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SYNOPSIS 

This work is a broad study of the mechanisms of alr 

entrainment and air regulation in self-priming, alr

controlled siphon spillways. 

The early chapters of the work provide the reader with 

the history and general design principles of siphon spillways 

as well as a comprehensive review of the research carried 

(iv) 

out to date in the field of air entrainment and air regulat i on 

in hydraulic structures . An attempt is made to outline the 

main purpose of air - controlled siphon spillways and how they 

can be modified to function in a great variety of engineering 

situations . 

In the experimental work , six siphon models are 

constructed , three models of a high head siphon suitable for 

a reservoir or dam project, and the remaining three models 

of a low head siphon suitable for a lake , river or canal 

project . The models are constructed to the scales 1 : 20 , 

1 : 10 and 1 : 7. The model scale effects, the rate of air 

entrainment, the air flow under the inlet lip, the negative 

air pocket pressures, the priming characteristics , the 

'hunting' effect , the en~gy at inlet and the drawdown 

velocity are studied in each model for various configurations 

of inlet and outlet geometry, providing a deep study of the 

interrelationships existing in siphon spillways . 

The most fundamental and the least understood aspect of 

siphon behaviour is shown to be the entrainment of air by the 

falling rectangular nappe . This is studied in controlled 

conditions independently of the siphon models ~ by relating 

the amount of air entrained by a rectangular jet plunging 

into a downstream pool of water to various depths of free 



fal~ jet sizes, and a wide range of velocities. The tests 

reveal an empirical relationship between the rate of 

entrainment and the jet parameters, providing many 

applications in engineering practice. 

The results of the alr entrainment jet tests are used 

to attempt a prediction of model and prototype air flows. 

The predictions are compared with the measured model air 

flows, showing a close correlation. 

The work concludes with a discussion on the application 

of the results to future siphon design criteria, and also to 

other air- entraining structures such as dropshafts, stepped 

spillways and oxygen uptake at weirs. 

( v) 



GENERAL INTRODUCTION 

"Experimenting with models seems to afford a ready 
means of investigating and determining beforehand, the 
effects of any proposed estuary or harbour works (or 
siphon spillway); a means, after what I have seen, I 
should feel it madness to neglect before entering upon 
any costly undertaking". 

Osborne Reynolds 

Water lS perhaps mankind's most fundamental and necessary 

natural resource. It arrives on the land as part of the 

hydrological cycle in the form of rain, snow, sleet and other 

forms of precipitation. In order to supply the large demand 

for water, dams must be constructed to store some of the 

water, and the remainder should be allowed to flow back to 

the sea in a controlled manner. If the latter condition is 

not fulfilled then the rivers and lakes will diminish in size 
eco(o~lc~~ 

producing other adverse side- effects in the .... system. 

Throughout recent history it has been an objective of 

( vi) 

the engineer and scientist alike to devise a system to control 

the excess water from floods and to reduce the flood intensity. 

In the case of a reservoir or dam, many flood control devices 

have been used, including normal overflow spillways, dropshafts, 

side spillways and mechanical crest gates. In rivers, lakes 

and canals, weirs and sluice gates are common. However , a 

more recent innovation, the self-priming, air - controlled 

siphon spillway, is becoming increasingly common not only 

because it can be modified to suit almost any environment, 

but also because of its greater control over the flood discharge . 

Air controlled siphon spillways can be used on • high dam s 

where the exit is often open to the atmosphere, or alternat -

ively they can be used in lakes and rivers where the exit is 

generally sealed by the rlver water level downstream. 
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In most cases the geometry of the siphon is arranged so that 

a nappe of water falling through the siphon barrel will 

entrain and evacuate air, causing the siphon to fill or prime . 

The rate of priming is controlled by amounts of alr entering 

the siphon from the upstream end, replacing the air being 

evacuated. 

When such a system is incorporated into a high dam, 

several advantages will be obtained: -

(a) The flood discharge will be passed at a greater rate 
wilt-. 

per unit width of spillway thanAa conventional spillway . 
W ~1Ch" C«lAse S 

(b) The reservoir level above crest level , ~ the 
1AJ;}t;. 

siphon to fully prime, will be lower than Aa conventional 

spillway . This will often mean that the effective top water 

level of the dam can be raised, giving an increase in storage 

capacity. 

(c) The priming process will proceed in a controlled manner , 

because of the air regulation, and the performance will be 

rather like that of a smoothly regulated valve . 

Similar advantages are obtained when air regulated siphons are 

incorporated into river and canal projects In which the siphons 

-will pass the required water discharge at almost a constant 

upstream water level. This is clearly an improvement over 

manually operated sluice gates and the great variation in 

water level occurring in welrs. 

If alr regulated siphons have such advantages why are 

they not in common everyday use? The immediate answer to 

this is that such siphons depend on a process of alr 

entrainment and evacuation in order to function, and this is 

one field in which hydraulic designers show a remarkable lack 

of knowledge and faith . The only way to gain knowledge and 



hence confidence In this field is clearly to study the air 

entrainment process in depth, which is precisely what has 

been attempted in this work. 

(viii) 

Another reason has been the lack of faith in the 

modelling techniques for alr entraining hydraulic structures. 

The words of Reynolds at the commencement of this discussion 

serve as a reminder that the modelling of a prototype 

structure is essential, and must not be avoided when the 

difficult air entrainment situation arises. In the case of 

siphon spillways, the dominant forces in a modelling technique 

are gravitational and inertia forces. These are modelled 

adequately in simple Froudian scale models. However, in the 

air entrainment situation~ the surface tension and viscosity 

forces play a significant role, but are not modelled adequately 

in Froudian scale models. The result is the non-modelling of 

the siphon air entrainment and air flow at inlet. In this 

work, the adequacy of Froudian scale models is under scrutiny, 

estimates are obtained for the degree of non - modelling of air 

entrainment at various model scales, and corrections suggested 

to predict a more reasonable estimate of prototype behaviour 

from model results. 

Yet another reason why alr regulated siphons are not in 

common use is the fact that engineers do not fully understand 

why and how they work. What are the influences of the inlet 

siphon geometry including inlet lip length, lip elevation, 

and the depth of the approach channel on siphon performance? 

What are the effects of the siphon outlet geometry on 

performance? This will include the tailwater level for a 

river siphon and the free exit conditions for a high dam 

siphon. What are the influences of the water energy at 

inlet, the velocity of drawdown~ the negative pressures 



within the siphon, the position and shape of the nappe 

deflector, and how do these affect the performance of the 

siphon? The siphon operation is studied in depth In the 

hope of providing new design criteria, gaining a deeper 

understanding, and providing the engineer with more confidence 

In their use. 

These then are three major reasons why engineers have 

been reluctant to use air regulated siphons, although not 

necessarily in order of importance. By the systematic 

testing of three scale models of the high head reservoir 

siphon, and three scale models of the low head river siphon, 

and a series of fundamental air entrainment tests (by a 

rectangular nappe), the thesis attempts to deal with all 

three questions to obtain a deeper understanding of the 

mechanisms of air entrainment, the relationships existing 

between model and prototype behaviour, and a more accurate 

prediction of prototype behaviour from model tests. 

(ix) 



CHAPTER 1 

AN INTRODUCTION TO THE BEHAVIOUR AND 
GENERAL DESIGN PRINCIPLES IN SIPHON SPILLWAYS 

1.1. 

1. 2 . 
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1. 4. 
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1.6. 

1. 7. 

1. 8 . 

1. 9 . 

1.10 . 
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Development of Siphon Spillways . 

Classification of Siphon Spillways. 

The Priming Characteristic and "Hunting". 

Methods of Priming - nappe air entrainment . 

Methods of Priming - auxiliary devices . 

Methods of Priming - hydraulic jump and 
hooded welrs . 

Methods of Air Control . 

General Design Criteria . 

Conclusions. 
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1.1. Basic Definitions 

The word siphon, which comes from the Greek word aL~wv50, 

is , by definition, a pipe bent to form two limbs of unequal 

length so that a liquid may be transferred from a higher to 

a lower level at a rate proportional to the difference in head . 

The flow will take place only when the exit level is below the 

upstream water level . The exit to the siphon may have a water 

seal or a free exit discharging into the atmosphere - either 

way , the air in the bent pipe must be removed before the siph o n 

will run full . This progressive process of removal of air , 

creating a suction pressure , and filling the siphon with wate r, 

is known as priming . 

When the air is removed by the natural flow of water 

through the siphon, dependent upon the siphon geometry , then it 

lS said to be self - priming . In other cases the air is removed 

2 . 

by means of an air pump . A typical siphon lS shown in Fig. l . l. 

Depriming occurs when the siphonic flow lS arrested by the 

admission of air into the crown of the siphon . This generally 

occurs when the reservoir water level has been lowered to the 

entrance lip or air vent . 

When the flow of water in the siphon has reached its 

maximum point , and all air has been removed from the siphon 

barrel , then priming is complete and the siphon has reached 

black water flow . The head of water above crest level at 

which priming commences is known as the priming head . The 

relationship between the reservoir head (above crest level) 

and the siphon flow is known as the priming characteristi c. 

This is an important tool in describing siphon performance 

during priming . 

When air is allowed to enter a siphon (in controlled 

volumes), during the priming process and extraction of air , 
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then the siphon will prime in a slow controlled rate rather 

like the operation of a smooth valve. This is an air-regulated 

siphon, and is designed to have a stable operation at all 

discharges up to black water flow. A black water siphon 

does not have air control during priming and is designed 

generally to operate at maximum discharge. The difference 

in level between the reservoir surface and the siphon exit, 

or tailwater level, is known as the working head. This length 

determines the maximum discharge available from the siphon per 

unit cross sectional area. 

1 . 2. Development of Siphon Spillways 

The principle of the siphon was known and used many years 

before the first siphon spillways was used in a civil 

engineering context. Zanker explains how the commonplace 

domestic w.c . flushing system is activated by a siphon . 

Unfortunately, information on the design of such siphons 

appears to be very sparse . 

The first siphon spillways were constructed near the end 

of the last century and the beginning of this . Hirsch is 

credited with the first siphon at Mittersheim (1866), followed 

by almost parallel development of self - priming siphons in 

Italy and America around 1905 . The idea did not appear in 

Britain until the 1930's, when siphons were constructed at the 

Dunalastair Dam (1933) and the Laggan Dam (1935)50 . Although 

both siphons operated satisfactorily, the growth of interest 

was very slow only to increase with the advent of air-regula t ed 

siphons, which give a more stable performance. 

Air regulated siphons appeared in Britain ln the 1950 ' s , 
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basically influenced by French designers7. A model was tested 

by crump18 in 1954 and the first such siphon constructed in 

Britain was at Eyebrook 53 reservoir in 1959. This siphon 

proved successful, and the same design concepts were applied 

to low head siphons for use on rivers and lakes as well as 

reservoir projects. 

Up until the present time, siphon spillways are 

comparatively rare, as research is continually throwing new 

light on the complexities of their priming action. 

1.3. Classification of Siphon Spillways 

(a) Working Head 

A common classification lS that of working head, although 

it lS often an arbitrary distinction. A high head siphon 

generally has a working head greater than 20 feet (6 m), and 

a convergent or parallel outlet. The reason for convergent 

outlet is to add a resistance to the flow which might otherwise 

have very high water velocities giving violent pulsations and 

even cavitation, especia~y around the crest area. 

A low head siphon generally has a working head of 10 feet 

(3 m) or less, and a divergent outlet . The main problem with 

this type is the difficulty in priming and the losses in the 

divergent outlet . Low head siphons are often used in lakes 

and river flood control works. 

A third category is perhaps the medium head siphon , with 

a working head ranging from 10-20 feet (3-6 m) and generally a 

parallel outlet . 



(b) Priming Method 

Perhaps the most effective way of classifying siphons, 

1S by the means of priming, especially in the realm of self-

priming siphons. So many ingenious ways have been devised 

to cause priming, they will be dealt with 1n detail in 

section (1.5). 

The most common method today is the entrainment and 

evacuation of air by a nappe of water impinging on the 

outside wall of the siphon, or alternatively, plunging into 

the sealing pool at the exit. 

The methods involving auxiliary priming devices are not 

as common now as they were thirty years ago . Such devices 

as Heyn's flexible t ongue priming device, baby siphons, and 

auxiliary weirs were useful ideas, but unfortunately proved 

difficult to construct and not very practical. 

Other methods include priming by hydraulic jump (which 

entrains and evacuates air), hooded weirs and extraction of 

air by means of a pump. 

(c) Air Regulation 

The degree of air regulation is also an important factor 

5 • 

in siphon classification . There are possibly three categories . 

(i) No air regulation. This means that no air is allowed 

to enter the siphon during priming. Generally, this 

is typical of 'black water' siphons which operate at 

blackwater flow (or maximum discharge) . A characteristic 

of this type of siphon is the tendency to alternate from 

full flow to almost zero flow. The process is known as 

'hunting' and is common to all siphons with poor air 

regulation . 

(ii) Restricted air re gulation. Some siphons which display 
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undesirable priming qualities are often fitted with 

air vents which allow air to enter during at least a 

part of the priming process. The amount of air 

entering is quite often insufficient to prevent at 

least some instability and 'hunting'. 

(iii) Good alr regulation. Air lS allowed to enter to siphon 

entrance during priming In the required quantities, so 

that the operation will be stable with little or no 

'hunting' 

Inherent in this classification system is the method of 

alr control . This will be discussed in section (1.8). 

(d) Exit Conditions 

Classification by the conditions at the siphon exit 

generally implies the distinction whether the exit is free or 

covered by a water seal usually incorporating a stilling pool . 

Siphons used on high dams and reservoirs of necessity have a 

free exit , whereas siphons designed for river, lake or tidal 

projects have a tailwater which often drowns the siphon exit . 

The latter type tend to display a stable siphonic action 

because of more effective ~ir entrainment, sealing and 

evacuation . 

1.4. The Priming Characteristic and 'Hunting' 

Before a siphon commences to prime , normal weir flow 

exists In the siphon . The discharge due to this weir flow lS 

proportional to the head of water over the crest , (Qaho/2 ) . 

The siphon goes through the priming process and commences to 
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run full. When it reaches this stage, the siphon behaves as 

a closed conduit and the discharge is now proportional to the 
1 

working head, (QaH2) as in pipe flow. The siphon thus acts 

as a bridge between weir and closed conduit flow, and is 

represented by the line OABC on Fig.l.2. 

The slope of the portion BC is of prime importance in 

siphon behaviour and is generally governed by the velocity at 

inlet and the air control. 

C 
The phenomen't.\.m of 'hunting' 1S also closely associated 

with the priming characteristic. Consider the case when the 

rate of inflow to the reservoir 1S less than the siphon black 

water flow. The siphon starts with weir flow (AB on Fig .l.2) 

and then commences to prime . However, at this point the 

siphon will often not have reached a sufficient priming quality 

to increase the flow through the siphon, resulting in an 

increase in reservoir level because the siphon cannot as yet 

cope with the inflow. The reservoir water level continues 

to rise until such a point that the siphon can now cope with 

the inflow. Due to a restriction in air entry , the siphon 

will now pass more water than the inflow and the reservoir 

level will quickly drop, until the siphon may be reduced to 

weir flow again. The process repeats itself, and hence there 

arises an undesirable ' hunting ' effect . This generally occurs 

at the onset of priming and can be represented on Fig . l . 2 by 

the curve AXY. 

We are now in a position to look at siphon types more 

clearly and their methods of priming. 



1. 5. Methods of Priming - Nappe Air Intrainment 

( a) Sealing Pod at Exit 

This type of priming method is probably more common 

than any other, especially in low and medium head siphons. 

The nappe flows over the crest and down the outlet limb of 

the siphon, where it is deflected to plunge into a stilling 

pool below. The pool is often trapezoidal in section , but 

occasionally it is curved so that the water may emerge with 

higher velocities. The outer barrel of the siphon must be 

partly submerged in the stilling pool to a depth which is not 

so great that the air bubbles find difficulty 1n escaping , 

nor so little that the entire siphonic action is broken by ai r 

blowing back up the siphon. 

1n Fig.1.3. 

A typical example is afforded 

The design of the nappe deflector 1S an important feature 

as well as its position on the siphon . The nappe must plunge 

into the pool, where the water in the pool meets the outer 

wall. At this point the angle of the nappe will be as near 

to the horizontal as possible, thus ensuringthe maximum 

evacuation of a1r. If the entrained a1r were to find its 

way back into the siphon barrel , then the a1r pressure 1n the 

lower pocket would increase above atmospheric resulting in an 

interruption of the siphonic flow . 

The position of the nappe , relative to the crest, is 

also important . If placed very high up, the nappe would not 

have sufficient velocity to perform the proper trajectory and 

entrain a sufficient amount of air. If the nappe is placed 

very low, then the lower air pocket would be greatly decreased 

in size, thus diminishing the effects of the two-stage pressure 

reduction. 

