30 
0.176 17.85 17.20 

P1s 
inches of Hg 

Theoret. Experim. 

25.17 23.80 
21.89 21.80 
20.98 21.05 
22.51 22.80 
21.44 21.25 
18.35 18.20 

23.15 21.90 
19.92 20.40 
19.25 19.35 
21.85 22.10 
21.00 21.10 
18.69 18.60 

P2s 
inches of Hg 

Theoret. Experim. 

19.82 18.80 
11.47 17.60 
16.94 11.30 
21.26. 21.40 
20.32 20.20 
17.49 17.30 

19.39 18.70 
16.91 17.40 
16.51 17.00 
21.16 21.30 
20.39 20.50 
18.24 18.15 

e 

...... 
t-' 
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·e 
TABLE II 

B.EAr:[ACHMENT DJSTANCIS 

Nominal Nominal Ventilation X (inches) r 
Gate Orifice factor By Vi li ti By Graphical sua za on Method 

Opening Plate r2 Approx.llange Mean (see Fig. 9) 
Opening 

1/4 in. Full 0 171- 1<J 2 2 la! 2 17.90 

Half 0 16 - 18 17 17.40 

Quarter 0 1 1 15'! 16.80 142 - 162 2 

1/2 in. Full 0 1'14-2 - 20 1~ 4 19.80 

0.075 21 - 24 2~ 20.40 2 

Half 0 1 1~ 19.00 172 .. 19 4 
Quarter 0 1~ .. 1~ 1'14-2 18.40 

0.07 17 - 20 1~ 2 19.80 

1 in. Full 0 20 - 22 21 21.90 

0.033 22 - 24 23 21.90 

Half 0 21 - 23 22 20.40 

0.038 1 2~ 2~ 21.80 21--2 2 2 
Quarter 0 19 - 21 20 20.40 

0.072 2~- 2LJ. 2 2 2~ 2 22.00 

1-1/2 Ha1f 0 19 - 21 20 19.80 
ina 1 1 2~ 0.051 192 .. 212 21.40 2 

Quarter 0 1 1 17'! 18.80 162- 182 2 

1 0.07 19 - 22 2~ 2 21.60 
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TABLE II (continued) 

Nominal Nominal Ventilation xr (inches) 

Gate Orifice factor By Visuali•ation By Graphical 
Opening Plate r2 Approx.B.ange Mean Method 

Opening (see Fig. 9) 

2 in. Ba.lf 0 14 - 16 15 16.20 

0.024 t6! .. te! 2 2 1~ 2 16.80 

0.059 t1- 19 1~ 4 17.40 

Quarter 0 14 1 1tJ 15.80 - 1'2 4 

0.071 ts! .. 1~ 2 2 ttJ. 2 17.40 
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