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SUMMARY

The design, construction and operation of a syphon
tunnel meant for studies of water flow around control gates (with and
without air addition) have been described. The control gates studied
are of the type commonly known as ‘vertical leaf gatds as shown in
Figure 3.a.

The standard methods for estimating the piping losses
have been used to calculate the rate of flow of water through the tunﬁel
for the cases in which no external air is admitted into the separation
eddy. The static pressures inside the test section have been calculated
bn 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 ngon~ventilated eddies.

Tables are given to compare the.tﬁeoretical 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 point
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
in the test section and the absolute pfgssure'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 estimated.
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A model of the geometry of the separation eddy has been
sugge?ted. To evaluate the pressure variation along the length of the
eddy, an expression for the pressure recovery index has been derived.
Values of this index based on the geometry of the model have been com-
pared with the experimental results and the limitations of the model
have been pointed out.

The eddy lengths derived from experimental results have
been compared with those of the previous investigators and with tﬁe
‘results obtained from submerged jets in an open channel.

It has been found that the length of the separation eddy
increases with the increase in .the ventilation factor. ' The theoretically
predicted values of the overall pressure recover index have been com~ |
firmed numerically by the experimental results for a wide range of
solidity ratios and ventilation. factors. Both these values suggest
that with an increase in the ventilation factor there is a decrease in
the said index¥and that this decrease is more pronounced whenvthe

solidity ratio is reduced.
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1. INTRODUCTION

Owing to simplicity of design, economy of construction,
and ease 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 installations, 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) Reductioﬁ’in pressﬁre'#long the bottom of the gate.
(2) More severe reduction in préssure downstream of the gate,
followed by a'recbver in ﬁressure furfhér ahead,

The first part, i.e., pressure reduction along the bottom
of the éate imposes a hydrodynamic load called hydraulic downpull acting
in the plane of the gate. Extensivé exﬁerimental and theoretical studies
have been conducted to deal with this aspect; see, for example,

(1)

Naudascher et al. and the bibliography mentioned in Appendix II-A of
this reference.

In the present case, it is pygposed to study the second
part of the prdblem, the understanding of which is of ﬁtmost importance
for the following reasons:

a) Reduction in préssufe downstream of the gate establishes a
pressure differential betwegn 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.



b) If the reduction in pressure is sufficient to cause gaseous and/or
vaporous cavitation, as is usually the case in high head instal-
lations, a large number of cavities are formed. Vibration of the
conduit and pitting of the conduit material is caused by fluctua-
tions in préssure which occur when the cavities collapse in the
pressure recovery zone.

The report presented herewith 4s a synthesis of two different
pfojects: one concérnsfthe design, construction, and operation of a water
tunnel and suitable measuring equipment; the other describes the tunnei
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 syfhon tunnel for tﬁe sfudy of 'flow past the control gates posi-
tioned 6n the test section floor. Most of the material used in this con-
struction was aluminum'fof its lightness and resistance to corrosion;
but the parts (bends and turning vanes) that required a lot of.welding
were made of mild steel, Becausg»compared to aluminﬁm,'mild sﬁeel is much
easier to weld. These ﬁarts were then galvanized to avoid rust formation.

For design of the gates énd‘conduits, it is essential to
know the fluctuating fprces acting on them.‘ This is possible only 1if
evaluation of the fluctuating pressures can be made. The problem is
very complex because the flow downstream of the gate is an extremely com-
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




dependence on the external air addition.

Imdgine a jet issuing from the gate opening: After leaving
the opening, the jet would be very fast (Reynolds number of the order of
105 in the present case) and a short distance downstream (afproximntely
aftet the vena contracta section) the regionvof high shear would become
unstable and the turbulent flow would develop rapidly. The fluid between
the jet and the floor of the tea£ section downstream of the gate would be
- quickly entrained, establishing a back flow. This backflow would be
drawn from underside of the jet'fgrther downstream and as this is done the
jet would be drawn downﬁérds. -Thisvprocess wbuld 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 fiaw of ﬁatef or of air-water mixture takes place,
" it would be more appropriate to ca11 this region a 'separation eddy' to
distinguish it from a trué ;avity in water or from a separafion bubble
usually 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 this
has been reported by Fgrthhanéz) andexievand Rouse(a).

Fgrthmanéz) studied the flow in a 'partially expanding jet'*
of air for a high solidity ratio of 0.833, the solidity ratio being
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* The term 'partially expanding jet' as used in reference (2), which
18 a translation of FOrthmann's original paper, implies that the
expansion of the jet issuing from the opening is partial because it
is restricted by the fourth or closing wall of the test section.
T?is term may not be confused with that used commonly for compressible
. flow.



defined as a ratio between the_érea of blockage due to the gate and the
area of the test section in which the gate is fixed. His measurements
included the total head and static pressures at a number of streamwise
gsections permitting the determiﬁation of velocity distribution in the
channel. Graphical integration'pf the individual velocity profiles then
gave the volume of flow for each. The points of equal flow volume were
- then connected, resulting in a fiow pattern which gave the point of re-
ﬁttadhment. However, no analyticallapproach was suggested to compute
either the presﬁure'distribﬁtioﬁ or the length of the eddy.
Arie'éndARodse(a) dealt with two-dimensional flow over a

normal wall in a wind tunnel, using a tail plate at the mid-height of
the downstream face of the wall. The tail plate was used to arrest the
free osgill#tions of the flow ﬁﬁich wouId,otherwise occur in the wake
behind the wall, 1f the latter is isolﬁted.‘ The results reported mainly
concern low Qolidity ratibs of 0.083 to 0.167._ Because of the complexity
of the situation, no direct‘aﬁbroach was found to predict the profile of
»the éeparation 'bubble'; The aﬁthora derived it through measurements of
' thg'veIOcity'across gnd'aloné_the test section. Théy found the‘profile
to-approximate roughly to part of an ellipse, though fof the sake of
easier mathematical representation of the stream function they matched
the profile to a Rankiﬁe oval of comparable dimensions.

| Savagé(é) suggested a ﬁheoretical approach to determine
the geometry of the_stea&y 'separation bubble?' behind bluff bodies in
the case of flows with free streaﬁlines. This approach is considered to
-be_inapplicablé to the present case (discussed in article 5), because
in a completely confined situation ﬁhe fluid mechanical aspects of the

flow around bluff bodies (e.gs+ control gates) are quite different from



those of the flow with free atre#mlines. vThé approach adopted in the
present work for devisiné a model 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 com=
“ﬁuting the mean hydraulic sidepull acting on them. Also, it will give
an estimnté of the eddy lengths and cpnsequently the conduit lengths which
.would be subjected to'the'fluctuéﬁing forces and hgnce would need special
Qtrengthening. For the purpose of designing the‘gates and conduits, the
present results must be supplemgnted by tﬁe results of the investigation
of the fluctuating pressures beh;nd fhe gate}

In actual installations a éhange in the gate opening may
bé made by movement of the gate while the water continues to flow through
the conduit. Dufing the brocess of this change, the flow characteristics
‘must be affected by the rate at‘ﬁhi;hAthe gaté is moved. However, in
the present case the changes .in the opening were brought about by fitting
in gate models of differéntvheighfs after emptying the tunnel. The
":esulgs of the present work would, therefore, be gpplicable only in a
situation where the gate opening is fixed or the gate movement is very
~slow. In other words, to apply the‘present results, the flow would have

to be agsumed as quasi-steady.




2. _APPARATUS AND INSTRUMENTATION

2.a General Remarks

The deéision to déaign and construct a syphon tunnel was

made on the basis of the following ideas.

~ 2,a,1 Purpose

| It was-pfoposedﬁ£§ investigﬁte mginly the static pressure
distribution along the.length‘of §éparation eddy formed behiﬁd the leaf
gates in a closed conduit-ﬁnd ﬁlcbuto study the.effect of controlled ven-
tilation of the eddy on this distribufion. The major requirement to pur-
sue this study wa-la aui£ab1e.wate:'tﬁnnel, equipped with devices to

_ measuré the static pressures and the volume flows of air and water,

2.,a.2 Water !gggelvditcuits}

The ihvestigatiodacOuld.be carried on by making use of a
water tunnel with either a cloaed_or;open‘circuit. In the former case
the caﬁe sample of w#ter 1s'ueed'ovér and over again, whereas in the
latter there is a continuous supply qf fresh water. In hydroelectric
projects, river, canal and conduit fléws where the leaf gates find their
use, continuous supply of fresh water is maintained and the air supplied
to the eddy behind.thg'gate is carried away cqﬁ;inuoualy. To simulate
this situation more‘closeiy, the'open circuit seemed preferable.

| Another reason for rejecting the closed éircuit wag that
the external air supplied to ventilate the separation eddy would accumu-

late and change the density after each cycle of flow. To overcome this




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 costs;

An open circuit was thus chosen, though this did entail
the disadvantage of wasting water during experimental runs. However,
the #ctual cost of water wasted by using an open circuit worked out to
be a small fraction of the cost of the dearation system needed for the

closed circuit.