The nappe deflector is not always required in such a 

8. 



siphon design, as illustrated In Fig.l.4 for the Sudan 

Irrigation Department. The nappe clings to the inner surface, 

impinging into the pool below. Only one half of the nappe 

entrains air from the only air pocket in the siphon. This 

method of entrainment and priming is slow at the commencement 

but efficient when the nappe thickness increases. A point 

to note in this design is the variable depth seal. The 

stilling pool is shallow at the start of priming but gradually 

increases. The depth should not increase so far as to give 

poor air control and a decrease in effective head across the 

siphon. 

(b) Exit Unsealed 

This type is often used in reservoirs and dams to replace 

an existing weir, the advantage being an increase in reserVOlr 

retention level , sometimes as high as 3 feet (1 m) . Because 

of the siphon elevation, it has of necessity an unsealed exit , 

although the exit may eventually become sealed if discharging 

into a dropshaft. A classical example In Britain is that of 

the Eyebrook Reservoir siphon, as shown In Fig.l.5 . 

The nappe flowing o~r the crest is deflected, by means 

of a ski-jump, to the outer siphon wall, where it must impinge 

at an oblique angle in order that the maximum amount of air 

ma y be entrained . The nappe then falls vertically to the 

wall of the dam In the form of a nappe-spray in which more air 

lS entrained . There are two alr pockets which reduce In 

pressure as priming increases in a cumulative manner. 

Care must be taken in this design with regard to the 

nappe . At the commencement of priming the nappe may impinge 

at an acute angle entraining alr. As the negative pressure 

incre a s es , the nappe may deflect upwards increasing the angle 

9 . 



of impingement and hence reducing the alr evacuation. 

Another design pitfall here is the effect of nappe 

membrane strength. Due to the difference in pressure between 

the two air pockets, the nappe may rupture reducing siphonic 

flow. This may be overcome using a slower thicker nappe, 

which may in turn entrain less air. 

Another example lS shown on Fig.l.6, of the Shek Pik 

siphon spillway, built on an existing bellmouth spillway. 

1 . 6 . Methods of Priming - Auxiliary Priming Devices 

Baby siphons, flexible tongues, auxi l iary weirs and 

forced air extraction are among some of the successful priming 

methods employed in earlier siphons. They mostly use some 

secondary device within the siphon to deflect the flow in 

order to initiate priming . Common criticisms of such devices 

are their structural weakness, difficulty in construct i on, 

liability to blockage and increasing res i stance to flow. On 

Fig . l.7 a baby siphon initiates the priming process . The 

baby siphon fills first, deflecting the nappe to the outer 

wall of the siphon, entraining alr and evacuating by means of 

the resulting falling nappe . The siphon primes with the 

upstream water level at a height of %, where d is the throat 

depth . 

A priming weir lS another secondary device which was 

used when the slope of the downstream limb was required to be 

quite flat . The Leon siphon i n Switzerland is such an 

example and shown in Fig.l.8. A weir is constructed at crest 

level and continued around the sides and back of the siphon . 

When the overflow commences, the falling nappe seals the air 

10. 



in the crown of the siphon, this alr being entrained and 

evacuated by the falling water. 

Perhaps the most ingenious device of all is Heyn's 

flexible tongue. Water flowing over the crest, flows over 

the tongue deflecting the water to the outer wall, entraining 

and evacuating air. As priming proceeds, the increased 

weight of water forces the tongue back towards the inner wall, 

so that an unobstructed flow ensues (see Fig.l.9). It is 

advisable, however, not to incorporate moving parts into a 

siphon design. 

There are many other such devices, like the steps or 

joggles of the Hetch-Hetchy siphons in California and Heyn's 

castellated spillway crest. 

1 . 7 . 

( a ) 

Methods of Priming - Hooded Weirs and Hydraulic Jump 

Hooded Weirs 

As the title suggests, these devices are essentially a 

welr with a hood placed on top so that they effectively act 

as a low head siphon. The head of water across the hooded 

weir may be generally less than 10 feet, bringing the problems 

of priming, namely air entrainment and evacuation. The 

energy and velocity of the nappe may be so small as to only 

entrain small quantities of air from the air pocket. The 

evacuation of air may also cause problems, as the downward 

nappe velocity may be in the same range as the bubble rise 

velocity producing no net air evacuation. One method of 

overcoming this problem is to evacuate the air by means of an 

air pump which then renders the device as a semi-valve. 

The main advantage of this type of siphon, is that it 

11. 



utilises the full head difference from upstream to downstream 

water level. The level upstream is also more finely 

controlled if the siphon is air regulated. The device is 

fail-safe, as excess water will merely flow over the hood. 

Fig.l.10 is a typical example on the River Bourne. 

(b) Priming by Hydraulic Jump 

12. 

The hydraulic jump is used in other branches of hydraulics 

as an energy reducer and aerator. It also has the properties 

of entraining and evacuating large quantities of air which 

make it useful for the priming of siphon spillways. When a 

hydraulic jump forms, it also decreases in depth. This 

phenomenon can also be used to provide a seal at the exist of 

a siphon . 

The Stourhead siphon lS an example In case, when the 

priming was poor before the addition of a hydraulic jump, and 

greatly increased afterwards. The design is shown on Fig . 

1 . 11. 

1. 8 . Methods of Air Control 

As outlined in section 1.4, the priming characteristic 

for a siphon describes the relationship between reservoir 

head and siphon discharge. The maln function of the siphon , 

as described, lS to bridge the gap between weir flow and closed 

conduit flow. The path which a siphon takes in bridging the 

gap depends on its method of air control , or in effect, the 

way in which air is allowed to enter the siphon during priming . 

The early siphons which had no alr control, were basically 
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an on-off device, which in tact gave them the poor reputation 

they enjoyed. It is obviously und es irable to have a siphon 

running nearly empty, then suddenly running full, then running 

empty again. This was often the case with siphons with no 

air control, especially when the reservoir inflow was only 

about one half of the siphon's maximum discharge . In Fig . l.12 

we see an early siphon and its probable characteristic . (It 

must be pointed out that 'black water' siphons are by no means 

obsolete, but may be still very useful when air regulation is 

not important). 

Clearly, this phenomenon is even more undesirable 1n a 

reservoir where a battery of siphons is incorporated . The 

siphons will prime at the same time producing a sudden surge 

of water downstream . To overcome this problem, an inelegan t 

method was devised in which each siphon in the battery was 

constructed at a different level . This means that the siphons 

will prime at different times and stages , giving an overall 

priming characteristic as shown in Fig . l . 13. 

One major drawback with siphons with no air control is 

their inability to pass the same flow of water as is entering 

the reservoir, except at black water flow . Once priming 

commences it cannot be controlled and usually proceeds to ful l 

or maximum flow . This is where the advent of the air 

controlled siphon offers immense and exciting possibilities i n 

hydraulic design. 

While the siphon 1S priming, entraining and evacuating 

air, more a1r is allowed to enter the siphon to replace the 

air being removed from the air pockets . This of course means 

that the siphon should prime gradually and smoothly , the rate 

of priming governed by the volumes of air allowed to enter the 

siphon . For a siphon discharge less than black flow, the a1r 
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flow under the inlet lip will just be equal to the alr flow 

being evacuated, thus maintaining a stable condition. It is 

thus important to design the siphon inlet for good air control . 

Perhaps the most universally accepted method of producing 

good air control lS simply that of a horizontal lip (sometimes 

referred to as a ducksbill) at the siphon entrance. Fig . l . 14(a) . 

The method in Fig.l . 14(b) is just as effective as that 

of 1 . 14(a), but however is more difficult to construct . The 

stilling box is also an effective wave reducer if waves happen 

to be a significant point in the siphon design . 

Both methods above give a smooth regulated air i ntake 

especially at the higher inlet velocities . At lower velocities 

the air intake may be restricted especially in the absence of 

a larger drawdown at inlet. The inlet lip length, is critical 

for good air control, and requires a lot more research . 

The priming characteristic of such air controlled siphons 

should be a completely reversible, smooth gradual slope as 

shown in Fig.l . lS . The characteristic exhibits no ' hunting ' 

or hysteresis loss and is thus stable at all discharges . 

This, however, is not true for all air - regulated siphons . Some 

display 'hunting', hysteresis , and non-reversible character i st i cs 

-
which renders the siphon at a stage between fully air regulat e d 

and non air regulated , as in the black water siphons . These 

siphons have a restricted air contro l and often give a prim i ng 

characteristic which lS almost as undesirable as a black water 

siphon . 

Siphons with restricted air control have long been 

associated with the air pipe or air vent method of inlet as 

shown on Fig . l . 16 . Air vents are drilled usually at crest 

and higher than crest level, which means that at the onset of 

priming , the negative air pocket pressure within the siphon 
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will draw air 1n from the atDlosphere, spreading the air bubbles 

across the width of the siphon, producing an air controlled 

performance. As the reserV01r level increases, however, the 

air vents become covered and the air vents become less 

effective. The size and distribution of the air vents has 

thus a strong influence on the air control of the siphon. 

The method of the separate pipe on Fig.l . 16(b) has a more 

restricted air control than the air vents. As a result, it 1S 

common to find 'hunting' especially at the early stages of 

priming, as shown in the priming curve in Fig . l.17. A long 

ducksbill lip length will also tend to give a restricted air 

control . 

So far we have looked at siphon design and behaviour from 

the point of view of priming methods, and then air control 

methods . We must now turn our attention to other significant 

points in siphon design, before moving on to a history of 

research into air entrainment~ evacuation and siphon behaviour . 

1 . 9 . General Design Criteria 

As stated previously, a properly designed siphon should 

have certain advantages over a normal overflow weir: 

(i) The reservoir retention level may be raised 2-3 feet , 
effectively increasing the storage capacity of the 
reservoir. 

(ii) The stable siphon action will maintain the reservoir 
level within narrow and well defined limits . 

(iii) The siphon will pass floods up to five times faster 



(per unit area) than a normal overflow weir, at the 
same time giving flood control. 

(a) The maximum discharge 

The maximum discharge required to be passed by the siphon 

is usually governed by hydrological considerations. For 

reservoirs, for instance, a siphon may be designed to cope 

with a large design flood generally estimated from previous 

data or probability methods. Having calculated the maximum 

probable flood, it may be reduced by flood routing analysis , 

depending on the surface area of the reservoir. In any case , 

the maximum discharge (Qmax) is given by the relationship:-

Q = Cd A 12gH max 

where Cd is the siphon coefficient of discharge at fu ll flow ~ 

and 

A is the siphon cross sectional area , 

H is the working head across the siphon from reservoir 
level to siphon exit . 

The working head , H~ of the siphon is often predeterm ined 

in the case of low head siphons , and unlimited in the case of 

high head siphons . For a low head siphon , being used for 

example in a river or lake project ~ the work i ng head may be 

governed by the tailwater conditions and may often be in the 

range 6-12 feet . In this case , the cross sectional area of 

t h e siphon may be altered, or calculated~ to accommodate the 

maximum discharge . 

For an open ended high head siphon , constructed at the 

top of a high dam, it is possible to make the downstream limb 

the entire depth of the dam . This, however ~ is rarely 

contemplated because of the governing factor of cavitation , 

especially at the crest section . If the water velocities at 

the crest are so high as to give a negative pressure in the 

16. 
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region of 30 feet water, then cavitation may occur, resulting 

in serious structural damage. Added to this is the very real 

danger of the high siphon velocities, caused by a large working 

head, producing undue erosion at the toe of the darn , possibly 

resulting in disastrous consequences. The working head of a 

high head siphon is, thus, often limited by these two criteria . 

Thi coefficient of discharge (Cd) of the siphon at 

maximum flow was in the past a major criterion of siphon des ign. 

With air-regulation considered the major factor now, this 

criterion becomes secondary, especially as a design with a low 

value of Cd can be rectified by simply increasing the siphon 

cross sectional area. The coefficient of discharge is 

calculated by summing the tota l head losses and resistances which 

occur in the siphon . Clear ly, smooth rounded curves wit h the 

min i mum of nappe deflectors, ski jumps , and sharp edges will 

increase the coefficient . A low head siphon , with relative ly 

low water velocities, a sealed exit and smooth curves may give 

a value of Cd as high as 0 . 90 or even 0 . 95 . An open ended 

high head siphon , with ski jump and large nappe deflection , 

will give a value of Cd in the range 0 . 6-0 . 75 . 

necessarily a poor design . 

This is no t 

The siphon cross sectional area A , lS finally determ ine d 

from a knowledge of the maximum discharge, the working head 

and discharge coefficient. 

(b) Upper bend design 

The upper bend is designed on the premise that the flow 

in that region approximates the free vortex flow which i s 

close enough to calculate the radial pressure gradient and 

water velocities at crest and crown . If the suffix 1 

represents the crest and 2 the crown, then 
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= K = K Eqn.(l) 

where K lS constant. 

For the pressure gradient to remain neutral throughout the 

priming flow then, 

= Eqn.(2) 

Q.1'\rA. 

Using Bernoulli's equation ~ equating energies, we have 

~ 
pg 

V2 
+ :...L 

2g + = £.£ 
Pg 

Rearranging (1), (2) and (3) we have 

K = 

which gives 

and R2 

+ 
V2 
...:..2. 
2g + 

= V 2 _R ..... l_+ __ R_2=... 
2g 

Eqn .( 3) 

Hence we can now obtain a value for the ratio of radii ~~, 

giving a suitable depth for the crest section. When the depth 

h a s been chosen, the width of siphon can be chosen knowing the 

cross sectional area . The width of siphon is certainly not 

critical and can be recommended to be in the region of 1.5d, 

where d is the throat depth. 
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(c) Lower bend and exit design 

The lower bend design is tied in closely with the method 

of priming, and the need for a sealing pool. One major 

pitfall here is using a lower bend design which is well curved, 

resulting in complete wash out at increasing flows. The 

alternative is to make the exit more angular. 

(d) Modelling techniques 

The next chapter contains much information on the research 

completed in the modelling of air entraining devices. It 

suffices here to highlight some basic factors which have design 

significance. 

It is necessary, before constructing a prototype siphon, 

to build a model to assess the performance. The main factors 

acting in this air-entraining situation are inertia and gravity 

forces, coupled with the influence of surface tension and 

viscosity. Froudian models are adequate for the former two 

dominant forces but not the latter two, which makes the amount 

of air entrained in a model quantitatively inaccurate. 

However, the Froude model is accurate for most purposes, 

especially during weir and closed conduit flow. The most 

important region however is that which has a flow mixture of 

air and water and therefore accurate predictions are not 

possible in this region. 

1.10. Conclusions 

The design of siphon spillways is not yet a standard 

procedure, as it is rare to find two identical siphons. 

design has a unique set of parameters affecting it - the 

Each 

maximum discharge , the local hydrology, the situation at the 



site, the method of priming, the degree of a1r control, the 

exit conditions and the required priming head are just some of 

the factors to be taken into consideration. It is thus only 

possible to lay down general design principles and leave the 

specific details to the discretion of the engineer . 

The gradual accumulation of knowledge on this subject 
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has led to the evolution and standardisation of siphon design . 

This thesis seeks to add to this knowledge by studying two very 

different siphon designs, varying their inlet and outlet geometry 

configurations, looking at the model scale effects, and more 

important, studying the actual mechanism of air entra inment and 

evacuation which is so vital to all siphon performance. With 

a deeper understanding of the role of air flow in air - regulated 

siphons, it 1S hoped that the outcome of the thesis will be the 

laying down of new design rules and a better grasp of the 

inter - relationships involved in siphons . Particular aspects 

of behaviour are studied, and then placed in the context of the 

whole. 
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2.1. The General Probl e m 

A review of previous work lS essential so that the work 

undertaken might be related to the published work of others . 

The work has been confined to air-entrainment in siphons, bu t 

this review will also be related to the general problems of 

air-water mixtures. Closed conduit problems will be under 

consideration rather than air-entrainment in high velocity 

free-surface water flows . The key to the literature review 

is to look at the air - entrainment mechanisms in the hydrau li c 

model and their relation to the prototype behaviour . 

One of the earliest notes on air - entrainment was by Ha l1 29 . 

On testing out a 1:14 scale model of a shaft - spillway , he 

found that the performance characteristics were simila r to t he 

prototype . However, the water at the outlet was thrown to a 

height of 0 . 3 m in the model , with mild vibrations , whereas in 

the prototype spray was thrown up to 15 m with violent tremo r s . 

Hence we see immediately someth i ng of the scale effects in 

modelling a i r - entra i ning devices. 

A very interesting paper was produced in 1956 by Pe t e r k a 5 8 

In his work on morning - glory spillways . The work involved 

the comparison of a 1 : 21 . 5 scale model to the prototype 

performance . Peterka succeeded in measuring the air flow 

through each and found the scale model underestimated the 

amount of entrained air by as much as four times . This is 

one of the few recorded prototype air - demand measurements . 

The general problem thus , is to find a way of modelling an 

air - entraining situation so that the model results can be used 

to give a quant i tative prediction of full scale performance . 