2.&.34 Reasons forvggogtion of the.nghoh Tunnel

There would be three alternatives for producing flow with
an open_gircuit. One would be to instél a suction pump and its driving
unit to suck the flow from the main supply reservoir, another would be
to deviﬁeAa system of pumping the flow at super atmospheric pressures
and the last would be to dispensé.with any such installation and make
uge of the syphon phenomenon. The last alternative was chosen for the
following reasons:

(1) Cost Consideration

vThe cost of construction, installat;on 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 function of the experi-

mental investigation proposed would be sacrifice& 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



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.

Academic Aspect

It was proposed to note carefully the constructional and
operational difficulties in such a tumnel and to try to
find remedial 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.

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,




(2) Operating Handicaps
The sump could not, in some cases, carry the full dis~
charge df the tunnel for the periods required to let the
mercury columns of the manometer stabilize. This diffi-
culty was circumvented through the use of a squashing
device to build up the mercury columns in two or more
runs.
Maximum driving head was limited to 20 feet only, which
in turn limited the magnitudgs 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 Design and Construction of the Syphon Tunnel

Overall dimensions of the tunnel are given in article
2.b.5. Figure 1 gives an idea of the proportions of the tunnel and its -
general arrangement. Figure 2 shows the actual relative placement of

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

2.,h.1 Test Section

The requirements for the test section were as follows:
(1) To have clear and transparent side panels so that visual

observations and photography of the flow were possible.
(2) Test section was to operate always at sub=atmpspheric

pressures so that the outside air had a tendency to force

its way into it. Any such leaks would modify the flow



3)

- (4)

(5)

(6)

10

pattern in an uncontrolled fashion, distorting the pres-
sure measurements and the visual or photographic observa-
tions. Hence, the test aection was to be made as air-
tight as possible.

Tb be able to withstand 15 psi differential pressure plus
ppssible pounding of cavity collapse.

Aasgmbiing and disassembling of the test section to be
éas& to facilitate genetal clean up and also to help in

case some static pressure holes got clogged with dirt

~particles deposited from water and made it necessary to

- take the test section apart.

Inse:tion and sécuring of the gate models in the test
section ;6 be performed easily.

Length of the test section downstream of the gate to be
larger than the maximum expected distance of reattachment

by a sufficient margin.

Body of the Test Section

Figure 5 shows the 4 ft long test section with nominal

cross-section of 3 in. x 3 in, (actual 3.06 in. x 3.06 in.)« This size

was chosen as an optimum, keeping in mind the ease in flow observations -

and in securing the test models. Floor and roof were made from 3 in.

x 1-1/2 in., x 1/4 in, aluminum channel. The type of aluminum selected

satisfied the requirements of weldability and excellent resiatance to

- ¢orrosion. The side panéls were made from 6 in. wide and 1/2 in, thick

clear and transparent plexiglas sheets.

The commonly employed method of securing aluminum channel
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and plexiglas sheeta i§vto bolt them together. There were certain valid
objections to this method. Owing to the large number of holes the plexi-
. glas would be weakened; assembling and disagsembling would become labori-
pus.  Moreover, the points ¢f tightening being fixed would pose a serious
problem when leaks appeared between the fully tightened bolts. To avoid
all this, it was decided to use "C" clamps instead ot bolts as shown in:
Figure 5. They provided easy manceuverability in thé_shifﬁing of clamping
points to get thevbest sealing effdct after each opération'of disassembly
and re-assembly. | _

‘Steel strips about 1 in. wide and 1/16 in‘ thick were
screwed down lengtﬁwise to the outer edges of plexiglas sheets so that

the "C" clamps bore on the steel strips rather than directly on the

plexiglas.
Steel strips were useful in two ways:
(1) Tightening load at the catch points was more uni formly
distributed lengthwise and to some extent breadthwise also,
(2) Plexiglas sheets wefe_protectéd from undeaifabl& dent;ﬁg f

and scratching.

Flanges of the Test Section

The upstream and downstream flanges of the tesé section
were made identical. Figure 3.b shows the arrangement of the flange
_assembly. The flange was composed of six detachable pieces, that is,
two plexiglas sheet ends, two aluminum channél ends, and two 2 in. x 2 in.
steel angles. Each end of the aluminum channel was fitted with a 1.75 in.

x 2,5 in. x 0475 in. aluminum block welded at the inner side to provide
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a flat face for the flange.

As the flanges were composed of many detachable pleces
they provided:the most vulnerable spots for leakage. Considerable diffi~
culty was experienced in the beginning in sealing the leaks at the
entrance and exit of the test sections 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 reasgsemblies of the test section. due to'the working
clearance between the holes and the bolts. Thus, the idea of milling
was 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 sandpaper disc to achieve the desired
surface. This had, of course,to be done each time the test section was '
assembled.

Thus, the leaks were virtually eliminated from the
flanges. However, if a small leak did appear, it was easily sealed off

with plasticine,

Static Pressure Holes

A total of 36 holes 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:: distorted.- The distortion becomes smaller with decreasing
hole diameter. A usually recommended size for the hole diameter is

about 0,5 mm. In the present work, the hole size used was 1/64 in.




13
(0,4 mm approx.)s

of the Gate Mode
EBach time & gate model was to be replaced by another,

the upstream flange of the teat;section-wns disconnected from the flange
6f the aluminum square channel, 8ince there was sliding clearance
between the gate and the test section, the gate was inserted from the
opering in the flange and pushed forward to the correct position. Its
base was then screwed on to the floor of the test section by means of
three steel screws inserted from ouﬁpides ?igure 3.a gives proportions'
of the gates. Five different gates with hgighta 1.0, 1.5, 2.0, 2.5 and
2,73 in. wére used, one by one. Th‘ term 'gate opening"ﬁas defined as
the difference between the test section width and the gate height. Thus
the actual gate openings wureﬁz.OG, 1.56, 1.06, 0.56, and 0,33 in.
cotreapqndingly. For the sgke of convenience these openings are referred
to in the following text by their nominal values as 2, 1-1/2, 1, 1/2, and

1/4 in. respectively.

2.b+2  Turning Vanes

To minimize the losses due to separation and secondary
motion arising at the right-angled bends and to obtain uniform standard.
flow, the turning vanes were provided at both upstream and downstream

bends.

Se on of the e

‘The vane design was based on the experimental investigation




14
of Klein, Tupper and Green(s). The curves in Figure 4.a as reproduced
from this reference show the results obtained by them. The term
'registance' used here is defined as the ratio of the pressure drop at
the vanes to the upstream impact pressure and the terms gap and chord
are as shown in Figure 4.b, The curves indicate the following perfor=

mance characteristics:

Vane ' Minimum Resistance (Gap:Chord)

A | 20% 030
B ‘ 21% ’ 0¢41
c 23% 0.39

Comparing the vanes A and B, it was found that if we
adopted A, we would réquire larger number of vanes whereas reduction in
re‘sistqnce would be inpignifichnt. A.larg,er number of vanes in our
case would not only add to constriction, but also would present diffi-
‘culty in welding, as the .space was very much limited.

o On comparison between vanes B and C, we could at once
conclude that the vanes‘B wvere preferable as fewer were required and
were much easier to construct. At the same time they gave a minimum
resistance, which was less than that of C. Thus, it was decided to
adopt the design of vanes B. Four vanes ﬁere fixed in each of the two

bends used.

-Special Weldi hnique
Normally welding of the vanes is carried out as shown in
the top two sketches of Figure 4sc. Weld material is deposited on the

inside and/or outside of the arc either continuously or intermittently
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along the boundary.

This method of fixing vanes to the body of the bend is
simple and quick, but this affects adversely the very purpose of stabi~
lizing the flow, especially in cases like this where spacing between
vanes is quite small. A constriction is formed at the welded ends of
vanes distorting the flow.

To overcome this diffieﬁlty, a special welding technique
was adopted as illustrated in the two bottom sketches of Figﬁre-4.c.
‘Countersunk holes were drilled at suitable intervals in the side plates
-along curves that corresponded to the vane profile. Weld mater{alvyla
deposited from outside. These welding spots met the vane edge, but did
not project much into the flow path, rendering the flow path comparatively
smoother. Thus, the welding technique chosen may be considered as an
impfovenent over the conventional one.

The vanes and the bends were made out of 1/16 in, and
1/8 in. thick steel sheets respectively, Figure 4.d gives a view of

the vanes and the bend.