Not inc l uded in th i s review is the branch of work concerned 

with the natural entrainment of air into the surface of high 

velocity flowing water , particularly with respect to the flow 



of water 1n steep chutes (Uppa1 75 et ai, Hal1 30 , Straub 71 , 

Lamb 43 , Rao 61 et al). It is generally held that drops of 

water are thrown out of the flow and entrain air as they 

re-enter it. This process does not begin until the boundary 

layer has reached the surface and until the turbulence has 

reached a sufficient level so as to allow a particle of water 

to overcome surface tension . 

2 . 2 . Froudian Models 

2J. 

Froudian scale models of hydraulic structures use the 

similarity criterion of the ratio of inertia and gravitationa l 

forces . This is adequate for most situations, as the water 

dynamics are scaled accurately. 

In the case of a situation where the hydraulic performance 

depends on the entrainment of air , such as a siphon spillway , 

then it can be shown that a Froudian model may model the 

inertia and gravity forces, bu t not the surface tension and 

V1SCOUS forces which dominate the process of air entrainment . 

The use of the Froude number in this context 1S one reason fo r 

large discrepancies in predicting prototype a1r entrainment . 

Kenn and Zanker 41 have suggested new approaches to modelling 

air entraining flows, by discarding the Froude similarity i n 

fa vour of criteria of s imilarity which mor e ne a rly r e flect 

the dominant inf l uences at full scale . Ken n 4 2 suggests that 

the dominant forces in an air entraining situation are surface 

tension and viscosity, suggesting a criterion of similarity of 

the ratio Welser number to Reynolds number. Thus in Froudian 

models using the same fluid we are forced to the conclusion 

that proper similarity is only obtained if the model veloci ti es 

equal the prototyp e velocities . In practice this is difficult 



to obtain, thus the lower water velocities in siphon models 

are a major source of inaccuracy . 

2 . 3 . Bubble Behaviour 

In any air/water mixture we need to study bubble 

behaviour in water . It is necessary to distinguish between 

still water and turbulent flow , single bubbles and bubble 

clouds , confined and unconfined media . This is especially 

relevant in drop shafts and low head siphons . We need to 

know, for instance , about the terminal r i se ve l oc i ty of s i ng l e 

bubbles in water , as this will influence the amount of air 

that is carried out of a dropshaft or siphon , after being 

entrained . Haberman 28 and Morton have done work on termina l 

velocity and drag coefficient for single bubbles . Work on 

this subject has yielded that for bubbles in untreated t ap 

water , the rise velocity is approximately 0 . 23 m/s for the 

range of stable oblately spheroidal bubbles of diameter 3 mm . 

Holroyd and Pa r ke r 35 report that for bubbles i n the range 

up to 5 mm diameter, rising as a continuous cloud , the rise 

velocity is 0 . 36 m/s o These results are only applicable to 

bubble rise in still water . In the air - entraining situations 

the water condition is usually highly turbulent . Work done 

at the IIydraulics Research Station shows that the bubble rise 

velocity ln turbulent flow increases to 0 . 3 m/s compared with 

0 . 23 m/s ln still water. It must be emphasised here that 

bubble rise velocities are very much a function of their 

diameter , thus model and prototype rise velocities are 

practically identical . 

Bubble size is also an important factor in its behaviour . 



wisener 82 reports bubble Slzes from 3 mm to 5 mm, which seem 

to be 1n the form of oblate spheroids. Larger bubble sizes 

tend to be unstable. Wallis 78 in his book on one dimensiona l 

two phase flow suggests that the size of bubbles is governed 

by the balance between surface tension forces and fluid 

stresses . The implications of almost identical bubble 

diameters in model and prototype are quite significant . If 

2 S . 

the bubble rise velocities are 0 . 3 m/s in both model and 

prototype, then the downward relative velocity in the prototype 

of a single bubble will be much larger than 1n the model , 

resulting in a faster rate of evacuation . In the smaller 

siphon models the downward water velocity may be as low as 

0 . 3 m/s , resulting in zero air evacuat i on because the a i r a l so 

rises at this velocity . 

Another source of inaccuracy in siphon modelling 1S the 

non - scaling of air pressures 2 4 , and the testing of models at 

atmospheric pressure . When a scale mode l is tested at 

atmospheric pressure , the a1r is drawn under the inlet li p 

from the atmosphere as in the prototype . When the air bubb l es 

reach the crest however , they encounter a small negative 

pressure in the model and a much larger negative pressure i n 

the prototype , resulting in a greater air expansion in t he 

prototype and a larger air - water ratio . 

2 . 4 . The Mechanism of Air Entrainment 

When a lam i nar jet of water falls through the atmosphe r e , 

the viscous force on the surface of the jet causes air in 

contact with the jet to be dragged along with the jet . Th is 

constitutes the initia l stages of surface entrainmen t of a ir . 

A paper by Sheridan 54 discusses this phenomenon analytically . 



As the jet becomes mor~ turbulent at higher velocities 

and thicknesses, the surface becomes rough and uneven as 

particles of water within the jet have a large enough 

horizo~tal velocity to overcome surface tension and break 

away from the main body of the jet. When this occurs , the 

volume of air entrained at the surface greatly increases . 

In the case of siphons and dropshafts, this downward 

moving mixture of air and water often plunges into a pool of 

stationary or slowly moving water . The air in contact with 

the jet is accelerated into the pool of water , aided by the 

formation of rollers and jet instability occurring at this 

point . 

The mechanism of air entrainment in a vortex dropshaft 

has been dealt with by Q u ick6~ When an annular jet of water 

flows down a vertical pipe leaving the centre filled with air 

there are certain circumstances when a sudden transition to 

the pipe - full condition can occur . At this point an annular 

hydraulic jump forms and with it is associated a tongue of 

highly turbulent water standing on the transition to pipe - fu l l 

flow . This tongue entrains a quantity of air which is then 

transported downstream in the form of bubbles . 

In more recent times-the mechanism of air - entruinment in 

siphons has been studied by Charlton (J. A .)1 3 by looking at a 

jet plunging into a pool of water . The observed method of 

a i r-entrainment was very similar to a small, annular, air -

entraining hydraulic jump surrounding the jet . Thus the 

form of air - entrainment in jet and hydraulic jump would seem 

to be similar, in that in each case the entrainment can be 

looked on as a crude form of hydraulic jump o~ standing wave . 

Charlton also states that a rectangular jet will entrain 

approximately three times more air than a circular jet of the 

2G . 
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same cross sectional area. It is thought ln some circles 

that this is possibl~ due to instability in the jet before 

it strikes the water surface causing more air to be entrained. 

Some work on this topic was also done by A. M. Binnie 6 . 

He carried out a series of tests on the annular hydraulic 

jump and the various mechanisms associated with two-phase 

flow. His results are published in various papers to the 

Royal Society . 

In general, when a system is dominated by only two major 

sets of forces, then a model which utilises the same working 

fluids as the prototype is feasible . When other forces 

interpose, then this becomes impossible and either different 

working fluids must be found or the model results must be 

adjusted to compensate for the scale effects incurred. In 

some cases it is possible to separate the scale effects in the 

model and make allowances. In other cases it is possible to 

use a different working fluid in the model to compensate for 

the scale effects. Boughton 8 in a study of air bubbles used 

kerosene in place of air to give a correctly scaled bubble 

rise velocity . 

Wisner 82 discusses the relevance of Froudian models in 

air-entraining situations . The principal variables he 

considers are :- water flow velocity (V), bubble rise 

veloci ty (U), bubble diameter (db)' mean concentration (C), 

hydraulic radius (R), and acceleration of gravity (g). He 

deduces 

c = V 

IgR 

u , 
Igdb 

Observations showed that the bubble diameter, and therefore 

the bubble rise velocity, does not vary much with scale . 



Thus 
U 

Igdb 
is constant. In order to keep 

R 
constant, 

it is essential to keep R constant, which lS impossible 

witll different linear dimensions. 

To summarise, it is important to identify the principal 
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forces acting in a system if a meaningful model representation 

is to prove possible. If they are numerous a simple model 

will not give a true representation of prototype performance . 

2 . 5 . Factors Governing Air Entrninment and Evacuation 

One of the earliest notable works in closed conduit flow 

was a paper by Kalinske 36 and Robertson . They were concerned 

with the removal of air from a pipe line by means of alr 

entrainment by hydraulic jump and subsequent evacuation . 

Results indicated that the amount of air entrained in the 

jump was a function of the water discharge and the Froude 

Number of the flow ahead of the jump . They also concluded 

that the rate of removal was not a function of the jump 

characteristics but the flow conditions beyond the jump . 

This lS especially relevant to siphons and dropshafts when 

air may be entrained very efficiently, but the rate of 

evacuation may not match the entraining rate . 

Charlton ( J . A .) 13 on his tests of circular jets impinging 

on a water surface found a correlation band of volume of air 

entrained to Froude Number of the jet. He found for circular 

jets, that after a Froude Number of approximately 10 , there 

was a constant air - water - ratio . This might be particularly 

relevant in the prediction of prototype air entrainment . 

Charlton also obtained a correlation band between the volume 

of air entrained (per unit area of jet) and the jet velocity 



showing that water velocity plays an important part . Other 

variables which may influence the volume of entrained air 

could be the shape of the jet of water, its surface area 

exposed to the air and its le~el of turbulence . In any 

case air seems to be entrained when a faster moving fluid 

impinges on a slower moving fluid . 

On the subject of air evacuation Charlton ( J .A .)1 3 

suggests that the transport of air in water is governed by 

fluid velocity , turbulence level, size of the air bubb l es and 

their rise velocity , the first two giving rise to the main 

scale effects in air - regulated siphons. A paper by Whil l o ck 79 

and Thorn, working at the Hydraulics Research Station on the 

problem of air - entrainment in dropshafts , shed some interest i ng 

light . A drops haft of certain dimensions was tested and the 

air demand measured . A geometrically similar drops haft was 

tested to half the previous scale, but with the same drop 

length of annular jet (i . e . from entry to point of contact 

where air was entrained) . This method was used in order to 

simulate the same air entrainment as in the prototype . 

However this system underestimated the air demand , and this 

was traced to the fact that the outlet water velocity , down 

stream of the air entraining point, was not high enough to 

carry the alr out, as ln the prototype . It was obvious that 

the outlet water velocity was of a similar order to the bubble 

rise velocity giving a small net bubble exit velocity . It 

was shown that as long as the outlet velocity was greater than 

two times the bubble rise velocity that similarity could be 

achieved to a fair degree . The bubble rise velocity is 

assumed to be in the region of about 0 . 3 m/s o 

Laush ey 46 and Mavis suggested that the main variables i n 

the rate of air-entrainment in a dropshaft were the entry 



conditions, the distance of free fall In the shaft, the rate 

of water flow, the diameter of the shaft and the amount of 

sub - atmospheric pressure, if any , at the top of the shaft . 

The report 59 of the Plover Cove dropshaft system at the 

Hydraulics Research Station highlighted the problems involved 

with predicting air - entrainment and sorting out the scale 

effects in models . Three geometrically similar models were 

tested and air demands measured . The results did not show 

any trend in the air - water ratio for the three models l/30th , 

l/20th and l/lOth scale , showing the utter complexity of the 

factors governing air-entrainment . An attempt was made at 

extrapolating the air - water ratio to the prototype using a 

Rey~olds Number criterion . This also proved unsuccessful . 

A very valuable textbook with information on two - phase flow 

and characteristics of bubbles has been written by wallis 78 . 

It contains chapters on bubbly flow , slug flow and annular 

flow, all of which are vital in the study of siphons and 

dropshafts . One very interesting fact to come out of the 

chapter is that the maximum stable ratio of air to water is 

approximately 0 . 3 or 30% . This criterion may be extended 

to estimating the maximum prototype air demand in a siphon i n 

the two-phase flow region , where bubbly flow is apparent . 

In the literature survey of air - entrainment so far we 

have talked only in general terms . Now the emphasis must be 

d iverted to siphons, more especially air-re~ulated siphons , 

their mechanisms for entraining air , their scale effects i n 

the air entrainment characteristics, their complex mode of 

action , the relation of volume of entrained air to model 

scale and the subsequent extrapolation to prototype behaviour . 

The literature survey will first move to the development 

of siphons up to the modern day a i r - regulated siphons which 
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are becoming very popular. The survey will end with a 

comprehensive review of the phenomenon of air-entrainment 

in siphons, which basically composes the majority of the 

thesis . 

2 . 6 . Early Research on Black Water Siphons 

Before the first siphons had appeared In Britain ( see 

Chapter 1), there was already some basic research done by 

such names as Brigh t more , Davi es , Gi bson , Aspey and Ta tt e r sa ll 

and Luiggi (Italy ). An i mportant paper appeared i n 1 927 by 

Powys Davies 1 9 on the Marams i lli Automatic S i phon Spillway . 

The project was to design a s i phon to give the same reservo ir 

capacity for a smaller height of earth dam , and hence reduce 

the time of construction . Davies had studied some siphons 

operating in Europe and America , of which there is very 

limited literature . The actual siphon design is shown on 

Fig . 2 . 1. It is essentially a black water s i phon which 

entrains air by means of a deflected nappe impinging on the 

outside wall of the s i phon and fall i ng into a stilling poo l 

(see Fig . 2 . 1 . ) . The deflected nappe gains its size by the 

priming of a baby siphon at the crest . This however gave 

rise to high losses in upper bend . Pressure tappings 

r eveal ed that:-

( a) the motion around the bends In the siphon approximate 
to a free vortex ; 

(b) the pressure in the outlet leg of the siphon changes 
from negative to posit i ve . 

(Davies also stated that the flow of water through siphons 

was subject to the laws obtaining in pipe flow) . Also , 

there were large bosses at the lower bend , In fact , the 
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originill siphon desir;n had [0 De changeJ , cl:"; the losses were :";0 

high . Thus , at this stage, research was concentrated on 

methods of making the siphon prime and minimising the losses 

through the siphon. As yet the phenomenon of air - entrainment 

was not fully appreciated , and the main fear was of the 

siphons freezing over so as to interfere with their operation . 

The next major research to be carried out on siphons was 

done by Gibson 27 and Tattersa ll and the results appear in t he 

paper " Experiments on Siphon Spillways ". In this paper , the 

credit for the first automatic siphons goes to Heyn in Pruss i a 

and Gregotti in Italy , working independently . The paper 

deals comprehensively with many aspects of siphon design 

(a ) the effect of geometry on the s i phon act i on ; 

(b ) dynamic similarity in siphons , which was most 
interesting; 

(c) pressure and velocity distributions through a siphon ; 
and finally 

(d) some experiments on the priming of the s i phon . 

Of particular interest lS the work on dynam i c s i milarity . If 

h denotes the working head , d the throat depth , v the throa t 

velocity and v the kinematic viscosity , then dynamic 

similarity says that the ratios and (vd ) must be the same 
v 

for model and prototype . The ratio (%) takes account of a ll 

forces except the viscous ones , and the ratio involves 

the similarity of the viscous forces . Since v is constant 

in model and prototype it is impossible to satisfy both 

ratios simultaneously . Work done on a smal l and large mode l 

suggested that the larger model had a higher coefficient of 

discharge and from this Gibson formulated a famous graph - a 

plot of the coefficient of discharge against the product (vd ). 

This shows that for values of vd greater than 1 . 8 ft 2 /s , 

viscosity no longer has an appreciable effect . This resul t 



invalidates partly the results obtained from a tiny siphon 

model where this condition is not met. The tests on 

velucity distribution showed that on the crest section a near 

hyperbolic distribution existed implying a free vortex flow . 

Priming tests were also carried out showing that in every 

case "the time of priming decreases as the rate of rise of 

upstream water level increases " . In the case of a sealed 

outlet , the priming action was quickest when the outlet was 

just sealed . A siphon with a free outlet also needed a 

lower upstream water level before it fully primed . Following 

this paper the state of knowledge on siphons was consolidated 

by Powys Davies 20 in his famous paper in 1933 , ll The Laws of 

Siphon Flow ll . He reiterated his observations on the 

Maramsilli siphon and summarised the findings of Gibson et a l. 

llSiphon flow was not only complex, but even chaotic, in that 

it pointed to the breakdown of the Bernoulli equation , 

and challenged the law of conservation of energyll . Vlith 

this in mind Davies went forward to more siphon model tests . 

The models were made of wood so it was virtually impossib l e 
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to see what was h a ppening . The reliance on pressure tappings 

was a key feature in the investigation of the flow 

characteristics . All research at this time was concentrated 

on siphon llblack water" flow as the intermediate stages from 

weir flow to ' black ' flow were unstable . At this stage t he 

e fficiency of the siphon was thought to be a greater factor 

than the control of the priming action , although the latter 

was thought to be important also . So the Davies models were 

constructed of polished wood to minimise wall friction losses 

and the main aim in the research was to examine in detail the 

flow characteristics at ' black water ' flow , the efficient 

bend design , and a comprehensive account of losses through a 

Siphon for comparison with other experimenters . To summarise 



his findings: Davies showed that the Law of Free Vortex Flow 

held good for flow around the upper bend. In one case the 

max~mum variation from VR = constant, was only 4% . However , 

he suggested that at very high water velocities , creating 

negative pressures approaching the vapour pressure of water , 

that cavitation would occur and the law would be no longer 

completely valid. 

The law of pressure change was also verified. It states 

that the pressure in the outlet leg changes its character 

from negative to positive pressure. It follows that at the 

point of change from negative to positive pressure, the 

total of all the losses so far experienced , whether kinetic 

or due to eddies, equals the vertical depth of the point be lo w 

upstream water level. Davies found that the flow resistance 

at the outlet was by far the most important factor in 

determination of the coefficient of discharge of such siphons . 

The law governing the lower bend was that the coefficient of 

loss in the lower bend varies inversely as the square of the 

radius of the bend . Overall , Davies verified that the flow 

of water through siphons was subject to the laws obtaining in 

pipe flow and laid to rest suggestions of the breakdown of 

the law of conservation of energy and Bernoulli ' s theorem . 

With the establishment of the Laws of Siphon Flow in 1933 

and the construction of the first siphon in Britain that same 

year, interest in the subject increased, and the first 

authoritative text on the subject was written In 1935 by 

A . H. Naylo r 50 entitled , "Siphon Spillways". The book was 

really a "state of the art" paper including an interesting 

chapter at the beginning on the various types of siphons 

operating up until 1935. This included the Hetch - Hetchy 

type, Heyn's flexible tongue device, the Maramsilli type, and 
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the baby siphons, :just Lo mention u few . lIe E;dVC useful 

') I 
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information on priming depths gathered from meagre information 

and suggested that siphons should start to prime before the 

head over the crest is 
d 

greater than 3 ' Nay l or ' s paragraph 

on Dynamica l S i milarity of sca l e siphon models gave a lot of 

insight into the think i ng at the time . Naylor was one of 

the first to clearly recognise that during priming , the mode l 

was not represen t ative because the interact i on of air and 

water was very comp l ex during t his phase . He r ecognised th e 

effect of surface tension and viscosity of model and 

prototype . He said that surface tens i on and viscosity 

should be scaled i n siphon models and suggested using boi ling 

water to reduce these facto r s . He pointed out that this ma y 

not be a l together cor r ect . The second thing to come out of 

his model analys i s has been the scaling of air bubble size , 

which he suggested should be done at an ambient pressure of 

lln atmospheres . This would give an incorrect value of the 

amount of air i n soluti o n . He concludes , lil t i s evident , 

therefore , that model represe n tat i on of prim i ng cond i t i ons is 

impossible ". This one statement has been a basis for much 

of siphon research since 1 935 , i ncluding the author ' s . 

Thus the foundations were laid for the mode l ling of 

siphon spil l ways . A paper appeared in 1939 with applicatio n s 

to siphons . One was by Bi nni e 6 on mode l experiments on 

o iphon - Bellmouth overflow spillways . Basically his findings 

served to reiterate the basic laws governing s i phon flow , but 

he also gave some useful information on the prevention of 

vortices at the inlet . Ve r y li ttle work was done on " black 

water " siphons from pre - War days until the present , possib l y 

due to a basic mistrust , and a l so due to a grea t swing of 

interest to the more versatile a i r - regulated siphon which d i d 

not have the problem of "hunting " and ensured a smooth 
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controlled priming action. One major exception to this 

trend was an interesting and comprehensive paper published 

by whittington 80 and Ali in 1972 on some of the scale effects 

in black water siphon models . 

Experiments were carried out on a simple type of 

inverted U-shaped siphon, the model scales used varied from 

1/3 to 1/80 . The friction factor was plotted against 

Reynolds Number as in the classical graph for pipe flow. 

The square siphon models tended to give a higher 'analog' 

friction factor than the circular ones at lower Reynolds 

Number, but these merged when the Reynolds Number was in the 

region of 20,000 . The coefficient of discharge was found to 

rise rapidly with increasing Reynolds Number, fall a slight 

amount, and then increase gradually again to a discharge 

coefficient of 0 . 6. The priming head was found to decrease 

with increasing model scale especially the square siphons. 

In the case of the circular siphons the priming head remained 

approximately constant with increasing model scale . The 

de prime head was shown to occur below a certain value of 

upstream water level, and to be also proportional to the 

degree of submergence at the outlet . The crest and crown 

pressures proved to increase quite linearly with model scale , 

and the effects of inlet and outlet geometry on the 

coefficient of discharge were approximately additive . 

2 . 7 . Recent Research on Air - Regulated Siphons 

The first papers on air-regulated siphons seem to have 

been written by Stickney70 in 1922 and Stevens 68 in 1934 . 

The paper by Stevens dealt with the testing of three prototype 
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siphons In Leaburg, Oregon, U.S.A . The siphons were air-

regulated in order to keep a fairly constant water level. 

He aid work on velocity profiles, energy lines and siphon 

efficiency and managed to clear up some earlier misconceptions . 

He was wisely cautious against the use of models of air -

regulating siphons , stating that the model velocities were 

not high enough to disclose the jet action which occurred in 

prototypes . Stevens 68 followed this paper up by a similar 

one in 1939, dealing with the Walterville siphons wh i ch were 

being used to provide a fairly constant head in a hydro - plant 

forebay . This time he stated that the larger the siphon 

barrel , the greater were the energy losses and less the 

He decided that in this kind of siphon , the 

sensitivity and the control over the range of discharge was 

more important than efficiency . He also found that the 

length of the lower leg either increased or decreased the 

siphon head at the ' partialised ' phase . 

Air - regulated siphons seemed to appear In France about 

1950 . A paper by Bla n che t 7 in 195 1 described the act i on o f 

a typical siphon with air-entering under a horizontal lip 

known as a ducksbill . Up until now siphons had , in the ma in, 

been self - priming , but once the priming process had commenced 

it was difficult to control and almost certainly the s i phon 

went to " black water " flow . If the inflow did not match up 

to the siphon outflow at ' black ' flow / then the siphon often 
o\.J·\ O~ 

deprimed ~ to the reservoir level falling rap i dly. ~ Th e 
the.1I a.lJ. ouQr 

process " commenced )..again . Th i s process was termed " h u nting ", 

and gave the early siphons their undesirable characteristics 

of surging water flows and large vibrations . With air-

regulated siphons, air was allowed to enter under the hood 

of the siphon so that it compensated for the air being 



carried out of the air poc ;. ets by the entrilining mechanism . 

This meant thilt the priming process was controlled by the 

volumes of air allowed to enter the siphon . Effectively , 

the siphon design was now transformed from an on/off device 

to something similar to the operation of a smooth valve . 

The air-regulated siphon also held the upstream water - level 

to within fine limits . Clearly, a revolution had taken 

place and the possibilities for the future seemed unlimited . 

It was not until 1954 that the first research on air -

regulated siphons was carried out in Britain by crump18 . A 

very comprehens i ve report was published on this work . The 
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geometry of the siphon is shown in Chapter 1 , Fig . l . 4 . 

Basically it consisted of a large diameter rounded crest wi t h 

the exit sealed by a downstream pool . The inlet was 

submerged , and the air entered by means of an air vent placed 

a large SE gh distance above the crest leve ~ S o allow~g 

substantial weir flow before priming commenced . The siphon 

was designed to just reach its maximum discharge at ' black ' 

flow . Higher flows than this are accompan i ed by large 

increases in the upstream water level . Tests on the 

coefficient of discharge Cc) for the siphon showed that with 

an increase of working head of the siphon , the full bore 

values of c increased substantially from around 0 . 55 to 0 . 75 . 

Thus for greatest efficiency , the largest working head 

a vailable is required . However, as shown in the paper , 

larger working heads on the siphon give a greater air demand 

or air/water ratio . Tests were carried out measuring the 

volume of air passing through the siphon for various work i ng 

heads on the siphon. The trend is very obvious that as the 

head increases so does the air demand through the siphon . 

The maximum air/water ratio attained was 17~% . Reasons fo r 



this variation were not given. Also reported In this paper 

was the effect of the geometry of the air inlet on the 

priming characteristics of the siphon . Six types of a i r 

inlet were tried the least desirable one being the submerged 

inlet with air vent. 

the most satisfactory . 

A short ducksbill inlet was probably 

Other notable factors of this paper 

included the relationship of the volume of a i r passing under 

the lip to the negative pressure in the air pocket and the 

behaviour of the air when the siphon is self - regulating . 

The air seemed to enter in large violent gulps causing 

disturbance of the surface water level. It is still not 

certain to what extent th i s phenomenon affects the scaling 

of siphon models . This paper gave a good ind i cation of the 

parameters invo l ved in mode l ling air - regulated siphons . 

In the same year ( 1954) Ol i ver 53 , a British eng i neer , 

visited Grenoble , France , saw some air - regulated siphons 

operating and hence the design seeds of the f i rst air -

regulated s i phon In Britain took root . The first a i r -

regulated saddle siphon was built at Eyebrook ( Chapter 1 , 

Fig . ' ) , and its mode of operation was described by Oliver 

in his paper in 1959 . S i xteen such siphons were built at 

the T . W. L . of the Eyebrook reservoir raising the effective 

capacity of the reservoir from 1 520 to 1780 million gallons , 

as well as the increased capability to deal with flood 

waters . Oliver divided the siphon operation into six 

stages ( Fig . 2 . 2) :-

(a) Weir flow - water pours over the crest of the s i phon , 

and when the discharge is large enough the ski Jump throws 

the water against the hood to form a water sea l . 

(b) & (c) At a higher discharge the jet thrown onto the 

hood begins to entrain air from the air pockets . This i n 
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turn creates a partial vacuum which raises the head of water 

over the crest. This lS still a weir flow, but the head 

over the welr lS larger than that suggested by the reservoir 

level. The discharge is still given by Q = CLH 3 /2 where H 

is artificially high. In the higher stages of Cc), the alr 

pockets are gradually diminishing in size and the water 

velocity at Cc) greatly lncreases . 

Cd) The alr pockets almost disappear , separation of flow 

occurs at the crest, large volumes of air enter under the 

hood and partialisation occ{,(.rs. 

Ce) This lS the same basic flow system as Cd) only the alr 

pockets have become smaller, the air enters in smaller gulps 

and the water discharge has increased. 

C f) Black water flow when the siphon runs full. The 

efficiency can be as high as 1 5% as the ski jump hardly 

obstructs the streamlines . 

Some very interesting discussions followed In the wake 

of this paper as interest In Britain had suddenly been 

stimulated . R . B. Thorn 74 suggested that air-regulated 

siphons might be classified into three main categories: 

Ca) High velocity siphons where the rise velocity of 
bubbles was negligible compared to water velocity . 

Cb) Low velocity siphons where the rise velocities were 
comparable with water velocities. 

Cc) Se lf-r egulating, air-regulated siphon spillways , or 
sub-atmospheric weirs. 

Thorn described how he had been working In category Cb) 

with Kenyon but went on to describe a siphon he had designed 

in category Cc), the Little Mill siphonic spillway on the 

River Bourne, see Chapter 1, Fig .l . lO. He also described this 
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in his book73 ' River Engineering and Water Conservation Works '. 
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!lis siphon was designed ncither to run full nor C1l1pty but to 

act as a sub-atmospheric weir so that the total amount of 

air entrained and carried out was balanced out by air 

entering at the upstream end,and it varied so that the 

discharge of the siphon was equal to the flow arriving at 

the siphon. The siphon was designed for full - bore flow and 

it was hoped would never reach that capacity . The coefficient 

of discharge at full bore was 0 . 875 . Thorn noted that in 

testing siphon models of this sort , that it Has not possible 

to reproduce the amount of air entrained . The ascent 

velocity on the bubbles was not negligible compared to the 

water velocity and thus the net air demand was underestimated . 

Tattersal l In a discussion on Ol i ver ' s air - regulated 

siphon was cautious . Having worked on ' black water ' si p hons 

some years back , he could not understand either the process 

of partialisation or the concept of designing siphons not to 

run full , IIWhen a siphon had to pass the maximum possible 

quantity, it must run full : that was the design condition ll
• 

His caution was understandable but he was reassured by Crum p 

who had built such siphons in India , that it was desirable 

that the siphon should not be allowed to exceed ' black - water ' 

flow . 

M . J . Kenn 38 in his paper In 1957 and in the discussion 

on the Eyebrook siphon wondered how prototype alr floHs cou l d 

be simulated in scale models . 

The object of his first series of tests was to determ i ne : 

(1) the effects of admitting air at controlled rates on 
previously established siphonic water flows , and 

(2) the critical air flows necessary to arrest previously 
established siphonic water flows . 

The siphon consisted simply of a vertical and 

horizontal pipe , the latter leading from a constant head tank 



and admitting alr along it~ length. Seven siphons were used 

all being of a different working head . The siphon was 

alluwed to run full and the water discharge measured. Air 

was admitted at controlled rates and the effect on the water 

discharge measured . The results are summarised on Fig.2.3 . 

In each case a limit was reached when the admitted air 

arrested the siphonic water flow. This was termed the 

"critical" air flow. Perhaps the most interesting thing 

to emerge from Kenn ' s paper was the calculation of the ratio , 

critical air flow to maximum water flow, for each test . In 

each case the value of the ratio was approximately 0 . 28 . 

However the seven siphons tested were not geometrically 

similar. Kenn 39 wrote a further paper related to the above 

in 1965 . In his previous tests, the air was admitted to 

the siphon at a constant elevation above the upstream water 

level. The purpose of the later tests was to study the 

effect of variation of the elevation of air inl et . His main 

conclusion was that the quantity of a ir necessary to break 

siphonic flow decreases with increasing elevation of the air 

inlet above the upstream water level . He correlated his 

results with those of other authors on Fig.2.4 . 
()rvjn~ 

Kenn reported that the results could prove useful , ~ to 

the inadequacy on Froude models to simulate on air-entrainment 

system . 

In March 1961, crump17 and Ackers carried out a very 

useful investigation into the performance of a siphon (similar 

in shape to the "I:yebrook" siphon), when it was offered 

water discharges less than its maximum capac ity. The main 

objective was to study the air -regulation at three different 

lip elevations . When a siphon is about to prime, to be air -

regulated , the discharge at priming must be large enough to 



cause this discharge 1S given by H 
P 

from crest level to the air inlet . 

alternatives 

Also, H 1S the head 
o 

There are three 

( 1 ) H > H 
o P 

The siphon will be of the non - priming 

variety and will behave as a sub - atmospheric weir . 

( 2 ) H = H or slightly less than H 
o p P The siphon will 

behave as an air - regulated siphon right to II black 

water" flow , going t hrough the partialised phase . 

(3) If H « H , then the siphon will behave as a " black o p 

water" siphon . 

Crump and Ackers tested al l these condit i ons , and found tha t 

with the higher lip levels there was extreme l y good a i r 

regulation except at about 50% of black flow a different 

kind of flow pattern sometimes happened which resulted i n no 

further increase 1n siphon discharge for an increased 

reservoir head . This 1S very dangerous . This same process 

could happen with intermediate l i p leve l s , and as wel l, a 
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considerable amount of hunting happened at the changeover from 

stage I to stage Ill . For lower lip levels , hunting 

occurred in the sub - atmospheric phase due to the lack of a ir 

entrainment . The results were later thought to be 

exaggerated because of the absence of a weir in the reservo ir 

tank . 

In 1964 , F . G. Charlton working at Wallingford produced 

a paper14 on "The Effect of Air on Siphon Performance ll
• 

Later in 1966 , he summarised his findings in paper in the 

Journal of the Institute of Water Engineers 1 5 . His work 

concentrated on a study of the effect of various kinds of a i r 

inlet on the performance of an air - regulated saddle - siphon . 

He also measured a typical air demand graph and went on to 



lay down some criteria for the design of air-regulated 

saddle-siphons. The Charlton siphon had a straight down -

str'eam limb, with a priming step about half way down. 

Water plunged into the sealing basin below, which was 

trapezoidal in section. Ten different configurations of 

air inlet were chosen and tested. The most suitable one 

was a slot inlet the full width of the siphon and situated 

in front of the hood. Air passed through this slot and 

under a short duckbill . When only a small amount of air 

passed, the priming characteristics were quite flat, and with 

large amounts of air the characteristic was quite steep with 

a larger decrement . Perhaps the most interesting was the 

shape of the air demand curve (see Fig.2.5) . 

Some of the resulting design criteria are listed below :-

(a) A positive outlet seal should be provided if at all 
possible. 

(b) A step in the outlet leg assists In early priming . 

(c) The alr inlet should be placed below the potential 
priming level if early priming is an important 
factor. 

(d) Dispersion of the air over the width of the siphon 
can be achieved by a full-width slot . 

A . J.M . Harrison wrote two papers, one on pressure 

measurements in a model siphon 31 , and one on a model investi -
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gation of a siphon bellmouth 32 . Both papers are complementary 

and are summarised as follows . The project was to design 

air-regulating siphons to pass 39,000 ft 3 /s, to study their 

hydraulic performance, to measure pressures in the siphons 

and investigate vibrations in the hood . 