2.b.3 Ixansitions

In an effort to retain as much as possible an identical
pattern of flow from the supply reserveir to the test model, it was
thought advisable to use a square tube of the same inside dinnntions as
that of the test section. The actual size of the test section was
3,06 in. x 3,06 in. No square tube was available to conform to ;hié
sizé exactly, the nearest size available being 2.76 in. x 2.76 in.

inside measurements (3 in. x 3 in. outside measurements).




16

Thus it was necessary to provide a transition upstream
of the test section. For the same reason, & transition was also

necessary downstream of the test section.

Upstream Transition

The aluminum tube described above wassplit at the corners
for a length of 6 in, The freed sides were then pried apart suitably
 and corner-gaps filled with weld~-material. This gave a change of cross-
section from 2.76 in. x 2.76 in. to 3.06 in. x 3.06 in., in a length of
6 in,, that is, a slope of 1:40, which may be regarded as gentle enough
to leave the flow undisturbed. |

Any irregularities appearing on the inside due to welding

were carefully chipped off and the surface made smooth.

Downstream Transition

This trangition was made integral with the downstream
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 1:160, The transition was galvanized along with the bend.

2.b.4 Inlet and Outlet Controls

Priming was necessary before the tunnel could be
started. For priming of the tunnel, the inlet and outlet were to be
blockeds For this an inlet blockage and an arrangement for opening and

closing of outlet were provided.



Inlet Blockage
This consisted of a steel plate faced with rubber and

fitted with two threaded brass rods which in turn were connected to two
springs of 15 pounds per inch stiffness. The free ends of the springs
were then joined to the handles as shown in Figure 1.  The plate rested

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

Outlet Closing and Qgening Arrangement

A4 in, Victaulie butterfly valve was fixed to the outlet
in the basement., The handle of the valvevwaé 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,
sovthat the opening and closing opergtions could be performed conveni-
ently from there. Figure 1 illustrates the closing and opening arrange-

ment.

2,b.5 Specification of the Tunnel

Designation " SYPHON TUNNEL
Nominal Size 3 ine x 3 in.
Vertical length of the entry leg 6.5 ft
Length of the horizontal portion . 13.0 £t

Vertical length of the discharge leg 24,5 ft
Maximum driving head 20 ft

1427 cusecs (Theoretical)
Max{mum discharge

1423 cusecs (Experimental)

17
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2,57 (Theoretical)
Cavitation Number®
2,66 (Experimental)

Ventilation factor r, ' 042

(for continuous operation of the
‘syphon tunnel as diacussed later)

2.¢c Measuring Equipment

2.,c.1 Volume Flow of Water

This was measured by a direct method. A piezometer tube
showed the level of water in the supply tank against a scale in the
background. The readings could be taken with an accuracy up to 1/40th
of an inch. The fall in level of water in the tank (size 60 ft x 3 ft

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

2.cs2 Volume Flow of Air

A rotameter consisting of a 150 mm scale, a plain taper
tube and a spherical float was used for measuring the voluméaflow of
air. Calibration curves supplied by the manufacturers gave the rela-
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

D B S b G D WD S A 0 D NS G S B S U A S T G A N D I D WP SR G G B AN Y A 5 ) np s S (D G R T S O D BB A D A6 B0 G W Wb AN B 0B S OO 48 o

* The values given here refer to the case in which no gate or orifice

plate is used and the temperature of water is 75°F,
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on the centre-line of the test section floor and at a distance of 1-5/8
in. downstream of the gate. The qu;ntity of air could be varied by
means of a built-in needle valve. The carrying base was provided with

a spirit level and levelling screws to help place the rotameter properly.
Maximum capacity of the rotameter was 125 cu.ft./hour at the standard

conditions (Ts, ps).

2.c+«3 Measurement of Velocity of Water

The turning vanes in the upstream bend were introduced
to make the velocity distribution in the flow approaching the gate as
uniform as possible across the square channel. To study the success of
these vanes, velocities were measured at a section 3 ft downstream of
this bend. A pitot tube was traversed in the vertical plane at the
lateral mid-section of the aluminﬁm square channel. A tap for indica-
ting static pressures was located in the side wall of the channel appro-=
priately. - The pitot tube and the static tap were connected to an
inverted 'U' tube manometer. Velocity was computed from the differential

head indicated,

2.c+4 Measurement of Static Pressures

(1) Multiple-tube Mercury Manometer

It was required to measure static pressures at a large
number of points, A multiple~tube mercury manometer was coﬁstructed.
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. 'V' grooves were
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milled lengthwise to provide proper seating for the glass tubes. Scales
in inch-fractions were engraved by the side of each groove. All the
tubes were connected to a common stainless steel reservoir filled with
mercury. One of the tubes was always open to atmosphere to serve as a
reference.

It was convenient to take photographs of each set of
readings on the manometer and interpret them later. For this, the mano-
meter was lighted sufficiently from the back. To diffuse the light on
the back uniformly, the plexiglas sheet was backed by a sheet of ground
glass. |

A Dexion frame was constructed to which were fixed all

the components mentioned above. Figure 6 shows the arrangement described.

(11) Squashing Device
It was essential to have some kind of a device that
would isolate the manometer from the tunnel in the following situations:
(a) When the tunnel was being primed
(b) When it was needed to build up mercury columms
in more than a single run of the tunnel (see
article 2.a.4)
(c) When it was desired to freeze the readings on
the manometer board for taking note of them.
Det@iled description of the squashing or squeezing device used is given
by Rbok(s). This device was fixed on the top of the Dexion frame, as

seen in Figure 6.



3, OPERATION OF THE TUNNEL

3.a ggeratidnal Sequence

As a first step it was imperative to make the mercury
manometer ready for static pressure measurements before the tunnel w;s
run. This was the most time-cqnsuming job, in that aﬁy possible traces
of air either entrapped in thé glass tubes or in the Tygon tubes linking
manometer to the static pressure taps had to be removed. There were
19 such tubes and each had 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,

However, it was found later that all this procedure ‘
could be avoided prior to the next experiment if it we:e.performed
within a day or so. This was dpne by locking the squashing device 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 device
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 wmanometer ready and
locking the squashing device was closing the outlet valve and fitting
‘the spring-supported blockage plate at the inlet; The air exit valve
and the priming valve were then opened. While water from the mains

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

21
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gate opening was about 1 in. or less, the air had difficulty making its
way to the exit valve:. In those situations, one or twomappropriate
'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. Further, 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 water rushing down dragged the air out along with it.

The tunnel was then ready for operation, It may be
noted that when priming was not cbmplete, the. resultant volume flow in
‘the tunnel was much reduced, and a complete break in the flow occurred
as atmospheric air forced its way up‘from the outlet side to destroy

the syphoning action.

3.b Operational Limit (On Air-Supply)

Controlled amounts of air were supplied to ventilate the
separation eddies.s It was fbuqd 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 wgter became too low to let the tunnel run
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 1limit of the tunnel as r, nearly equal to 0.2. The measured

pressures given in the following pages for any case of r;> .0.2 are obtained

r3
from the highest values of suction indicated by the mercury manometer

before the breakdown of the flow.
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4. THEORRTICAL ANALYSIS

The rate of flow of water through the tunnel has been
found by using the standard methods of calculating the piping losses.
An integral technique simplified by the assumption of uniform and uni-
directional velocity has been adopted to find the relationship between
the static pressures at various streamwise locations in the tesﬁ section

(articles 4+c.l and 4.c.2).

4a Bvaluation 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 Qw is kept 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 which H is a known

quantity.
A 2. 2
H= [12.0 + 3.67 ( Agcc - 1) ] % (1)

This is valid when no orifice plate is inserted at

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

A
H= [(12.0 + K) +3.67 (5 - D ow2 (2)
g ¢

where K1 is the loss factor associated with the orifice plates and is
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given in Appendix I.B. Numerical values of K1 are:

Kl =0 Full-Open Case
= 1744 - Half-Open Case
= 158.7 Quarter~Open Case.

The above terms may be defined as follows:

"Full-Open' case When the flow passage at M (Figure 7) is
fully open, i.e. the case in wﬁich no
orifice plate is used. |

"Hal f-Open' case When an orifice plate having & nominal area
of flow equal to one-half of the area A.s
is inserted at M.

'Quirteg—Open' case When an orifice plate having a nominal
area of flow equal to one-quarter of the

area Ah is inserted at M.