The proposed siphon design was a ' high ' head, free exit , 

saddle, air-regulated siphon, the air being entrained by a 

nappe deflector shooting the jet onto the siphon hood, 

entraining air and the subsequent evacuation . Water 



pressures were measured by a series of pressure transducers 

on crest and hood, and vibrations were measured by variable 

inductance-displacement transducers. To summarise, the 
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instantaneous pressures measured at the siphon crest indicated 

large fluctuations in the air-regulated phase of operation . 

The mean pressures round the hood followed the expected 

pattern. The mean deflections increased as the siphon 

internal pressure reduced . The frequency of the vibrations 

was the same as the pressure fluctuations and originated 

from the stream of air bubbles passing through the siphon . 

Harrison also included a very valuable paragraph on the 

scale effects In model siphons , using Froude scale 

relationships . 

(1) The sizes of air bubbles are a function of the flow 

geometry , the turbulence and surface tension effects . In 

the prototype , air bubbles will tend to be smaller with 

smaller rise velocities , and consequently will be easier to 

evacuate . Thus the prototype priming head will be lower 

than models . 

(2) A surface tension effect occurs at the lip of the 

siphon where the air demand under the lip lS determined by 

the making or breaking of a surface tension fi l m . This 

effect is the same in model and prototype , hence a steadier 

s tream of bubbles is expected in the prototype . 

(3) A further scale effect lS that larger negative pressures 

are to be expected in the prototype siphon , resulting In 

greater air expansion in the prototype , giving a proportion 

ately higher air/water ratio. 

Binnie and Sims S published a very interesting paper in 



1968 dealing with air-entrainment by flowing water under 

reduced atmospheric pressure. Only half of the paper dealt 

with siphons, so we will confine our attention to this part. 

The problem is outlined in th~ introduction, "The amount of 

alr entrained in hydraulic structures cannot at present be 

predicted. No method of calculation has been suggested, 

therefore reliance is placed on models; but the problems of 

operating the models and of scaling up the air measurements 

remain unsolved, although many attempts have been made." 

It was su g gested by Naylor that more accurate modelling was 

possible if the ambient pressure used was reduced in 

conformity with the linear scale of the model. This lS what 

Binnie and Sims attempted to study. The siphon used was 

similar to one tested by Harrison 32 , with a duckbill inlet, 

4 G • 

nappe-deflected air-entrainment, and a free exit . The system 

was enclosed In a pressure chamber for the purposes of the 

experiment . Results showed that the siphon still exhibited 

the main five flow regimes, and in fact its priming 

characteristic of head versus discharge was identical for all 

ambient pressures . However, on measuring the air demand 

through the siphon, the volumes of air, measured at the inlet, 

greatly decreased with ambient pressure . A possible 

explanation for this was given by Perkins 56 in a discussion 

on this result. He proposed that in the partialised phase 

of s iphon fl o w, that the air/water ratio is constant at the 

crest section. Thus with very low ambient pressures the 

air going through the siphon would expand more at the crest 

section than at higher ambient pressures, giving the 

conclusion that the volumes of air measured at the inlet are 

not altogether valid. Perkins suggested this as a means of 

predicting prototype air/water ratios . Binnie and Sims 
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concluded that prediction from a model at reduced ambient 

pressure would be even more inaccurate and the solution must 

be found elsewhere. 

A really major work In air-regulated siphons was done 

by J. A. Charlton 13 In his Ph.D. thesis in early 1970. It 

would be impossible to go into all the points of the thesis 

in this short chapter, thus the salient points only are 

included . He commenced his work with a review of all the 

siphon spillway types previously used and their design 

criteria. He then chose a suitable cross-section for a 

siphon designed to be fully air-regulated . A typical cross -

section is shown on Fig . 2 . 6 with modifications for hydraulic -

jump priming, nappe-deflector, air inlet design and a flap 

hinge to simulate a downstream channel . 

Charlton thus studied the siphon behaviour for different 

kinds of priming action and for different end resistances . 

The priming characteristics were plotted for each variation . 

The air demand under the hood was measured using a 'false' 

atmosphere hood. Plots of air flow against water flow and 

head against the air/water ratio showed that the 

maximum air/water ratio was approximately 1 . 0 and occurred 

just at the onset of priming . Acknowledging that it was not 

possible to accurately predict the prototype air-regulated 

phases from the model, some tests were carried out to study 

the scale effects of the jet velocity and Froude Number and 

also the bubble rise velocity . A circular jet was plunged 

into an ambient water surface, entraining air, in an effort 

to simulate the jet due to the nappe deflector, in the 

siphon. It was found quite significantly that above a jet 

v2 
Froude Number (gd) of about 100, the air/water ratio did not 

significantly vary . This however may not be the case with 



rectangular jets. The thesis was summarised with general 

broad criteria for siphon design, emerging from the results . 

The following year, 1971, Charlton published his 

summary in the form of a paper12. It gave design criteria 

of a fully air-controlled siphon, with a reversible priming 

characteristic. The factors to look at when designing a 

siphon are the black water flow discharge, the overall head 

available, the siphon cross sectional area , priming head, 

type of siphon and shape, priming system, lower and upper 

bend design, entrance and air inlet , the actual construction 

and finally the model tests . Charlton deals with each one 

of these in turn giving valuable guidance . On the subject 

of the inlet conditions, Charlton suggests that the angle of 

the priming characteristic increases with the inlet velocity , 

and with a decrease of the inlet dimensions . 

I~ 8 . 

Another very valuable paper was published by C . R . Head 34 

in 1971 on the design of a low head siphon for the purposes 

of river control. The major problem in river control works 

is to provide adequate waterway for floods and at the same 

time have a fairly constant retention level in medium and low 

flows . The low head siphon designed by Head for this purpose 

1S shown in its five phases of operation (Fig . 2 . 7) . 

The siphon prototype performed well in practice with 

the nappe deflector ensuring positive priming in the early 

stages . A graph plotted comparing the model and prototype 

priming characteristics revealed that the prototype started 

to prime earlier than the model but increased more , relative 

to the model, at higher discharges . The siphon outlet was 

sealed by a stilling basin, which was trapezoidal in section 

and the lip level at the outlet was kept as high as possible 

to ensure better air evacuation . The model designed by 



11 e Cl d w Cl s s t u die d l n m 0 red eta i 1 by K a y 3 7 (1 9 7 1) l n an 1·1. S c . 

thesis at Imperial College , London . The thesis is really 

an extension of Head ' s work . The mode of operation was 

studied, also a study of how the shape of the priming 

characteristic varied with upstream lip length and elevation , 

depth of approach flow, and tailwater level. Perhaps the 

most interesting work was on a theoretical prediction of the 

shape of the priming curve for different lip lengths. Th is 

was done by equating the ener.gy far upstream of the siphon , 

where uniform velocity existed , and at the lip entrance where 

a drawdown effect existed . At the lip entrance there was a 

large curvature in the stream lines, giving a non-uniform 

velocity profile . Kay calculated velocity and static 

pressure coefficients to allow for the non-uniformity. From 

these, the energy at inlet could be calculated and e q uated 

with the upstream energy to give a value for the upstream 

reservoir head , and hence a theoretical priming characterist ic . 

The agreement with experimenta l results was good . 

2 . 8 . Summary 

It has not been possible to cover every single research 

paper on air - entrainment and air-regulated s i phons . The 

author has merely outlined a history of the important mile 

stones in this field of research with a view to giving the 

reader a skeleton to build on . 

Any review of this nature asks as many questions as it 

answers . Some of the questions asked will be dealt with 

by the author in the following chapters . A burning question , 

for instance, should be "How is it possible to model alr 

e n t r a i n in g s y s t ems a c cur ate 1 y ? " 
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show,,", 
.. t his chapter .. has ~'IH!jllS e _~~"'.) that it lS not 

po ss ible to accurately model an air-entraining situation 

like a siphon spillway . We have seen, in siphon modelling, 

that Froudian models are adequate for weir flow and closed 

conduit 'pipe-full' flow, but in the intermediate stages 

when the flow is mainly a two - phase mixture of air and water , 

then Froudian models do not give accurate quantitative values 

of the fluids involved. This is due to some notable scale 

effects including bubble size , bubble rise ve l ocity, jet 

velocities, viscosity and surface tension , and non - scaling 

of pressures . The early research on siphons brought these 

problems to the light and much of the current research is in 

trying to estimate, and allow for, these scale effects. 

This particular piece of research is looking at the 

model scale effects in air-regulated siphons . An attempt 

is made at allowing for these scale effects to give a more 

reasonable prediction of the prototype behaviour . Tied in 

with this, is included some general aspects of the air control 

of siphons, the influence of air-entrainment on the priming 

characteristics and other major factors . 
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3.1. Design of the Low Head Siphon 

The low head siphon scale models under test derive their 

shape from a prototype siphon designed by Ervine and Elsawy 

for a flood control project in Craigavon, Northern Ireland . 

The siphons will be placed at the outfall of balancing lakes 

which are artificially created to produce a reservoir lag 

and reduce the flood peak. As well, the lake level must be 

maintained between narrow limits because of the existence of 

a road and railway around the perimeter of the lake . 

the need for a stable air-regulated siphon arises . 

Thus , 

The maximum flood was predicted for a return period of 

1000 years using the Bilham method, and was estimated at 

approximately 26 m3 /s or 930 ft 3 /s. This was distributed 

between four siphons giving a maximum discharge of 6 . 6 m3 /s 

per siphon . 

~L. 

Having decided the maximum discharge from hydrological 

considerations another important parameter under consideration 

is the head difference available from the maximum reservoir 

level to the design tailwater level . Under site conditions 

this proved to be In the region of 3 m, providing an 

approximate value of the mean maXlmum velocity at black water 

flow conditions . 

( 1 ) 

If it lS assumed, for the meantime, that Cd' the coefficient 

of discharge, lS In the region of 0 . 85, then the maXlmum mean 

velocity is in the region of 6.5 m/s giving a crest section 

cross sectional area of 1 . 0 m2 . 

This approximate value of the cross sectional area is 

now a useful factor in the determination of the siphon width 
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and throat depth at the crest . Previous research on the 

suitable ratio of siphon width to throat depth CJ) does not 

place strict limits on this value, but may be expected to 

lie in the range 1.0 to 1.5. This value, of course, must be 

estimated in conjunction with a suitable ratio of the radii 

of the outer to inner curves at the upper bend 
r 

C -=--0..) • 
r

1 
For a 

low head siphon this ratio is generally maintained at a low 

value so that the value of discharge coefficient may be kep t 

at a maximum. CA gradually curving upper bend generally 

gives a lower value of Cd) . In the final analysis, the value 

ro B 
of -- was chosen at 1.95, and the value of -d was chosen at 

rl 

1 . 2, giving a siphon width of 1.15 m, a throat depth of 0 . 95 rn , 

an outer radius at the upper bend of 1 . 95 m and an inner 

radius of 1 m . A convenient formula for flow round the upper 

bend is now given by 

Q = BCrO-rl )/2gh . ( 2 ) 

The lower bend at the outlet normally takes the form of 

a trapezoidal sealing basin in a low head siphon design . 

This has been shown to provide a positive outlet seal into 

which the falling nappe can entrain large amounts of air . 

It also provides an energy reducer for the exiting flow so 

that the siphon discharge could move downstream in a subcrit i ca l 

manner. In this design, the discharge was required to flow 

into an existing culvert in a supercritical state, resulting 

in a smoothly curving outlet as shown on Fig . 3 . 1 . This of 

course has the disadvantage of providing a less positive 

sealing pool and the danger of ' washout ' at higher flows , 

when the flow of water might cling to the lower surface , 

causing no further increase in siphon discharge . The hump 
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at the outlet on the lower surface was thought expedient to 

ensure that the discharge made contact with the upper 

surface, providing a constant seal. The same cross-sectional 

area was maintained at the lower bend , with the ratio ~ at 
rl 

1.7, ensuring a smooth exit. 

The slope of the downstream limb and the position of 

the nappe deflector also play an important part in the overall 

siphon design. Naylor suggests that a falling nappe of 

water will cling to the surface as long as the angle the 

surface makes with the horizontal is less o or equal to 60 . 

For the preliminary model tests the angle of the downstream 

limb was kept at 60 0 resulting in a satisfactory performance . 

The shape and position of the nappe deflector was the 

cause of much preliminary research because of its influence 

on the rate of air entrainment . The first model was 

constructed so that the nappe position and shape could be 

easily altered . A preliminary laboratory testing revealed 

an optimum position and shape for the nappe deflector. 

Satisfactory performance was observed and the deflector was 

kept in the same position throughout this investigation . 

The main function of the nappe deflector was to ensure ear l y 

priming by causing a deflected nappe to impinge onto the 

sealing pod , entraining and evacuating air . The angle of 

the nappe at entry also required to give as large an ang l e 

a s possible with the vertical to ensure that the entrained 

air bubbles were directed out of the siphon rather than 

allowed to re-enter . CA vertical falling nappe often means 

that some entrained air returns to the air pockets again) 

If the nappe deflector was placed too high in the siphon 

barrel, the nappe with a lower velocity may not deflect to 

the outer surface and the angle at impingement may be almost 
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vertical. If the nappe def l ector was placed too low the 

depth of free fall of the nappe may not be great enough to 

entrain enough air , as we l l as giving a lower air pocket 

greatly reduced In size . A compromise was reached as is 

shown on Fig.3 . 2 . The most appropriate shape of deflector 

proved to be parabolic, also determined by trial and error . 

It was decided to design the inlet so that a smooth 

transition occurred between the lake and the s i phon throat . 

The angle of the lower surface was again at 60 0 to the 

horizontal and the upper surface took the form of a simple 

horizontal ducksbill which allowed air to pass underneath as 

a means of air regulation . Various lip lengths were chosen 

for research purposes in order to gain a deeper unders t and i n g 

of siphon a i r control . The elevation of th e i nlet lip was 

also a cr i tical value because this determined the nappe 

thickness before the process of priming commenced . ( A small 

lip elevation produces a thin nappe, giving a slow rate of 

entrainment and hence a slow initial prim i ng) The first 

lip elevation was given at 20 cms (prototype ) o r 2 cms (l / l Ot h 

scale model) and was varied during experimentation . 

Thus the low head siphon was designed in full , and three 

scale models constructed-to commence the testing and resea r c h 

programme . 

3 . 2 . The Design of the High Head Siphon 

The high head siphon under consideration was designed 

to saddle an existing gravity dam , and by nature of i ts 

environment has a free exit discharging into the atmosphere . 

The siphon being incorporated into the present darn must have 

a sloping outlet limb coinciding approximately with the s l ope 



of the dOvJl1stream wall of the dam. Thus, immediately 

certain restrictions are placed upon the siphon design. 

The basis of the siphon design originated from Sogr~ah , 

France, similar to the Eyebrook siphon design and later 

modified by the author. It consists of a ski - jump near 

the crest and a nappe deflector near the exit, providing a 

double means of priming (Fig.3.3.). 

From hydrological considerations the prime objectives 

of constructing the saddle siphons are an effective increase 

In reservoir storage capacity by raising the top water level , 

reducing the flood peak by reservoir lag, increasing the 

discharge capacity of the existing spillway and maintaining 

the reservoir level between narrow limits . The actual 

maximum flood is calculated by probability methods and is 

found to be In the region of 108 m3 /s or 3900 ft 3 /s . Due 

to the structure of the exist ing spillway it was convenient 

to construct twelve siphon spillways each with a maximum 

discharge capacity of approximately 9 m3 /s . The width of 

each siphon lS also restricted by the present structure and 

lS found to be 1 . 22 m . 

In order to determine the siphon cross sectional area , 

a value of the maximum average velocity must first be 

calculated based on a knowledge of the working head across 

the siphon. Now the working head must be carefully chosen 

to avoid cavitation at the points of minimum pressure and 

also to incorporate the design features adequately into the 

siphon . (Cavitation occurs when the static pressure is 

reduced to the vapour pressure of water . The cavities form 

but may implode on the concrete surface possibly causing 

pitting, when the pressure increases slightly .) In the case 

of this siphon design , the working head is calculated at 6 .5 

~G . 
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to 7.0 m. Combining with an approximate discharge coefficient 

of 0.75, this gives a velocity of 8 . 5 m/s, producing a throat 

cross sectional area of 1.05 m2 . Using the siphon width of 

1.22 m, this yields a throat depth of 0.86 m . The ratio 

(~) for the siphon lS greater than 3, because of the free 
rl 

vortex condition at the particular configuration of siphon 

geometry. The inner radius at the upper bend is 0.35 m and 

the outer radius is 1.21 m. 

The upper ski jump was designed so that the descending 

nappe would be deflected to the outside wall of the siphon 

forming a seal and entraining air . Three configurations 

were tested (Fig . 3.4) the most effective being maintained 

for the remainder of the work. The lower nappe deflector 

was designed to impinge at an oblique angle onto the outer 

wall providing a more effective air pump, also sealing the 

exit . Both deflectors acted in such a manner as to create 

four air pockets within the siphon, each with a similar size 

and capacity to have air removed. 

The inlet conditions consisted of a smooth transition 

from the crest to the upstream wall of the dam, and a 

horizontal ducksbill which allows air to enter smoothly 

underneath. Various lengths of ducksbill were chosen for 

the main testing programme, this being a critical dimension 

with regard to the siphon performance. The elevation of 

the lip above crest level was also thought to be critical, 

as a value chosen too small would mean that the nappe formed 

at the commencement of priming may not be thick enough to 

entrain sufficient air . If chosen too large, the effective 

storage capacity of the reservoir is reduced. 



3.3. Construction of the Siphon Models 

Six siphon models were constructed, three low head 

siphons and three high head siphons . Both the high head 

and low head models were constructed to the scales 1 : 20 , 

1:10 and 1 : 7, giving both an idea of the scale effects and 

a direct comparison between models . 

It was decided , in principle, to construct all models 

with perspex sides so that the experimenter could have a 

full view of the priming process and for convenience in 

photography . The outer and inner walls of the siphon models 

were to be constructed of aluminium except in places where a 

small radius of curvature prevented its use . All ducksbi ll s 

were constructed of wood because of the frequent alteration s 

In both ducksbill length and elevation . 

The low head siphon models (Fig . 3 . 5) were constructed 

entirely of perspex and aluminium except the wood ducksb i l l s . 

The nappe deflector was made from perspex . The high head 

siphon models are also mainly perspex and aluminium , but 

differ from the low head models in that the crest and upper 

ski - jump is constructed of wood (Fig . 3 . 6) . 

Water pressure tappings were 1/16 " diameter wi th a 

perspex tapping . Air pressure tappings were drilled 1/8 " 

diameter to allow a narrow bore tube to enter , bent in the 

direction of the flow so that water entry is not poss i ble . 

3 . 4 . De sign and COllstruction of the Inlet Tank 

58 . 

To provide conditions necessary for the experimen t a l 

testing of the six siphon models , it was decided to construc t 

a large wooden inlet tank to simulate the reservoir cond ition s 

existing at the prototype . The main priority was to 



construct the tank as large as possible within the context 

of laboratory conditions. The overall length was decided 

to be 16 feet (4.8 m) long~ partly governed by available 

space and partly by the length of tank required to produce 

uniform flow conditions at the siphon. Thus the inlet pipes 

were placed at one end and the siphons at the other, as shown 

In the general view of the tank on Fig.3.7 and the photograph 

on Fig . 3 . 8. 

The depth of the tank was chosen to be 6 feet (1.7 m) ~ 

to represent fairly accurately the conditions in a reservoir. 

The l/lOth scale high head siphon was approximately 1 m deep ~ 

thus the tank was constructed nearly twice that depth to 

minimise the effect of a shallow depth of approach . 

The width of the tank was chosen to be 4 feet (1.33 m) , 

this being at least five times wider than the widest siphon . 

This measure was taken to simulate the 3 - dimensional lake 

59 . 

and reservoir conditions and also to provide a large reserVO lr 

surface area so that the rate of rise of the water level wo uld 

be as low as possible . The tank was constructed of marine 

plywood 1" thick , strengthened by vertical wooden stanchions 

at the sides (4" x 2"), and supports at the base . As the 

depth of water in the tanK was to reach almost six feet , 

then assuming a hydrostatic pressure distribution, the max imum 

pressure at the base was calculated to be 375 Ibs/ft2. The 

resulting bending moment is taken not only by the sides of 

the tank but it was deemed necessary to add horizontal ties 

of mild steel at the base ~ top and at a point 1.7 feet up 

from the base ~ as shown on Fig . 3.9 . (The mild steel bars 

had a calculated diameter of ~") . As seen from Fig . 3.9 the 

base of the tank was supported by wooden members running the 

l ength and breadth of the tank, also tied to counter the 

shear forces . 



When filled with water the tank had a total capacity of 

approximately 400 ft 3 (11 . 3 m3 ) , producing a total weight of 

25 , 000 Ibs or 11 tons . The weight acted on a balcony late r 

reinforced by four vertical columns . 

One important design feature of the tank was the 

incorporation of a long weir at the back of the tank to 

produce a constant head at the siphon ~ Fig . 3 . 7 . The we ir 

being constructed of wood , was hinged at its lower end , and 

fitted with a simple gear system to adjust the elevation of 

the weir in accordance with the siphon discharge . Th i s 

arrangement provided a constant ups t ream water level and 

minimised fluctuations and ' hunting '. 

A viewing window was installed at the front end of the 

tank so that conditions could be studied carefully at the 

siphon inlet . A vertical bank of pressure manometers was 

also constructed in order to monitor both water and a i r 

pressures within the siphon and also the head of water in t h e 

tank (Fig.3 . 10) . 

Other design features of the tank include a chu t e down 

stream of the siphon to simulate the spillway on the wa l l of 

the dam. The siphon discharge flows down this to a channe l 

below where it pumped back to the laboratory storage tanks 

and then back to the siphon in a cyclic process . 

is also fitted with a drainage valve and overflow . 

3 . 5 . The Plate Orifice Meter 

The t ank 

The maximum discharge required for the s i phon models 

was in the region of 3 ft 3 js (0 . 085 m3 js) and was supp li ed 

from two storage tanks in the laboratory . Water from each 

tank was fed by 9" diameter steel pipes to a po i nt near t he 

60 . 
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inlet tank and from there to the rear of the inlet tank by 

means of 6" diameter PVC plpes. (See photograph of general 

view, Fig.3.8). It was decided to measure the discharge in 

the two PVC pipes by means of a plate orifice meter designed 

according to BS 1042. 

The final design is shown on Fig.3.11, and was arrived 

at using design criteria outlined in BS 1042. The perspex 

orifice plate was constructed 1" thick and 10~" diameter to 

accommodate the existing flanges on the PVC pipes. The 

perspex was machined to accommodate the 6" PVC pipe and a 5" 

diameter hole was drilled in the centre. The centre portion 

was 0.25" thick, 0 . 1" of which was a square edge onto the 

oncoming flow, and the remaining 0.15" was bevelled at 45 0
. 

Two corner pressure tappings were drilled ~" diameter and 

brass fittings provided the connection for the manometer. 

The pressure difference across the plate was measured using 

a U-tube manometer and carbon tetrachloride as the manometric 

fluid. This was preferred to mercury because of its lower 

specific weight (1.595), giving larger and hence more accurate 

deflections. 

The calibration of !he plate orifice meter was carried 

out In a simple manner. The water passing through the 

plate orifice filled up the inlet tank which has a capacity 

of 400 ft 3 (2,500 gallons). This volume is allowed to fill , 

and the time i s taken for each flow rate giving accurate 

values of discharge. The differential pressure head on the 

manometer is also noted for each flow rate. A curve is 

then plotted of the discharge Q (m 3 /s) and the differential 

pressure head, ~H, on Fig.3.l2, the latter expressed in cms 

of carbon tetrachloride. The result is a parabolic shape 
1 1 

showin g Q a:: ~H 2 . The actual curve is Q - 0.134(~H)2, where 



Q is in ft 3 /s. The curve can be used in this form or 

redrawn in the form Q2 against ~H . 

3 . 6 . Air Flow Measurement 

One of the primary themes of the work lS the measureme nt 

of air flow through the siphon models with a view to 

estimating air entrainment scale effects . In both the low 

62 . 

and high head siphons the air passes freely under the ducksb ill 

inlet lip giving a standardised method of measurement. 

The method which is common to all siphons i s shown on 

Fig . 3 . 13. Compressed a i r from the laboratory supply passes 

through a control valve on the way to the air flow meter 

which measures volumes of air passing in a given time . CA 

static pressure tapping is connected to the outlet of the a lr 

flow meter . ) The air passes on to the air hood which is 

placed over the siphon inlet lip and l S made airtight . Th e 

air hood is approximately 3 feet long , 2 feet wide and 6 i nc h e s 

deep, and made of marine plywood with a baffle at the air 

entry. Air now passes under the inlet lip as requ i red by 

the siphon, the volume being controlled at the valve . The 

air hood was found not to interfere with the inlet velocity . 

It is imperative that entry of alr under the inlet lip 

is done at atmospheric pressure so that the siphon seems to 

be drawing alr from the atmosphere as normal . This is 

achieved by the connection of a pressure tapping from the a i r 

hood to a vertical manometer as shown . The manometer is 

also connected to the reservoir, thus the water level in the 

manometer is equal to the actual reserVOlr water level when 

the pressure in the air hood lS atmospheric . This lS 

confirmed by a second open ended manometer at atmospheric 



pressure, the two being equal when the a1r flow 1S passing 

at the required amount. 

The difference in pressure between the air flow meter 

and the a1r hood 1S also noted, so that a correction can be 

made to the actual volume of air entering the siphon. 

3 . 7. Experimental Techniques 
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Each siphon is placed in turn at the end of the inlet 

tank with ducksbill inlet protruding into the reservoir. The 

water discharge 1S controlled manually by the valves at the 

ma1n pipeline and the flow rate is measured at the p l ate 

orifice meter using the calibration curve , as shown in Sec ti on 

3 . 5 . 

The water passes through the siphon until equilibrium 

is reached when the inflow is equal to the siphon flow plus 

we1r flow . The discharge over the weir is diverted to a 

separate weighing tank where it is measured accurate l y , the 

siphon discharge then being the difference between the inf lo w 

and weir discharge . 

In a state of equilibrium , the reservoir water level 

remains constant , and is measured by the reading on the 

vertical manometer open to the atmosphere . At the beg i nn in g 

a rolling pointer gauge was used for accuracy but the 

manometer later proved just as accurate . When the siphon 

is ' hunting ' the inflow discharge is constant , but the 

siphon outflow varies . This i mplies a varia t ion 1n reservoir 

water level . The maximum and minimum head was read in th is 

case for the purpose of completeness . The reserV01r head 

and siphon discharge are measured at all stages of the 

priming process , resulting in a graph known as the p ri min g 

characteristic . 



The air hood is now placed over the siphon entrance and 

sealed . The water enters the siphon as before and draws in 

the required amount of air. The air supply is now turned 

on, the amount adjusted by the control valve until the air 

hood pressure is atmospheric. The air flow is now measured 

at the meter and the water flow as before . This process 

is repeated for all stages of the siphon priming process. 

The dir hood lS removed and process begins again, this 

time measuring the air pocket pressures, water pressures and 

the inlet velocity profile . The inlet velocity profile i s 

measured at all stages by a laboratory current meter placed 

at various points on a vertical line below the end of the 

inlet lip . The alr and water pressures are determined by 

perspex tappings at suitable places on the siphon and 

translated to a bank of vertical manometers. 

Thus we obtain the stage/discharge curve, the air demand 

curve, the inlet velocity profiles, the ' hunting ' character 

istics, the air pressures and water pressures for a glven 

siphon configuration . This process is repeated for varlOUS 

values of ducksbill length , lip elevation, tailwater level , 

working head and depth o~ approach channel . Each of the 

six siphon models was tested in this manner giving a 

comprehensive picture of model behaviour . The experimental 

programme can be represented as on the flow chart below . 
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Siphon model 
No . l , 2 , 3 , 4 , 5 , 6 

Choose lip length 
£1 , £2 , £3 etc 

Choose lip elevation 
hI , h2 , h3 etc . 

Choose tailwater 
level or wo r king 

head 

Choose depth of 
approach channel 

Measure siphon discha r ge 
a i r flow 
reservoir head 
air pock e t 
pressure 

water pressure 
i nlet velocity 

L J . 



A Ducksbill inlet 
B Entrance to siphon 
C. Crest 
D. Crown 
E. Pressure tappings 

0 

B 

1:I1 
to LO'N 

I~ 

F. Nappe deflector 
G. Air pressure tappings 
H. Working head 
P Perspex 
S. Stilling pool 

L. Lip length measured 
crest section . 
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4.1. Introduction 

The following two chapters seek to present in graphical 

and descriptive form a comprehensive study of the behaviour 

of the high head and low head siphons . Each of the maJor 

parameters is dealt with separately, and then placed in the 

context of the whole siphon performance . 

Three scale models (1:7, 1:10 and 1:20) are chosen to 

give an insight into both the general behaviour and any 

apparent scale effects existing in each model type. In 

most cases the great similarity between the behaviour of 

each model scale requires only a single description or graph 

to cover all three models . 
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This chapter commences in a qualitative fashion, showing 

by means of sketches and photographs, the priming and depr i ming 

sequences . The general shape of the priming characteristic 

and the air demand curve gives a foundation on which to build 

the study of the major parameters . The effect of varying 

the inlet geometry is the first consideration, including 

inlet lip length, lip elevation and depth of approach channel . 

The air pocket pressures , the negative water pressures , the 

inlet velocity profile CUld the "hunting" effect , are studied 

in this context. 

The effect of altering the outlet geometry is also 

studied, the changes in drawdown at inlet, the model scale 

effects, the ratio of air to water, and the complex inter 

relationships between inlet velocity, reservoir head , air 

demand and air pocket pressures, are also included. 

Preliminary tests on a model siphon indicate many 

parameters influencing the rate of entrainment within the 

siphon, the inlet geometry characteristics and the water 

energy at inlet . It is desirable to perform a simple 
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dimensional analysis to ob Lain ratios of the factors involved , 

In a suitable form for experimental analysis . 

The important parameters are listed below:-

v 

]J 

0" 

p 

d 

g 

H 

R 

L 

A 

Qw 

h 
z 

water velocity 

viscosity 

surface tension 

density of water 

throat depth 

acceleration due to gravity 

siphon working head 

resistance coefficient 

inlet lip length 

lip elevation (above crest ) 

cross sectional area of throat 

rate of air flow 

rate of water flow 

upstream reservoir level (depth of flow) 

water energy at a point upstream of the 
siphon 

depth of flow at inlet lip length 

By Buckingham's TI theorem, the variables above can be arranged 

in eleven ~imensionless groups , giving 

L ~) 
d ' d 

o 

The above groupings ignore the negative alr pocket pressure 

and the influences of the tailwater level for the sake of 

simplicity, but can be rearranged into more meaningful groups 

as follows, 



R v2 

= f(gd ' 
p Vd 

11 
H 

d ' 
~ 
h ' o 

l2.l. 
h ' o 

L 
d' 

A 
dT) 
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Resistance 
coefficient 

Relating to air 
entrainment within 

the siphon 

Relating to 
the water 
e n ergy at 

inlet 

Length 
character 
istics 

The first five terms on the right hand side include t he 

Froude , Reynolds and Weber Numbers , and are the major 

parameters in the process of air entrainmen t within the 

siphon . The next four terms are convenient ratios relat i ng 

to the water energy at inlet , which in turn relates to a 

great deal of siphon behaviour . The last two terms are 

length characteristics , wh i ch are convenient in the analys i s 

of results . 

Another convenient ratio not included in the relations hi p 

hd 
above is ~ the tailwater level over the siphon working head . 

This is used in the tailwater level analysis . 

4.2 . Mode of Operation . 

Perhaps the priming operation of the high head siphon 

can be divided into four phases , each phase ca p able of be in g 

subdivided into minor phases . The major phases with sub -

divisions are listed below : -

(A) Weir flow 

(i) Reservoir head below inlet lip elevat ion . 

(ii) At the point of the commencement of priming . 



(B) Sub - atmospheric weir flow 

(i) The turbulent tongue forms In the upper alr 
pocket. 

(ii) The air pockets begin to f i ll. 

(iii) The tongue disappears giving violent air entry . 

(c) Partialised flow 

(i) Separation of flow at crest - air pockets not 
full . 

(ii) Air pockets fill gradually - air flow decreases . 

(D) Blackwater flow 

(i) The siphon runs full . 

The sketches on Fig.4 . 1 show each of t h ese subdivisions . 

The photographs on Fig . 4.2 show the major phases . The 

subdivisions , at this stage , are decided by visual 

observations . As the study progresses it will become clear 

that the subdivisions are dependent on other criteria such 

as air flow and negative pressures . 

(A) We ir flow 

When the reservoir water level reaches the siphon crest , 

water begins to flow over the crest, down the upper ski 

jump , and forms a trajectory so that the nappe will impinge 

on the outer wall of the siphon lower down . The low 

trajectory i s due to the low nappe velocity . At the point 

of impingement the nappe tends to break up and fall towards 

the lower nappe deflector in the form of a spray . The 

nappe reforms again at the deflector and flows out of the 

free siphon exit, forming an air seal at that point . At 

this stage , no air is entering the siphon from its exit (F i g . 

4 . I(a), 4 . 2(a)) . 
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As the flow increases, the nappe thickens, increases in 

velocity and turbulence, and the trajectory at the upper ski 

011 the- QXt~do5 
jump gradually rises until the nappe impingesAonly a l i ttle 

below the horizontal . This has the effect of causing some 

of the nappe to deflect upwards caus i ng a smaller turbulent 

tongue of water to form at this point . The nappe continues 

to fall as a spray, and the alr seal is maintained at the 

exit (Fig . 4 . l(b» . 