4.b Evaluation of Py

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

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

follows:
2
H - E' +-v-5— i T (section A to 0)
atmos 2g J;;

+ ZH% (section A to 0)

'Subltituiing for the above ZH' and ZH% appropriately

frop Appendix I.A and inserting numerical values, we obtain



| 2
= - t - ® L ] .
o~ £ 8 (M, mos = E' = 7-66 Q7] (F.P.S. units)

where H is 33.76 ft of water or 29.79 in. of mercury.
atmos _
The above equation would apply when there is no orifice

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

Po™ £ 8 [33.76 - B - (7.66 +K) Q2 ] @

vhere K, has the same meaning as in Equation (2) and E' = (7.5 - h) ft,

as evident from Figure 7.
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4.c Pressure Relationships

d e
\\
\\\
SKETCH  (b)
Agpumptions

1l ?reésure actihg across each section varies due to gravitational
effect only.,

2. Temperature of water Iw 19 theitest section remain§ at the resérvoif
level.

3.  The Reynolds number of the flow is very high (apptoximately of the




4,

5.

6.

7.
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order of 105), gso that shearing forces at the wall may be neglected.
Also, the effect of the boundary layer development is agsumed to
be negligibles |
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
downstream variation of density of the air-water mixture is assumed
to be linear up to section (r), i.e. the density chahges linearly
in the hatched portion from f; at gection (1) to f;r at section
(r). After section (r) the dehsity is assumed to remain constant
at the latter value.
‘The water is @lready saturated with air and other gases at its
temperature T , so that the air drawn in from outside into the sép-
.aration eddy retains its identity in the air-water mixture rather
than being absorbed.
A 2 :
d{ v2dA --%— where V is the velocity, A is the corresponding
area of flow and Q is the rate of volume flow. Note that the net
flux of air-water mixture fhrough any vertical section of the
separation eddy is assumed to be negligible.
The effect of surface tension on the pressures is assumed negli-

gible (Appendix II.A).

ch (b

Pressure varies across any section due to gravity. At

the section (0) the variation is uniform as the density of the flow is

the same across the section; but from the gate up to the section (r)
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the density is different at the inside and outside of the ventilated
eddy and hence the variation is non~uniform. For example, at the
section (1) the density outside the eddy is f;, whereas ingide it 1s
less due to the addition of air, Thus, the pressure at the floor of
the test section may be (pl + EF) instead of (p1 + EF'). | Similar argu-

ment may be applied to the other sections along the length of the eddy.

4.c.l Relation between Pg and Py

Momentum balance at sections (0) and (1) may be esta-

blished as follows (see sketch a):

A C

[:fpdA+ J:;ztvsz] []pdA+ f’_( Vsz+H(';J:'gA;|

section (0) section (1)

Evaluating f p dA from sketch (b) and applying assumption

- (6), we get
2
Py At'+'(A:ea ABC) x d + j:~—z;— - p1 + (Area DEFG) x d

+J° ru f

or
2 2
(Po‘f" pl)-(AreaDEFG-"AreaABC)x%+ J:Az"c - f &L*‘H' fs
| Al YA G ’w
2
where ' Qw [ 1 1 ]2
BT A W



The pressure term (area DEFG - area ABC) x% is negli-
gible as shown in Appendix II.B. Applying the equation of comtinuity,

the above expression may be simplified te the following:

2 2 2
<Po"1>'_&‘;'%"[(?éc) -(i:)] @

4scs2 Relation between p, and Py

An equation similar to the ene in the previous article

may be written for the sections (1) and (x) with reference to sketch (a).

A AC

t g
[fpdA + };[C vsz]
0 0 section (1)
A
X 2 ) ) .
.[ofpdA+ .{; {vmdi.:] 0 <xgx, (5a)

section (x)

This may be simplified to the form given below by

applying assumption (6) and evaluating /i: dA from sketch (b).

PN ‘
PyA, + (area DEFG) x d + ——=—= p A + area (HLIK) x d
g ¢ f 2
A
x
or f , ,
(P - pl) - (‘rea DRFG - area HIJK) x .‘li'. o —— w} [ r é - mqﬂlz( . Qr( ]

0<x 4xr (5b)
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Now

or

Q, . x>0 (6)

B
L
£

This simplification is justified because the4ﬁhss of air
drawn‘into the eddy is a very small fraction of the mass of watér,
| al:hough the volume is appreciable.  The pressure term'(areg,DEFG = area
-HIJK) # lrmay be ﬁeglected as small, as illustrated numerically in

d
Appendix II.B. Thus Equation (5b) may be changed to the following form:

f;qwz ( A me

(p, - Py) = - —) 0 {x ¢x (N
PP A~ AL QA | o <%,

Assumption (4) regarding linear density variation may

be interpreted mathematically as

r

= L-Cf- £OE .,  ocxgx, ®

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

%2 ¥ FR,
where

Q2 = &
so that

£, 9 - |
- W W
fua @+ Q. (82)

But f;z = 4;r (assumption 4)
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Therefore
r =
L= f _
m ™ N (1 @y ] O <X <xe @
where
e, = 2
2 g
Combining Equétions (6) and (9), we deduce
(i +r ,
S T 0<x ¢x. (O
('1+r‘2-r2-) : ‘
e X

Inserting ﬁhis relation in Equation (7) we may write finally

wiz ’ (1+r,)

‘W 1 . 2 Y :

R U S v SN R e e T
e AUFnTny

. When no air is introduced, r, = 0, Equation (lla) is :edhced to

J;sz" 1 1
e ~p)> 3 Iz~ 2 b 0<x gx (11b)
‘ t g ¢ x - ,

4.3 Relation between pllgnd P,

By virtue of the assumption (4) the density of the air- '
water mixture.is & discontinudus function at the point of reattachment,
because the value of the term (f ) in the above equations being unity

' r
at x = x remains unity for x >xr. Therefore, at the section (2) the

Equation (1la) may be modified as follows:
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. wiz 1 +r,)
(P, = P.) = = [ — - ] (12a)
P2 P A, Ac, A

When no air is introduced,}rz = 0 and Equation (12a)

changes to the following

2
quw 1 1
Py =Py = [ = «3 ] (12b)
2 1 At Agcc At
4,d Pregsure Recovery Index
(1) ¢

This is an index of the recovery of pressure along the
length of the separation eddy after the flow has passed the vena con-

tracta. By definition

' (P_ - p,)
Cox = I-‘F'—LT 0{xgx (13a)
2 Yw ve "~
or .
o 2
2(p, - p,)(AC)
C,y =~ 0L xgx, (13b)
| 5%
Combining Equations (l1la) and (13b), we obtain
2(A¢)? (1 +r,)
Pt T M T
g ¢ Ax(1+r2-r2 ;.r)
rorrz-o
2
2(AC)
[ 1
px--—-ﬁ't———['x;c-—c-ut], 0<x<xr (14b)
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This is an overall pressure recovery index representing
the total amount of pressure recovered from section (1) to seg¢tion (2)

(see sketch a)+ By definition,

(pg - pl)

- (158)
P2 1 2
2 j:v§c

c

By the same argument as given in article 4.c.3, the
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term ( i’) in Equation (l4a) is unity beyond the point of reattachment.

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

2

2(AcC) 1+r)

p2 = A ic A
t g¢c t
When no air is added, r, = O,vhence

2(a ¢ ) . .
cz"‘%" [Ac -—=+1 (15¢)
P t g ¢ A

4.e Cavitation Parameter

In its well known form the cavitation parameter is

defined as

-}

- p . . .
2° (16a)

|

O~ =
¢ '

(Y ]
-0

where Uc\-' cavitation parameter
P. " critical pressure generally taken equal to the water
vapour pressure |

p = static pressure at a point




V = veloecity of flov; at that point

f - mass density of the fluid.

In our case, the cavitation parameter may be taken as

oS = ——-9 - : (16b)
Pw ve

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

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

followirig functional relationships for any fixed value of l(lg
(Pl ,- Pc) ~~ (hs d, Tw’. Qa2’ ve? f)'

Changes in temperature Tw affect P.* A proper value of
P, At known 1‘w should take care of the temperature effect. The value
Q_f' P, at any temperature may be found from standard tables or curves.

In a non-dimensional form we may state the above relation as follows!

P] PE ' - F [.1-‘ Qaz ]
-I-j’ 1 e v, (d-h) d
2
In other words
o~erp (b a2 h V. (d-h) d
c 2\ a° Ov where Qw o Vye &

- 7, (g, r2> (17)

Theoretical values of Qw and P> 88 derived from Equa-
tions '(2), (3), and (4) wherer2 = 0, make it posaiblé to plot values

of o against % for the known orifice plate openings. Figure 34
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compares such values with those found from experiments.
. ,

Similarly, Figure 35 shows the comparison between the

theoretical and experimental values of o~ against r, when =% is fixed.

4.f Performance Characteristics of the Syphon Tumnel

General

Equations (2) aﬁd (3) indicate ﬁhe possibility of con=
structing a similar syphon tunnel or of modifying the present one to
obtain desired values of Qw or p, (hence P, and pz) through manipula-
tion of H, E', K1 and Agcc'

For a similar syphon tunnel there will be changes only
in the constants pf these equations, depending mainly upon the internal
dimensions of the tﬁnnel. These changes can easily Be arrived at
following the procedure detailed in Appendix l1.A and I.B.

The performance characteristics described as follows
relate specifically to a syphon tunnel free of control gate and having
internal dimensions equal to those of the present one, when the varia-
tion limits as noted below are allowed in the values of H and E',

putting theoretically no restriction on the values of Kl.

Jugtifications for the Analysis Used

For a given position of watei supply level, a change in
driving head H necessitates a corresponding change in the length of
the discharge leg; whereas, a change in elevation E' brings about
equal changes in the lengths of both the entry and discharge legs of
the gyphon tunnel.

To obtain pure cavitation (vaperous type) in the test
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section, pressure must be equal to or less than the vapour pressure
which may be of the order of '% psia or so, depending upon the tempera-
ture of water. In the extreme case it may be equal to zero psia. So
let us consider an ideal situation when a zero value for the pressure
in the test section is aimed at. For a real value of Qw’ R' is always
bless than 33.76 ft or Hatmosi In practice it may be only about 25 feet
or even less. The value of H, however, can be made as much as needed
by lengthening the discharge leg vertically, though this is also severely
limited in the case of an experimental set-up in a laboratory.

The lengths of the vertical entry and discharge legs of
the present tunnel are 6.5 ft and 24.5 ft respectively and the governing
equations are (2) and (3). If we assign arbitrarily high values of 30

ft and 80 ft respectively to the lengths of the verticai entry and dis~

charge legs, the new governing equations would be

A

2, 2
H o= [ (13.89 + K)) + 3.67 ( '5:3; - D%l q, (18)
and
Po = [ 133,76 - E' - (8.86 + K) Q%] (19)

Comparing the new Equations (18) and (19) with the old
ones (2) and (3), we find that the extent of modification, though not
negligible, is definitely small in the context of drastic changes
introduced in the lengths of the legs. The gap between the.now’equa~
tions and the old ones would be much narrower for moderate values of
these lengths. This is so because the dominating factors contributing

to the loss of head are bends, entrance and exit and the abrupt changes



in cross-sections, etc., rather than friction in the pipe.
This justifies the sufficiency of Equations (2) and (3)
in discussing the performance characteristics, provided moderate values

of the lengths of the legs are used.

Ihe Analysis

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

? - '('i'z_oHTx_lS' (20)
For py = 0, Equation (3) becomes
o - e @
and Equation (20) changes to
2 i (22)

- Q
%, (2.0 + K)

where Qw and'Hb are the respective values of Qw and H when po = 0.
°

Relating Equations (21) and (22) we obtain

12 + Kl

) 766 T K, (23)

Ho = (33.76 - E'

The performance characteristics are given in the form of
curves, relating parameters , H and.E' where loss
s K.l Q"s Qwo’ [} Hoa ’
coefficient K1 is a function of the orifice plate design. Figures 10
to 13 show curves deduced from Equations (20) to (23). These curves
are helpful in the tunnel design, in that one can read off directly

the value of any one parameter when the others are known.
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Pogsible Modification (in the Present Tunnel)

It is not easily possible in our Hydraulics Laboratory
to increase the driving head appreciably, However, to get to the case
of pure cavitation in the present tunnel, we have to depend on the
changes being made in E' and Kl. But, we have already used quarter-
open orifice plate with the factor Kl nearly equal to 160. There is not
much point in increasing Kl any further, because it will reduce the
rate of discharge considerably and make the flow susceptible to bregk-
. down in the same way as described in article 3.a. It is therefore
suggested that a change be made in the elevation E'. The existing
" value of E' is about 5 ft. It is evident from Figure 13 that fér the
maximum driving head of 20 ft (as in our case) and K, approximately
equﬁl to 50, an elevation E' of ﬁearly 15 ft is sufficient to give us
the gzero absolute pressure. Thus, we woqld have to raise our hori~
zontal portion of the tunnel by about 10 ft, making corresponding
changes in the entry and discharge legs and the working élatform.
Role of Factor K/

» K1 is the loss factor associated with the orifice plates
that were inserted at section M (Figure 7). The orifice plates were
used to vary the flow rate and to obtain a considerahle pressure drop
before the flow reacﬁed the test model. This drop was heipful to
induce cavitation and to draw air in for ventilating the separation
eddy.

In the beginning an attempt to reduce the flow rate was
. made by inserting various orifice plates at a section just upstream of

the Victaulic valve K (Figure 7). This method was found much less
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effective than the use of orifice plates at the section M. This simply
gave a greater loss of kinetic head at the outlet decreasing the flow

rate to some extent, but increased the pressure in the test section

which was not desired.
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5. GEOMETRY OF THE SEPARATION EDDY

The geometry of the separation eddies formed in several
different situations has been of interest to various investigators. It
has been studied by Bourque and Newman(7), Sawyer(s), Wyganski(g) and
others, in connection with the reattachment of two~dimensional incom-
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
similar to that of a free jet, with the centre-line of the jet a circular
arc. The assumption of the uniformity of pressure inside the bubble is
somewhat doubtful as the experimental results 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
velocity distribution of ngchnnnn(z) in a pgrtially expanding jet*,
ithere is no similarity in velocity profiles; and finally the geometry
of the eddy denies conformability to any single shape. Though there
are some helpful factors, e.g. the continuity relation and the ussumptibn
of the pressure remaining constant across any vertical plane in the

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

D A N G G AR G G D D S CD G D D D G S5 G5 I D AR D A D P 6 G W N D D A D G S G D D G S AR OB S 4D AF N D OGN GR D AP S SR e a0 D e

.'.

see footnote on page 3

* Note that the assumption (1) in article 4.c allows the effect of
’ gravity on the pressure across a vertical plane, but it is showyn in
Appendix II.B that this effect 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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3 who, while studying

of the problem is confirmed by Arie and Rouse
the two~dimensional flow over a normal wall, approached the geometry of
the separation eddy with knowledge of the experimental results a priori.
A theoretical approach has been suggested by Savage(4)
for determining the geometry of the steady 'separation bubbles' behind
bluff bodies in the case of fldws with free streamlines. Implicit in
this 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 equal to that of the free streamline.
It has already been pointed out that this assumption 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. Thus, the above approach-is considered as unadaptable to the
present case.

As a result of several attempts, it has been found that
any single model based on an ellipfical form, circular arc, a sloping

straight line etc. or combinations of these does not simulate the eddy

geometry for all the cases of flow studied presently.

A Model of the Eddy Geometry

A model that does give fairly satisfactory results for

solidity ratios 7 0.8 nearly is described as follows:
) It is assumed that the vena contracta is about one gate
opening downstream of the gate and that from the vena contracta up to

the point of reattachment the eddy profile is simulated by a quarter of
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VENA CONTRACTA

\JT
(Q“ARTER) RANKINE
. OVAL
FLOW ve
) | (d-4)
1 e
fe— x,b
SKETCH (¢)

a Rankine oval shown in the above sketch.

The Rankine oval is a stagnation streamline 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 hvc is the

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

write
m Uh
e L gop 1oe (262)
2

Xy m'

'8—2— 1+ T Us (24b)
and

w
x2 + y2 - 92 = 2ys cot 2 y (24¢)

Inl

Let us put
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K, = —2— (24d)
ve

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

K
tan ~ K, = 7 (25)
b3
T 2
(.h ) - K
ve
Substituting this in Equation (24c) we get

2 tan K
2 2 2.2 2
x = 2 hvc K2 y cot( hvc i) + K2 hvc -y (26)

hVc can be derived for a given value of hj; X, is
determined experimentally as illustxated in Figure 9 for a typical

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

2

solved to get the complete geometry of the oval.

Pregsure Distribution From the Model

Pressure distribution in the form of pressure recovery
index, Cpx,'can now be found from Equation (l4a) at any station x
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 stated in article 6.d.
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6. EXPERIMENTAL RESULTS AND DISCUSSION

6.a Flow Pictures

Pictures of the flow with and without ventilation of
the eddies are given in Figure 8 for a few typical cases with a
nominal gate opening of‘1/2 in. (or % = 0.817). The pictures were
taken with an exposure of 1/1000 sec. in each case. They are arranged
from the top of the page (Figure B)tin increasing order of the ventila-
tion factor.

Picture 8.a is given in respect of a non-ventilated
eddy for which the absolute pressure at the vena contracta in the test
section was only 5.09 in. of mercury. At that low pressure the diffu-
sion of the dissolved gases (gaseoﬁs cavitation) resulted ih the genera-
tion of gas bubbles behind the gate. These bubbles appear as black
specks in the picture.