The thickness of the nappe formed dur in g weir flow lS 

a function of the inlet lip elevation . A high lip level 

will ensure a thick nappe at the commencement of prim i ng , 

with adequate entrainment and evacuation of alr . A low l i p 

elevation gives a thin nappe and little assurance of ear l y 

priming . However, in the case of a high head siphon , the 

lip elevation may be determined by other factors such as the 

head available at the top of 

case is proportional to h
3
/2 , 

above crest . 

the dam; the discharge i n th is 

where h is the reservoir level 

The purpose of including the welr flow phase i n the 

siphon priming sequence is thus to ensure an air seal at t he 

siphon exit, provide a nappe thick enough to entrain and 

evacuate air , to create the different air pockets wi th i n the 
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siphon , and to provide an outlet for s mal l reservoir outf l ows , 

before siphonic flow has commenced . 

(B) Sub-atmospheric welr flow 

When the reservoir water level reaches the inlet lip 

level, air is sealed from the siphon entrance as well as t he 

exit , effectively forming four trapped air pockets with i n 

the siphon . In this phase , the air pockets gradually fi ll 

with siphonic water due to the ability of the nappe to 



entrain and evacuate alr. 

In the early stages a turbulent rotating tongue of 

fluid forms in the upper alr pocket with similar smaller 

tongues In the remaining air pockets. These rollers have 

the property of entraining the air dragged along by the 

turbulent nappe. The spray formed below the ski jump also 
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has this property of entraining air. Clearly, the evacuation 

of air from the air pockets will proceed uncontrolled unless 

there is an entry of air under the siphon lip. With perfect 

air regulation, the amount of air evacuated within the 

siphon lS equalled by the air flow under the lip. This air 

enters In large gulps at this stage as shown on Fig.4.l(c), 

Fig.4.2(b). 

As the alr is evacuated , the flow lncreases and the alr 

pockets begin to fill with larger tongues of fluid. The 

turbulent tongue at the upper pocket begins to disappear as 

the nappe impinges at a more acute angle , causing less water 

to deflect upwards. The air flow under the lip increases, 

and the gulps emerge into the upper pocket with considerable 

violence, causing a very turbulent nappe surface (Fig.4.l(d)) 

The process continues until the siphon appears almost full, 

although a good proportion of the volume is taken up by 

stationary fluid (Fig.4.l(e), Fig.4.2(c)). 

The flow in this phase behaves in a similar way to that 

In the weir flow phase, except that the apparent head 

causing the sub-atmospheric weir flow is much larger than 

the actual reservoir head. This is a function of the 

negative air pocket pressure and the water energy at inlet. 

It is perhaps worth noting here that the water velocity 

at the entrance lip causes a draw down which increases as 

priming progresses, allowing increasing volumes of air to 

enter. 
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(c) ' Partialised' flow 

As the priming process continues partialised flow occurs 

producing a flowing mixture of air and water. At this 

stage it was noticed that water entering the siphon does not 

now follow the shape of the inner wall , but instead f low 

separation was observed at the crest possibly due to a 

pressure gradient reversal . In this phase the four alr 

pockets were reduced to three, each smaller in size as shown 

in Fig . 4.I(f), 4.2(d). The alr flow under the lip is now 

greatly increased and begins to mix throughout the water 

flow . This results in a two phase f l ow of water and air, 

the air pockets still existing , but not to the former ex tent. 

When the air pockets fi ll up the flow increases steadily 

towards maximum , and the air flow under the lip decreases as 

the siphon lS now almost full of water . The last existing 

alr pocket occurs at the ski jump and in turn gradually 

fills (Fig . 4 . I(g), 4 . 2(e)) . 

In this region crest velocities and pressures great ly 

increase, as does the velocity at the entrance lip, caus ing 

a large drawdown . At this time there is a tendency for 

vortices to form at the inlet , allowing an extra quantity of 

air to enter . Generally , this phase exhib it s the most 

stable characteristics . 

(D) Black water flow 

This phase is reached when all of the alr has been 

expelled and the siphon runs full . 
1 

The discharge is now proportional to H2 , where H is the 

siphon working head. The flow is essentially that of a 

closed conduit, and is characterised by a free vortex flow 

at the crest section . The coefficient of discharge is 



governed by geometrical and roughness considerations, and 

much work has gone into its study . 

When the siphon reaches this stage (Fig.4.l(h), 4 . 2(f» 

any fu rther increase in reservoir inflow will manifest 

itself In a rise in reservoir head and not an increase In 

siphon discharge. Thus , it lS dangerous for a siphon to 

exceed this value especially when used on a high dam . 

4 . 3 . The General Priming Characteristic and Air Demand 
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We have described qualitatively how the siphon performs 

without any indication of how this process may be interpreted 

in graphical form . We shall concentrate on two general 

methods of description : 

(a) The priming characteristic . 

(b) The air - demand curve . 

(a) The priming characteristic lS essentially a plot of the 

upstream reserVOlr head and the siphon ' s water discharge as 

shown on Fig . 4 . 3 . The upstream water level (U.W.L.) has 

the siphon crest level as its fixed datum. 

It is clear from this typical high head siphon priming 

characteristic that the siphon , relative to an overflow 

weir , will give a much higher discharge at a given head over 

the crest. The subdivisions as outlined in section 4.2. 

are marked on the graph in sequence from zero flow to black 

water flow , showing how each subdivision blends into a 

continuum , that is the priming process. 

It is convenient for the purposes of design to know the 

reservoir head at which the siphon will pass a given 



discharge, and even more il.portant, the factors which govern 

this relationship between head and discharge. 

Fig.4.3 shows the priming and depriming characteristics 

on an air-regulated siphon. The process of tlhunting " in 

the section B(i) of the graph is demonstrated by a serles 

of vertical lines giving the extremes of reservoir head 

possible at a given discharge. A well air - regulated siphon 

will have coincident priming and depriming characteristics . 

The difference in head between lip level and the head 

at black water flow lS known as the decrement . 

(b) The air demand curve shows how the alr flow under the 

entrance lip varles during the process of priming as on 

7'..J • 

Fig . 4 . 4 . This graph lS basically a plot of air flow against 

the upstream reservoir head (h). It is clear that the ai r 

flow during weir flow is zero , only commencing at the onset 

of priming in the region B(i). The air flow i s low in th i s 

region, rendering it most susceptible to hunting and 

instability . In the regions B(ii) and (iii) of higher 

sub-atmospheric weir flows the air flow increases, giving a 

more stable performance . At the commencement of partial i sed 

flow the alr demand reaches a maximum . At this point the 

ratio of alr to water is not necessarily a maximum . As 

the flow increases, the air demand reduces as the siphon 

barrel fills up and the reservoir head builds up at the inlet. 

When maximum flow is reached the air flow again returns to 

zero . 

The importance of the air flow should be emphasised 

here as it governs the entire siphon priming action, altho u gh 

not the value of the maximum flow. Proper l y controlled air 

flow under the inlet lip will produce a smooth , stable , 

priming process . 



4.4. The Influence of Inlet Geometry of Siphon Behaviour 

(1) The inlet lip length 

The major parameter of inlet geometry governing siphon 

behaviour is that of inlet lip length (ducksbill length). 

In the early stages of siphon design it is convenient to 

know the optimum lip length for any required siphon 

performance. It must be pointed out, at the outset, that 

all siphons tested used the horizontal ducksbill inlet as 

described in Chapter 3, as it proved to be one of the most 

convenient and efficient ways of allowing air to enter the 

siphon. 

The range of lip lengths tested on each of the three 

high head scale models varies between 1.25 m and 4.05 rn, 

(prototype measurements) giving a realistic range of siphon 

behaviour. For lip lengths larger than 4 m (approximate), 

the priming characteristic becomes too flat, approaching the 

performance of a 'black water' siphon, and for lip lengths 

less than 1 m (approximately), the priming characteristic 

becomes very steep, approximating to weir flow . 

In our study we shall see how the variation ln lip 

length effects 

(a) The priming characteristic. 

(b) The alr demand. 

(c) The hunting effect. 

(d) The inlet drawdown velocities. 

(e) The negative air pocket pressures. 

(a) The effect of lip length on the priming characteristic 

On testing out the various lip lengths on all three 

scale models it is found that the shorter lip lengths give 

a higher reservoir head, and hence a steeper priming 

76. 
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characteristic. When plotted In a semi non-dimensional 

form as In Fig.4.5 it is sufficient to plot only the results 

for one scale model (1:7 scale) because of the great 

similarity in results. (The similarity of the priming 

curve for each model at a given lip length is shown on 

Fig.4.6. 

It is clear from Fig.4.5 that longer lip lengths give 

a flatter, unstable characteristic, and shorter lip lengths 

give a steeply sloping characteristic, tending to be more 

stable. At this stage the reason for this is not fully 

apparent and will be investigated later. Reason would 

suggest that the drawdown velocity increases nearer the crest 

(as the lip length decreases), giving a larger drawdown and 

hence a higher upstream water level. Other reasons might 

include the influence of the pressure distribution at the 

inlet lip, and the amount of air flowing through the siphon. 

The priming curves on Fig.4.5 can be plotted in the non

dimensional form (~) against (QQW ), where d is the siphon 
d Wmax 

throat depth. From this graph the slope of the priming 

curves (e), for each lip length (L), can be calculated and 

plotted as shown on Fig.4.7, each curve representing a certain 

model scale. From this graph the slope of the priming curve 

seems almost inversely proportional to the lip length. A 

small extrapolation shows that for 

L f h .. (i) d greater than 5.5, the slope 0 t e prlmlng curve 

approaches zero, giving effectively a 'black water' 

or non-air controlled siphon; and 

(ii) ~ greater than approximately 4.0, the alr control is 
d 

poor and should be avoided unless a very flat priming 

characteristic is required. 
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The optimum lip length would require to be ~ = 3 . 75 or 

L ~ 3 . 25 m from crest for this siphon configuration . The 

scale effect here is negligible, the larger models giving a 

slightly steeper slope of priming characteristic for a give n 

lip length . 

(b) The effect of lip length on the air demand 

The air demand for each scale model at a fixed lip 

length of 2 . 25 m is shown on Fig . 4.8. It shows a stable 

priming characteristic so that the air flow can be measured 

at all stages during priming . This gives a general picture 

of the variation of air demand with model scale . 

When the air demand is then measured for a l l lip lengths 

for 2 . 25 m to 3 . 65 m the result i s shown on Fig . 4 . 9 , a plot 

of the dimensionless (QW against (QA) , the air demand , 
QW max 

for the 1/7th scale model. The region under the line AA 

corresponds to the sub - atmospheric weir flow zone and t he 

region above AA corresponds to the ' part i alised flow ' pha s e . 

It is obvious that there lS little change In a i r demand with 

increasing lip length in the ' partialised ' zone . This 

however is not true of the sub - atmospheric weir flow phase . 

The air demand in this region is greatly decreased with 

increasing lip length , no doubt adding to the siphon 

instability and increasing the likelihood of ' hunt i ng '. 

Al s o apparent from the graph is the sudden decrease in air 

demand on moving from the partialised flow to sub-atmosphe ri c 

flow with the long e r 3 . 65 m lip length . 

The effect is similar with the l/lOth scale mode l, sho wn 

compared with the 1/7th scale model on Fig . 4 . l0 . It is 

perhaps worth noting here that the air flow for the l/lOth 

scale model does not give the same air flow as the 1/7th 



when both are scaled up 
5 

to the prototype using the Froudian 

criterion of n 2, where n lS the siphon scale factor. This 

again emphasises the non-modelling of air flows in such 

models. 

We are now faced with the problem of trying to explain 

the sudden decreases in air demand with increasing lip 

length, and the choice of lip length based on a criterion of 

the minimum alr demand In the sub-atmospheric weir flow 

phase so that hunting will not occur. Each of these 

problems will be dealt with later in the light of additional 

information. 

(c) The effect of lip length on hunting 

The effect of lip length on hunting lS quite pronounced 

as can be seen in Fig.4 . ll(a) and (b) . For the 2 . 25 m lip 

length the hunting effect is minimal as indicated by the 

small vertical distance between the solid and dashed line. 

There are two areas of ' hunting' - the larger occurring at 
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the onset of priming, the smaller occurring at the changeover 

from sub-atmospheric weir flow to partialised flow . The 

2.75 m lip length gives a larger area of hunting , and for the 

3.25 m lip length on Fig .4. ll(b) the hunting becomes 

appreciable . The scale effect is also noticeable from the 

graph, the larger models giving a smaller hunting effect . 

To complete the picture the ' hunting' curve for the long 

3 . 65 m lip length is shown in the context of its entire 

priming characteristic on Fig.4 . l2, clearly indicating its 

large influence on the siphon performance and causing the 

early stages of priming to be very unstable . It should be 

pointed out that all tests relating to the phenomenon of 

hunting were carried out at a lip elevation of 0 .2 m (pr o totype) 
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above crest level. We will find later that lip elevation 

has an appreciable effect on 'hunting', but it requires to 

be constant in order to study the effect of lip length. 

It is clear that the 'hunting) effect increases with 

increasing lip length and decreasing model scale. 

How does this hunting effect occur, and why is it a 

function of the inlet lip length? When the reservoir level 

rlses upstream of the siphon weir flow commences the priming 

cycle until the water level reaches the lip level. At that 

point the nappe within the siphon barrel should have the 

thickness and velocity to entrain and evacuate air. If this 

is not the case then little air will be removed from the upper 

air pocket and the siphon will not be able to pass the 

required amount of water. As a result, the reservoir level 

builds up at the siphon entrance, allowing no air to enter. 

Eventually, however, the nappe begins to entrain and evacuate 

air, the process being cumulative until the siphon outflow is 

now greater than the reservoir inflow, resulting In a fall 

of the reserVOlr level back to the original position. This 

is the complete 'hunting' cycle and will generally carry on 

like this for an indefinite period. This process lS 

undesirable as it produces adverse side effects such as 

sudden surges of water flowing downstream. 

From the explanation above it is evident that the three 

main contributing factors are nappe thickness, inlet velocity, 

and the volume of air entering under the lip. (The reserVOlr 

surface area and rate of rise of water level may be also 

important). In the first instance the nappe thickness is 

governed primarily by the lip elevation. The inlet velocity 

lS governed primarily by the distance of inlet from the crest 

or the lip length. The third instance of the volume of air 
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entering under the lip lS governed not only by the inlet 

velocity but by the degree of build up of reservoir water 

level at the siphon entrance . 

Overall , the solution of the problem of 'hunting' may 

be partly solved by using shorter lip lengths, which give 

larger inlet velocities. In order to eliminate the 

phenomenon entirely a very short lip l ength may be required 

which in turn has the disadvantage of giving a very steep 

priming characteristic. More fundamentally, it is necessary to 

look at the influence of the inlet lip elevation as will be 

done In section 4.5. 

(d) The effect of lip length on the inlet drawdown velocities 

The drawdown water velocity at inlet is measured in a 

vertical traverse at the upstream end of the inlet lip during 

all stages of priming and for each inlet lip length from 

2.25 m to 4.05 m. The results are shown on Fig . 4 . l3, a plot 

of (QQW against the drawdown velocity (V) . (The model 
Wmax 1 

draw down velocities are multiplied by n 2 , where n is the 

model scale factor . Only one curve is shown for each model, 

because of the great similarity with scale) . 

It is evident that the longer lip lengths have a small 

velocity at inlet throughout the priming process, and the 

shorter lip lengths have much larger velocities . This is 

due primarily to the distance from the inlet to the crest and 

the geometry configuration upstream. Farther from the 

crest the area of inlet increases, giving a corresponding 

decrease in inlet velocity as shown in the results . 

From this graph we begin to understand the reason for 

steep priming characteristics when using short lip lengths . 

The high inlet velocity will produce a large drawdown at the 



inlet, hence producing a higher upstream reservoir level for 

shorter lip lengths. Velocity at inlet however may not be 

the only criterion as the change in pressure distribution 

a t the inlet may also affect the total energy, and hence 

the upstream water level. The actual draw down curve for 

each inlet lip length is shown on Fig.4.l4 for the l/lOth 

scale model. The longer lip lengths have almost zero 

drawdown, rendering the entry of air under the lip much more 

difficult, hence le ading to instabilities in behaviour . 

The change in inlet velocity with lip length is inevitably a 

function of the actual physical geometry around the entrance 

region. Because this high head siphon will be used in a 

reservolr which may be deep, then the inlet velocities are 

bound to be much lower as one moves out from the crest 

section due to the increase in inlet area. This is borne 

out by a plot of the inlet velocity profiles for various lip 

lengths on Fig . 4.l5 . For all practical purposes the mean 

inlet velocity is a function of the distance x.y .. 
l l 

As xy 

increases in length the mean velocity decreases, giving a 

lower draw down velocity and flatter priming characteristic . 

If this siphon entrance was placed in a shallow river, for 
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instance, the inlet velocity profile would be very different , 

giving much steeper priming curves. Hence we see the 

necessity of modelling the upstream conditions properly . 