Pictures 8.b, 8.c, and 8.d refer to the ventilated
eddies. The former two pictures represent ﬁhe eddies with ventilation
factors (rz) less than 0.2, whereas the last represents 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, was equal to 0.305 the flow through the test
sectioﬁ seeﬁed to be continuous only for a short period (about 15
seconds) after which it broke down. Picture 8.d shows the flow at the

time of such a breakdown
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6.b Tabulated Comparison Between Analytic and Measured Pressures

The comparison is reported in direct tabular fqrm to
give a clear idea of the behaviour of the pressures when the ventila-
tion factor r,, 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, nearly equalling 0.2. For r, > 0.2, the results given for
pressures simply refer to the highest values of suction reached before

the breakdown of the flow.

(1) Static pressure p, and hence Pyg Were foun& analytically
from Equation (3) for each case. Corresponding experimental values of
pOs were determined at a distance 1 ft downstream of the entrance of

the test section.

{11) Theoretical values of P, Vere 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 Py, Were found from Equation (12a).
It 1s seen from the typical experimental curve in Figure 9 that beyond
a certain section (reattachment section) downstream of the gate, the
pressures become sensibly constant. For all the cases the experimental

values of P,, Were determined from such curves.
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6.c Upstream Velocity 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 1l4. It is foﬁnd from
these plots that the vanes were partially successful in achieving the
object 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 Cpx against a non-dimensional ratio
(x/h).

Thg curves based on the Rankine oval geometry of the
eddy (Equation 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].

It is seen from Figures 25 and 26 (for % 5"0.653) that
the divergence between these curves and the»experimentgl points is
quite large. The divergence remains large for % equal to 0.49 and
0.327. The reason for this divergence may be given as follows: The
geometry of the Rénkine oval is fixed uniquely by the lengths of the
eddy which are determined experimentally. The experimental results

show these lengths to be such that the ratio of the minor 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 lower solidity ratios the
profile given by quarter-oval shall be flatter for larger portions of
the éddy lengths. For these portions, in other words, the model would
predict a much slower change in‘the effective area of flow (shown
hatched in sketch a) and cohséqﬁently in the velocity or in the statiec
pressuré. This fact is not borﬁe out by the actual measurements and
gives rise to the divergence mentioned above.

The model postulated in reference (3) is meant for very
low solidity ratios ( % £ 0.17) only. It is part of a half Rankine
oval and is quite different from the model given here. In that model
the length between source and sink is arbitrarily varied to match the
resulting Stagnation streamline with the experimentally determined
shape of the.cavity.

Figures 27 to 32lgive only the mean experimental curves
relating_cpx Qith x/h. In some of the curves for cpx versus x/h we
find that Cpx goes negative. This only implies that fn such cases the
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 ventilation., 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 hatched 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 results 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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The exper;mentally determined variation of sz againgt
r, is compared with the theoretical curves in Figure'33. sz decreases
when Ty increases, the decrease being more pronounced for lower solidity
ratios. This can be easily predicted on examining the diffe;ence between
the expressions of the Equations (15b) and (15?). 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 friction 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 accounted
for, would give increased air—waﬁer ratio so that the real value of r,
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 Parameter

The theoretical and experimental values of the cavitation

parameter O, are given in Figure 34 for various combinations of h/d

- e e - - - - - - g - AL Y] LA X B 2 T X TR T Y - e e h s Gy W .

* The minimum value of cavitation parameter O3 reached in this

tunnel was 0.018. Thig value was reached during an experiment on
a venturimeter model fixed in the test section. o in this case was
defined as

Pen © pc

1 2

2 s)wvt:'n
where p,, and V_, represented the static pressure and velocity respec=
tively EP the tﬂroat of the venturimeter.




49

and orifice plate openings when r, = 0. Figure 35 gives o versus r,
for a typiéal case of solidity ratio ('% = 0.817). Figure 34 indicates
in general a fall in O for a rise in the solidity ratio '% for the
same value of Kl' In other words, it broadly implies that other signi-
ficant variables remaining constant, the tunnel is more sﬁéceptible 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, experiments were performed for the full, half, and
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
Qw max correspondingly. Also, the measured values of Qw for all possible
combinations of the orifice plate openings and the five gate openings
were already known. Thus, the ratio Qw/ Qw max (i.e. overall floy
ratio) could be worked out for every such combination. The expefimental
values of this ratio have been compared in Figure 36 with the theoret-
ical ones, the latter being found by using Equation (2). The figure
indicates substantial agreement between the experiﬁental and theoret~

ical results.
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6.8 Reattachment Slope and Pregsure Gradient

The quantity %; , which is the slope of the line joining

the top edge of the gate with the point of reattachment, may be termed

as the average reattachment slope and another quantity vp2 'AEL 4
| YT
2 ‘wive

may be térmed as the average non-dimensional‘presaure gfadient. ‘
Figure 37 gives mean experimental curves relating the aboﬁg two quanti-
ties for differeng values of K1 when r, = 0. From these curves it is
found that:

(i) 1In general, for any particular cbntrol gate the
average reattachment slopé ingfgases with the increase in,Kl. This 1is
so because the flowAapproaching~the gate is initially more turbulent

 for higher values of K1 and thergfore spreads more quickly aftef passing
through the gate opening.

| (ii) As the valﬁg of % is feduced, the dependence of
the average reattachment slope on the avérage_non-dimensional pressure
gradient becomes progressively less. It may, therefore, be expected
that the slope (or the ratio of the height of the gate to the reattach-
ment distance) would tend to be almoét constant when'g is reduced
below a certain value. This is in agreement with the resultsjof Arie
and,Rousg”who, while investigatihg a similar case, found that the said
ratio was almost constant at about 0.06 when % was varied from 0.083
to 0.167.




6.h  Reattachment Distances

Visual and Graphical Determination of X

It may be noted that it was possible, by direct visuali-
‘zation, to locate roughly the region of reattachment inside the test
section during those experimental runs in which the ventilation 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 visudlly located regions were recorded and named as Xr. On com~
parison, it was found that these distances matched satisfactorily (see
Table II) with those determined graphically by the method illuatrated
in Figure 9.

On this basis it was assumed that the graphical method
would give satisfactory values of Xr for higher values of T, also. In
the absence‘of any better method of finding Xr experimentally, it was

thought reasonable to use the graphically found values throughout.

6.h.1
With the given geometry of the syphon tunnel, it is

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

51
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h

h b
or when d is fixed, F3 (rz).

Experimental ploﬁs of these relations are given in
Figures 38 and 39. Figure 38 shéws that‘the mean experimental curve
is in close agreement with theyvalae‘determined by Fgrthqann(z). The
values found by Arie and Rouse(3) are given in the figure for reference.
| In connection with the mean experimental‘éurvé in Figure

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

mental set-up to extend the experimental results for % greater than

0.892 or less than 0.327. The reasons are:

(1) When a gate with % = 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 soon after the tunnel was started.

(2) The capacity of discharge sump 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 discharge sump would start over-
flowing in about 10 seconds, if a gate of 1/2 in. height were
used. The squashing deﬁice was not considered efficient enough for
building up the mercury columms for runs of such a short duration.

It 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 seconds, so that the

squashing device 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




53

Just two pressure columns of the mercury manometer in a number of test
runs by équashing the corresponding pressure carrying rubber tubes

carefully between the fingers.

6.he2 Some Auxiliary Exgg;;gggts
Experiments were conducted in an’opgn channel fitted
with an adjustable sluice gate to find the g&dy lengths for compafison

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

III/I'II’/rI[IIl'IIll’(llf’/ll///IIII”(III/III[/

- SKETCH (d)
dp > d’l MEAN DEPTH OF WATER d,c, d';‘d‘l
soumiTy RATIO = el = B

Width of the open channel was 12-1/4 in. Depth of water in the channel
was different in the different experiments. It ranged from about 10 in.
to 14 in,., so that the ratio of the depth to the width lay bgtween 0.8
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 rougﬁly of the same order in both

‘ the open channel and the test section.
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The section 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 oﬁserved that the bits
dropped on the surface to the right of A moved upstream while those
dropped to the left of A moved downstream. Thus, it was possible to
locate the section>A, because the bits dropped thgre got divided, some
‘ moving upétream and some downstream. It may be pointed out here that
the reattachment section A could not be defined sharply. In 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 Xr determined by the method explained
above. The results are reported in Figure 38. The points given by‘the
open-channel experiment diverge considerably from the mean curve (obtained
from the closed test section of the syphon tunnel) f§r the low solidity
‘ratios, but they show better agreement with the curve for higher solidity
ratios. For % > 0.9 the trend of the points from the open-channel and
the trend of the mean curve are virtually the same,

The Reynolds 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 much part to
account for the divergence stated above. Numerical value of Reynolds
number (based on thg 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
B = 0.892 to 300,000 for 2 = 0.327.

d
To verify the validity of the assumption about shear




55

stresses.at the walls, experiments were conducted in the open channel

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

spanned the channel with some clearance on both lengthwise edges between
the sheet and the vertical sides of the channel. Wrinkling of the

sheet was avolded by stretching it appropriately. The length of the

sheet was such that the reattachment distances were well within it.

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 sectiéns in this case were located as
follows. 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 carried 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 hit the bottom of
the floating plastic sheet or came very close to it and then separated
into the upstream and downstream directions. The middle of this region
was chosen as the reattachment section.

The results of these experiments are also plotted in
Figure 38. It is observed from this figure that there is no conspicuous
#ifference 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 divergence between the results obtained from

the test section and from the open channel (Figure 38).
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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 whereaé it would be
affected in the open channel as follows. The floor of the open channel
was almost horizontal. The dqpﬁh of water in the channel was observed

. to increase from a section just downstream of the gate up to a section
béyond the point of reattachment. Thus, 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
other words, the length of the eddy would be‘reduced due to the said

© effect, However, the actual difference in the depths between the above

two sections in the present case was only about 1/2 in.at the ﬁost,
whereas the mean depth of water was near about 1. ft. I£ appears, there-
fore, that the gravitational effect alone 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

( % > 0.8 say), grows considerably as the solidity ratio is reduced.

6.h.3 Effect of Ventilation

Figure 39 shows convincingly that the reattachment dis-

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

2
As already described in the introduction, 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
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the underside of the jet. As thié is done the jet is drawn downwards.
This process continues and the flow reattaches to the floor. Let us
agsume that the reattachment occurs at C in the casé of non-ventilated
eddy. Now when the eddy is ventilated, there is a source of continuous:
supply of air at E, shown in sketch@@. The fluid entrained by the jet
from the region (A)is replenished partly by this air supply and partly
by the flluid from further downstream. Thus, in the case of a ventilaté&
eddy the tendency of the jet to bend downwards after passing the

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

instead of BC).

57
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7. CONCLUSIONS

1. ° Though the syphon tunnel was designed and constructed
primarily for the studies of control gates, it is believed to be poten=-
tially more useful. Various types of models like aerofoils, venturi-
meters, cylinders and spheres can also be fixed in the existing test
éection. In some cases, of course, iﬁ would be necessary to make some

slight modification in the test sectiomn.

2. With the help of the performance characteristics derived
- it is possible to bring abouﬁ gome alterations in the existing tunnel
or construct 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 is a
decrease in the overall pressure recovery index sz, and, as anticipated,
this decrease is 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.
Increase in the ventilation factor seems to increase the cavitation

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

5. The profiles of the separation eddies formed behind con-
trol gates in closed conduits are influenced considerably by the
solidity ratio %, so that they are not, in general, conformable to any
specific geometrical shape.
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The length of an eddy is invariably affected by ventila-

On the basis of the present experimental data it is found that

the higher the ventilation factor, the larger is the reattachment dis~-

tance or the length of the eddy.

7.

The present work could be usefully extended in the

fallowing areas:

a)

b)

c)

d)

Study of the pressure fluctuations in the flow and the pulsa-
tions of the eddy downstream of the control gate, both for
ventilated and non-ventilated cases.

1
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.
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 suitable suction pump.

ii. 'Water-fed eddies' where the term would apply to the
feeding of the eddy by controlled amounts of water,
gither from an outside source or from a point at a
higher pressure in the same water tunnel.
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 range covered in the present study.




60

APPENDIX 1

(a) Details of the Losses Through the Tunmel

Driving head H is the known parameter in this case. A
hydfaulic equation of head balance (when no orifice plate is inserted

.at section M) may be written as follows, with reference to Figure 7:

H= SH' + ZH}

-HA+HB+H&+HE+H§,+H"I+(HI'(+H;{)+H% (ABEJN) ...(A.1l)

where 2
v
H, = Entrance loss at A = 0.5 Eg——
Hﬁ = Bend loss at B = 0.21 3§ esee Klein et al.(s)
(ch - Vt)2
H& = Abrupt contraction loss at G = 7
v, (5)
Hﬁ = Bend loss at E = 0.21 ?é_' esse Klein et al.
v, -v)?
Hﬁ = Expansion logs at F = -——ig——zﬂ-
v 2
H| = Head loss due to 45° bend =K' 3

8
where K' = 0.9457 sin2 (%) + 2.047 sina('% ), as given in some stan-
dard text books.
For 0 = 45°, K' = 0.182
Hi = head loss due to the butterfly valve at K
Hﬁ = Dynamic head loss at the outlet

and

v 2 v 2 v ? A
. L 2 (L L4+ (L 5 4 (L) B
Hy (ABRJR) = £ [(m>ABc 2 +("‘)cn 2 +(m)DEF % +(m)r.m 28



61

Note;;hat
1 2 2
v v
: ‘ L 8 L t
. ZH! (section A to 0) = £ [(— —= & (.,. == ]
ot m) ssc %8 m) Cto 0 “B

p— ' '
and | IH' (section A to 0) = HA + HB

Egéa$ion for gﬂi + Hﬁl;

. For large hydraulic conduits, head loss incurred at the
fuyly open butterfly valve has little importance; whereas in the present
situation, the valve does provide a sizeable area of blockage Ab (shown

shaded in the following sketch), thus prohibiting the neglect of Hk .

There are two ways in which (Hi + Hﬁ) may be evaluated:

(1) If we assume that the flow contracts at the valve and then expands
‘ ]

to fill the pipe before the outlet, then
| (v - v)?
' . K P
HK 2g
where Vk = velocity at the vena contracta formed downstream of the

butterfly valve

vV A
—PP
@, - RE,
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v 2
And  Hy = -z-g—-
so that
R AL A
(H + Hp) = ———-——E— + 35' (A.2)

(2) We may note that the distance between the outlet and the valve
blockage 18 very short, sa that the flow may issue as two separate jets
on either side of the open valve.
Then
2 2
LI '
Vg - V)"

(}{l'(+1-11'q)- P + 78  (AW3)

However, it was observed actually that water issued out f;rst as two
separate jets, remained so for some time and then merged to fill the
outlet pipe. Hence, neither equation (A.2) nor (A.3) is truly repre~-
sentative.

It may, howéver, be pointed out that the difference in
the two expressions (A.2) and (A.3) is smali in the context of &verail
values of the losses. Either of the expressions would do approximately.

Mean value of the two expressions was ultimately accepted as a compro~

‘mise.
Thus
o meew? e p?
- —P =
(B + B 78 t 2 2%
Substituting the value of Vi and rearranging the terms
we obtain 2 2

<'+')-XE—[15{ S AP a8
L Stwmpe D e wTRe
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(B) Head loss at Section M (Figure 7)

To vary the velocity in the tunnel and to obtain sizeable
pressure drop in the flow before it reached the test model, orifice
plates were inserted at the section M. The tetm§ full-open, half-open,
and quarter-open used below are defined in article 4,a. If the head
loss due to an orifice plate 1nserted at M be worked out in the form

Klez, we may call K1 the ' loss factor’associated with that orifice plate,

Full~open Case

Since no orifice plate was used in this case, the flow

passage at M was fully open. There was no head loss and he‘m;e'l(1 = 0,

Halqugen Case

The orifice plate used in thié,éase consisted of 13
holes of 5/8 in. diaméter'each, 8o 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 be worked ouﬁ.

Let V

weh Velocity at the vena contracta of the hole

%

" Area of the hole x coefficient of contraction

.2
Ve = V9"

2g

Head losas = where Vs T .

8
Putting numerical values and working in F.P.S. units we
get
Head loss = 17.4 sz (ft of water)
so that K1 = 17.4




rter-open 8e

The orifice plate used in this case had 17 holes of“
‘3/8 in. diameter each. Proceeding in the above manner it is found that
| Head loss = 158.7 ovz (£t of water)
so that

Kl = 158.7

. 64
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APPENDIX II

(A) Surface Tgnsiog

There are two types of cavitation, vaporous and gasoys,

(11). Inception pressure for vaporous cavita-

as defined by Strasberg
tion in water is either equal tbnor 1esq than the corresponding vapour

- pregsure. Gaseous cavitation, however, is a consequence of the diffusion
of dissolved gases out of water at a pressyre which may be higher than
the vapﬁur pressure, but must be lower than the saturation pressure for -
_the gases dissolved in water;

During the present sfudy, it was found from the measuied
mean static pressures that thej were always ahove the corfesponding
water vapour pressures. Therefore, it would be safe to neglect any
congideration of the vaporous cavitatjon. There was, of courge, ample
gaseous ca&itation resulting in the:evolution of gas bubbles. The gas
bubbles are capable of retaining an interhal‘pressurethighervthan'the
ambient external pressure due to the‘sugface tension, aqbeying the
following principle: |

| 20~

8
(Py - P) = R
o

The static pressure determined experimentally ignores
the existence of Py and is, therefore, not>tfu1y representative. From
a practical ppint of view, a correction to agcount for.pi is necessary
~only when the problem of surface tension is serious,

The size of the gas bubbles could be estimated approxi=

mately by direct observation through the transparent panels of the test
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section for the cases in which the value of'r2 lay between gero and

0.05 nearly. Thus, the qualitative effeect of ventilation on the size
of the bubbles could be roughly ascertained for this range of Tye For
higher values of r, the mixture of air and water became clouded and the
size of bubbles could not be judged. However, the observations that
were possible did give an indicatjion that the increase in ventilation
factor increased the proportidn of larger sized bubbles. Although it .
was hot,possible to make any definite assertion about tﬁe size of the
bubbles when the factor r, was increased beyond .05, it seemed plausible
to assume that the above indication would hold, Further, most of the
bubbles observed appeared to be about a mm or bigger in size, so that -
if we take 0; = 0.005 1b/ft for ordinary water at 68°F, then’(pi - pe)
would be f; 0.02 psi. This is very small in comparison with the
value of the pressures measured. In vieyw of ﬁhis, no allowance was

_ made to'compensate for the effect of surface tension.

_ (B) Density-affected Pressure Terms

In articles 4.c.l and 4.c.2 we come across the following
terms:

(area DEFG - area ABC) x %

and

o, |-

(area DEFG - area HIJK)‘x

For brevity let us represent these terms by Y1 and Y2
respectively. These terms may be designated as density-affected
pressure terms, because they represent pressure and owe their existence

solely to the difference in densities of water and the air-water mixture
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It is obvious from sketch (b) in article 4.c that the
area ABC is the largest and the area LMN the smallest among the shaded
areas. If we represent the term (area ABC =~ area LMN) x-% by Y3, we

may say that,Y3 is greater than Y1 or YZ‘ It is possible to evaluate

Y3 numerically as follows:
Y, = (fedx§ - pgdx x3
= gﬂ ( f;'- :f;Z )
From Equation (8a)
jp - ———fi—* where r, = 2&3
m2 1+ r, 2 Qw

so that

r
- gd 2
Yy f:zz(l 2)

Y3,can be evaluated from the above equation for’any given value of rz,_‘
for example,
if ry = 0.2, Y3 » 0.02 in. of mercury

and if r, = 0.4, Y3 = 0,034 in. of mercury.

The values of r, constituting the maiﬁ body of the
investigation are less than 0.2, whiqh means that Y3 in most of the
cases would be less than 0.02 in. of mercury. Also Y1 and Yz both
are smaller than Y3, so that their values in most of the‘cases‘studied
would be much less than 0.02 in. of mercury. Hence, on examining the
equations containing Yl and Y2 it is possible to assume that both Y1 and
Y2 would be negligible in comparison with the other quantities involved

in those equations.
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TABLE I

TABLE OF PRESSURES

Nominal | Nominal | Ventilati Pos P1s P2
'Gaté Orif:ce ezactor on inches of Hg inches of Hg inches of Hg
Opening Plate r, Theoret. | Experim. Theoret. Experim. | Theoret. | Experim.
OPENING
1/4 in, | Pull 0.0 4.72 4,92 24.01° 23.96 21.57 21.25
h 0.164 4,67 4.88 20.45 19.95 18.49 18.07
(3-0.892) Half 0.0 5.34 5.60 23.94 23.65 21.59 21.45
' 0.166 5.28 4,76 19.18 19,15 17.45 17.55
Quarter 0.0 7069 7.32 23366 23045 21.64 21-50
0.133 7.33 6.85 21.08 21.00 19.37 19.35
0.260 6.06 6.11 13.43 13.40 12.54 12.75
1/2 in. Full 0.0 5.89 5.65 25.49 25.10 21.32 20.85
h 0.075 5.77 5.60 22.78 22.85 19.31 19.75
Ca =0,817) 0.165 5.70 5.61 20.58 20.40 17.72 17.70
: 0.250 5.63 5.60 16.32 14.85 13.99 13.00
Hal £ 0.0 6.75 7.22 25.20 24,70 21.34 21.15
0.078 6.71 6.89 22.26 22,50 19.14 19.60
0.167 6.60 6.53 19.32 19.35 16.69 17.00
0.252 6.39 6.09 16.00 14.40 14.22 12.60
Quarter 0.0 12.01 11.54 24.00 23.55 21.51 21.20
0.070 11.25 11.23 22.45 22.30 20.28 20.15
0.166 9.76 9.58 19.04 19.05 17.41 17.60
0.224 8.66 8.61 14.82 14.70 13.61 13.45
1 in Full 0.0 7.07 8.11 26.47 24.90 18.73 18.65
h 0.033 6.77 . 8.06 23.59 23.95 17.44 18.00
(E =0,653) 0.152 6.45 7.77 20.88 21.15 15.85 16.10
Half 0.0 10.79 11.99 25.77 24.80 20.02 19.95
0.038 9.68 11.71 22.17 22.60 17.77 18.20
0.105 9.42 10.97 21.54 20.90 16.82 17.10
. Quarter 0.0 17.92 17.56 23.28 23.50 21.30 21.00
0.072 16.98 16445 - 21.93 21.80 20.14 19.90
0.177 14.38 13.89 18.17 18.05 16.82 16.70

0L




TABLE I (continued)

Nominal | Nominal |Ventilation . h"()s c hpls ¢ , hpz“ c
Gate Orifice factor nches of Hg - inches of Hg inches of Hg
Opening Plate r Theoret. | Experim. | Theoret. | Experim. | Theoret. | Experim.
OPENING 2 :
1-1/2 in. | Half 0.0 14.87 15.45 25.17 23.80 19.82 18.80
h 0.051 13.11 14.80 21.89 21.80 17 .47 17.60
Quarter 0,0 20.09 20.45 22,51 22.80 21.26 21.40
0.070 19.17 18.96 21.44 21.25 20.32 20.20
0.172 16.51 16.05 18.35 18.20 17.49 17.30
2 in. Half 0.0 17.51 16.75 23.15 21.90 19.39 18.70
h 0.024 15.29 16.64 19.92 20.40 16.91 17.40
(E =0,327) 0.059 14.87 16.15 19.25 19.35 16.51 17.00
.| Quarter 0.0 20,81 21.35 21.85 22.10 21.16 21.30
0.071 20.02 20.30 21.00 21.10 20.39 20.50
0.176 17.85 17.20 18.69 18.60 18.24 18.15

1L



TABLE II

REATTACHMENT DISTANCES

Nominal Nominal Ventilation xr (inches%_ Gravhical
Gate Orifice factor By Visualization y Metgo d
Opening Plate r Approx.Range | Mean
Opening 2 (see Fig. 9)
1/4 in. | Full 0 17—2— - 19% 1&-12- 17.90
Hal f 0 16 - 18 17 17 .40
Quarter 0 168 - 165 | 155 16.80
1/2 in. | Full 0 17—2— - 20 1a% 19.80
0.075 21 - 2% zz% 20.40
Balf 0 17% - 19 1&‘17 19.00
Quarter 0 1&% - 1&% 17% | 18.40
0.07 17 - 20 18% 19.80
1in. | Pull 0 20 - 22 21 21.90
0.033 22 - 2 23 21.90
Half 0 21 - 23 22 20.40
1 .1 1
0.038 2} - 235 | 22 21.80
Quarter 0 19 -~ 21 20 20.40
1 .1 1
0.072 223 - 2% | 23k 22.00
1-1/2 | Half 0 19 - 21 20 19.80
in. 1 1 1
0.051 198 - 211 | 20k 21.40
2 = 213 2
Quarter 0 16% - 18% 17% 18.80
0.07 19 - 22 20% 21.60
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TABLE II (continued)

Xr (inches)

Nominal | Nominal | Ventilation
Gate Orifice factor By Visualization By Graphical
Opening Plate r . Method
Opening 2 Approx.Range | Mean (see Fig. 9)
2 in. Half 0 14 « 16 15 16.20
1 1 1
0.024 16"2' - 18‘5 17'5 16.80
0.059 17% - 19 1&}; 17.40
Quarter 0 1% - 15% 162 15.80
0.071 15% - 17% 1&:1.!- 17.40
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