(e) The influence of lip length on the negative pressures 
within the siphon 

A series of pressure tappings for both water and air 

pressures were placed at points around the siphon barrel, 

providing a constant monitoring system . As priming 

commences a negative air pressure within the siphon barre l 

creates a suction effect, giving the water a certain energy 
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at inlet. This results in negative water pressures at the 

crest section as shown on Fig.4.16. This lS a plot of the 

negative air pocket pressure in the upper air pocket during 

the sub-atmospheric weir flow phase, and the crest and 

crown negative water pressures during the entire priming 

process. The negative pressure in air pocket (1) is lower 

than the negative water pressures, although it comes into 

force first. 

We must, however, concentrate on the effect of lip 

length on the air pocket pressure. This is important, 

because the air flow under the inlet lip must be drawn in, 

partly under the influence of the negative air pocket 

pressure and partly because of the moving water at the inlet. 

One would presume that a larger negative alr pocket pressure 

would cause more alr to enter because of the larger pressure 

differential between the air pocket and atmosphere . Fig . 4 .1 7 

shows the variation of air pocket pressure with lip length . 

The graph indicates that there is an increase in air pocket 

pressure as the lip length increases , although it was only 

possible to measure the pressures with the shorter lip 

lengths as 'hunting' made the procedure difficult for the 

longer lips. It has already been established that longer 

lip lengths give a reduced air flow under the inlet lip 

(Fig.4.10), and combining this with the fact that longer 

lip lengths give a larger negative air pocket pressure, we 

must conclude that the two factors are interrelated and that 

a low alr flow into the siphon will undoubtedly produce a 

large alr pocket pressure within the siphon. 



4 . 5 . The Influence of Lip Ilevation on Sipllon PerformJnce 

In this section the effect of varying the lip elevation 

is studied, and in particular the influence on the priming 

characteristics, air demand curves, ' hunting ', and inlet 

velocities . It must be pointed out that only a limited 

range of lip elevations can be tested because of the geomet ry 

of the siphon inlet hood . A very high inlet lip elevat ion 

also has the property of altering the siphon hood geometry 

fundamentally . Thus the range of lip elevations tested are 

from 2 cms to 25 cms above crest level. This is the 

prototype measurement and corresponds to a range from 2 mm 

to 25 mm above crest level for the l/lOth scale model . 

(a) The effect on the priming characteristics 

Tests were done with the 1/7th scale model at a constant 

lip length of 2 . 25 m for various lip elevations between 0 .02 m 

and 0 . 25 m (prototype measurement) . The results are shown 

on Fig . 4 . l8. The main point of interest here is the slight ly 

decreasing slope of priming curve as the lip elevation 

lncreases . From the graph, the decrement for 0 . 02 m lip 

level is 0 . 48 rn , the decrement for the 0 . 2 m lip level lS 

0 . 43 rn , and for the 0 . 25 m lip level is 0 . 42 m. This change 

in slope is not significant to the siphon designer as the 

changes in slope are so small . The reason for this 

phenomenon will be investigated in more depth later, but a 

tentative hypothesis would be that the inlet velocity lS 

slightly reduced at the higher lip elevations owing to the 

increase in inlet area . This decrease in inlet velocity is 

bound to manifest itself in a lower upstream water level and 

hence a flatter priming characteristic . 



(b) The effect on the air demand 

The air demand was measured during the priming process 

on the 1/7th scale model at the short lip length (2.25 m) 

for the two lip elevations, 0 . 04 m and 0.25 m. These 

indicate the extremes of air demand and intermediate lip 

levels give air demands between these shown on Fig.4 .l 9 . 

The effect is once again not very pronounced. The lower 

lip elevation gives a much lower air flow than the higher 

lip elevation in the early stages of priming. When the 

'partialised' flow phase comes the air demands are almost 

identical. This reduction in alr demand for the lower lip 

elevation may not be significant in the shorter lip lengths 

but as the lip length increases this may give rise to 

significant 'hunting' effects . The reason for the 

reduction in air demand at the present is unclear , but it 

may be a function of the thinner nappe formed (at the onset 

of priming) by the lower lip level. 

(c) The effect on hunting 
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Because ' hunting ' lS more pronounced In the longer lips, 

it was decided to investigate the hunting effect for the long 

lip length 3 . 65 m at lip elevations 0 . 04 m and 0 . 25 m. The 

result is shown on Fig .4. 20 and indicates immediately a 

large reduction In hunting with a higher lip elevation . Not 

shown on the graph lS the fact that the reduction in hunting 

occurs mainly between lip elevations 0 . 2 and 0 . 25 m. The 

reason for this is primarily tied In with the thickness of 

nappe entering the siphon . When the nappe reaches a certa in 

thickness it begins to entrain and evacuate air efficient ly 

even at the onset of priming . This ensures that hunting is 

kept to a minimum . Coupled with this is the fact that the 

hi g h e r lip elevation will cause larger inlet velocities at 



the end of weir flow and the commencement of sub-atmospheric 

weir flow. These higher inlet velocities ensure that more 

air enters at this point , rendering the behaviour much more 

stable . 

It lS sufficient to mention briefly here the effect of 

lip elevation on the inlet velocities during pr i ming . 

Velocities were measured for lip elevations 0 . 04 m and 0 . 2 m 

for the 2 . 75 m l ip length during the entire priming process . 

The result is shown on Fig . 4 . 21 , and proves not very 

significant . The lower l ip level shows lower velocit i es 

during sub-atmospheric weir f l ow and higher ve l ocit i es 
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during ' partialised ' flow relative to the 0 . 2 m lip elevat i on . 

4 . 6 . The Effect of Reducing the Siphon Working Head 

The high head siphon as outlined I n 4 . 1 uses two p ri min g 

devices for assurance of early priming . As the lower nappe 

deflector is not essent i al to the pr i mi ng process , it was 

decided to remove it , leaving only the upper ski jump and 

hence reducing the siphon working head by more than 30% . 

The new shape is similar to that of the Eyebrook s i phon (see 

2 . 2) and is shown on Fig . 4 . 22 . Perhaps the main difference 

in the two siphons is not the reduction in head but the 

reduction in the number of air pockets from four to two . 

This means that the volume of air within the siphon is 

greatly reduced as is the amount of free falling nappe 

entraining air . The mode of operation , however , remains 

basically the same and thus a new descr i ption lS not necessa r y . 

The same lip lengths as before (2 . 25 m to 3 . 65 m) were tes t ed 

and the effect on the pr i ming characteristics is shown on 

Fig . 4 . 23 . The first effect , although not obvious from t he 



graph because of the dimensionless ( Qw 
QW max 

maximum discharge or black water flow Q Wmax 

lS that the 

lS reduced from 

9.5 m3 /s (prototype) to 7.6 m3 /s (prototype), a reduction 

of 20 %. 

The second main effect lS the large reductions in the 

slope of the priming curve for the same lip length compared 
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to the results for the full siphon on Fig.4.5. Calculations 

show that the reduction in slope was in every case in the 

region of 20-25%. As before , the slopes for each lip length 

were calculated by plotting the non - dimensional priming 

QW h .. h . c aracterlstlc d agalnst 
QW max 

against the lip length (J against 

These were then plotted 

e) as before and compared 

with the results for the former shape of siphon with both 

priming devices operating. The result is on Fig.4.24. 

(Only one graph is drawn for all three scale models to avo i d 

confusion) . From this graph it is apparent that for a given 

lip length the slope lS reduced in the region of 25% for the 

reduced head siphon . Worth noticing also lS the reduct ion 

In inlet drawdown velocity for a given lip length. This 

reduction is in the region of 20%. 

The reduction in inlet velocity is more clearly 

illustrated in Fig . 4 . 25 for the three lip lengths 2 . 25 m , 

3 . 25 m and 4 . 05 m. The effect is common to all lip lengths 

and involves a reduction of inlet velocity In the reg i on of 

20% . In some senses this reduction is invariably a result 

of the decrease in siphon discharge, the decrease in alr 

entrainment and evacuation as well as other factors . 

Before we can formulate a reasonable assessment of the 

change in behaviour with reduction of working head , we must 

look at the effect on the air demand and hunting . The air 

flow was again measured during the priming process with three 
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different lip lengths on each scale model. The results 

for the l/lOth scale model are shown on Fig.4.26 . From 

this graph there are at least three points of major interest; 

(i) The air demand under the reduced head has been reduced 

by 60% even though the working head is only reduced 

by over 30%. 

(ii) The change over from sub - atmospheric weir flow occurs 

later in the reduced head siphon than with the origina l 

siphon. The reduced head siphon shows a phase change 

Qw 
at Q ~ 0 . 52, while the original siphon shows the 

Wmax 
phase change at 

Qw 
Q ~ 0.4. 

Wmax 

(iii) Under a reduced head siphon, the alr demand in the 

sub-atmospheric welr flow phase is not as much affected 

by increasing lip length as under the normal head. As 

a result, the hunting effect lS reduced under the 

reduced head even though the inlet velocities are 

lower as is the air demand. 

The results from the reduced head siphon have produced 

some very interesting food for thought . The reduction of 

the air demand by 60% can be attributed to the loss of the 

lower priming device, which may reduce the volume of 

entrained air by up to 50% . Low siphon velocities may 

account for the other 10% reduction in air demand. The 

later phase change may be also attributed to lower velocit i es 

because the velocity and negative pressure must reach a 

certain value before separation will occur at the crest . 

The reduction in hunting will be discussed later using the 

evidence of more results . 

Summing up, the reduction In working head has the 
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advantages of reducing the priming slope of the characteristics, 

the alr demand, the hunting effect, and the inlet and nappe 

velocities. Balanced against that it has the disadvantages 

of reducing the maximum flow and delaying the change of 

phase from sub-atmospheric weir flow to partialised flow, 

although the latter may not be considered a disadvantage. 

If it is possible to increase the width of the siphon barrel 

then the reduction in discharge will be overcome, leaving the 

siphon with the reduced head and better siphon performance . 

We must now return to the original siphon design In 

order to look at the various scale effects involved in 

modelling high head siphons . 

4 . 7 . Scale Effects In Modelling High Head Siphons 

The primary purpose in constructing three scale models 

was to look at the scale effects involved in modelling suc h a 

device as a siphon spillway . In general, in hydraulic 

modelling it is desirable to simulate as many as possible of 

the major forces acting jn the system . In the case of a ir 

entrainment, which plays a major role in air -regulated 

siphons, the major forces would be gravitational , inertial, 

surface tension and viscosity . The models constructed , 

being Froudian models , simulate gravitational and inertial 

forces accurately but not~ however, surface tension and 

viscosity . This gives rise to one such scale effect in 

siphons which relates to the volume of air entrained within 

the siphon and hence to the air flow u nder the li p . 

Another such scale effect is that of modelling alr 

bubble sizes which are dependent on the external ambient 
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pressure. The bubble rlse velocity may be approximately 

constant in all scale models, but the water velocity which 

varies with model scale will raise the problem of unscaled 

re 1 at i've vel 0 c i tie s . This phenomenon affects the rate of 

alr evacuation and hence the net air demand. 

There are numerous other scale effects under consideration, 

such as surface tension effects at the inlet lip, 'hunting' 

scale effects, the effects of non-scaling of the nappe 

surface turbulence, the non-scaling of pressures and many 

others. 

This section seeks to deal with these from the point 

of Vlew of qualitative siphon performance, and lat er in 

section 6.1 in quantitative alr entrainment jet tests. 

(a) Air entrainment scale effects 

A siphon primes because the turbulent nappe falling 

through the siphon barrel has the capacity to entrain and 

evacuate air. Because the volume of air entrained by the 

nappe is governed by such factors as velocity, nappe thickness 

and surface turbulence, then it is not possible to simulate 

all these factors simultaneously in order to entrain the 

correct volume of alr. _ It is generally held that smaller 

scale models underestimate the volume of entrained air and 

only at prototype velocities can this be done properly. We 

can obtain a measure of the air entrainment inaccuracies by 
Q 

f ( ~) ' measuring the ratio 0 alr to water at varlOUS stages QW 
of priming for each scale model. In theory, the Froudian 

scale models give accurate values for water flow, thus it 

follows that if the air-water ratio remains constant for all 

models then the air flow is also accurately modelled. In 

practice this has been shown untrue, proving that the air 

flow is not simulated accurately. A plot of the air -water 
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ratio during priming for each scale model, using the 2.25 m 

lip length, is shown on Fig.4.27. (In order to measure the 

volume of entrained air we use the simple expedient of 

measuring the air flow entering the siphon when it is 

running at a stable constant discharge). 

The results shown on Fig.4.27 are of intense interest 

and much space will be devoted in later chapters to the 

understanding of the complex relationships between the air-

water ratio and the model scale. Methods of extrapolation 

to the prototype air-water ratio will also be discussed as 

the results could be relevant to designers, not only of 

siphons but also dropshafts and other air entraining structures. 

The first major point of interest from the graph is 

that the air-water ratio increases with model scale, and that 

the graphs are approximately similar in shape. The former 

is an interesting point of research and has led the author to 

commence a testing programme in which the volume of alr 

entrained by a rectangular nappe is measured and related to 

nappe parameters such as thickness, velocity, width , depth 

of free fall and Froude Number (see Chapter 6). From these 

tests it is hoped to show in quantitative terms why larger 

siphon models do entrain relatively larger amounts of air 

than smaller models. 

Another point of interest is the position of the point 

of maximum air-water ratio. In all cases, this occurs not 

QW 
at the point of maximum air demand (Q ~ 0 . 4), but shortly 

Wmax Qw 
after the onset of priming at the point (Q ~ 0.2) . From 

Wmax 
that point to black water flow the air-water ratio gradually 

falls to zero, giving an overall triangular shape to the 

graph. 

The first problem with this graph is how to use the 



92 . 

results In a meaningful way to relate air - water ratio to 

model scale and to extrapolate to the air - water ratio for 

the prototype siphon. No such methods exist at the present , 

owing to a general lack of understanding of the basic 

mechanisms involved in air entrainment . The jet tests in 

Chapter 6 seek to overcome this gap In knowledge and thus 

give more insight into the scaling - up process . 

Possible methods of extrapolation are discussed brief l y 

here and then in greater detail in Chapter 7 with the benef i t 

of the information gleaned from the jet tests . 

Three such methods are suggested below :-

(1) From the graphs on Fig . 4 . 27 , it may be poss i ble to f i nd 

a relationship between model scale and the absiccae values o f 
QA -- for constant values 
QW 
horizontal line 

QW max 

of Qw 
QW max 

= constant , 

That is, in moving on a 

it is possible to obtain a 

value of air-water ratio for each model . If the rat i os of 

the values for each model are constant during priming it may 

be possible to form a relationship . 

( 2 ) It has been suggested that air entrainmen t similar it y 

will be achieved when the ratio of Weber/Reynolds Number i s 

constant for all siphon models . (This, incidentally , impl i es 

the use of prototype velocities in scale models) . If the 

value of Weber/Reynolds Number is calculated for each sca l e 

model and the prototype then the air-water ratio for each 

model is drawn on , and a line joining up the three points i s 

extended to meet the prototype . This is illustrated clear ly 

on Fig . 4 . 28 . The values of the ratio Weber to Reynolds 

Number for the 1/20th , l/lOth , 1/7th and prototype are 

- 2 - 2 3 . 3 x 10 , 4.7 x 10 , 5 . 6 x 10 - 2 and 1 . 5 x 10 - 1 , respective l y . 

These are shown by vertical lines . One example i s shown o f 



the air-vJaLer r<ltio QW 
for the value = 0 .7 from fip:.1i.27 . 

QW max 
The three values of air-water ratio are marked on the graph, 

a line joining them up is extended to the prototype to give 

QW 
an air-water ratio of 0.25 for the prototype at = 0 .7. 

QW max 
This value is approximately three times that of the l/20th 

model and twice that of the l/lOth model . The validity of 

the method will be discussed in the ana lysis of the results 

in Chapter 7. 

(3) A third possible method is that of calculating the 

area under each air - water ratio curve using a planimeter on 

Fig.4.27 . Assuming that this area is a measure of the air 

entrained in each scale model siphon then it may be possible 

to find an extrapolation . For instance, if the areas under 

the l/lOth and l/20th model air-water ratio curves were 77% 

and 60% of the l/7th area, then we can say for example that 

a l/20th model will only give 60% of the air-water ratio of 

the l/7th model . This relationship has been carried on and 

illustrated on Fig . 4.29 . (AR7 and ARp are the areas under 

o J . 

the model and prototype air - water ratio curves) . The results 

are discussed in depth in a later chapter . 

It must be emphasised here that neither of the above 

three methods are proven analytical techniques but simply 

tentative empirical proposals in the light of the basic l ack 

of knowledge on the air entrainment principle . 

The variation of air - water ratio with model scale 1S 

shown for the longer lip length (3.25 m) on Fig.4 . 30 . The 

effect is similar to that of the shorter lip length showing 

an increasing air-water ratio with model scale . 

At this point it is also necessary to mention an 

experiment done in photographing the bubble diameters in each 
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scale model with high speed film. The result showed that 

the bubble diameters in each model were approximately the 

same and in the region of 5 mm diameter. From literature 

as outlined in Chapter 2 , this corresponds to a bubble rise 

velocity of 0.3 m/s which lS approximately the same In each 

scale model, and also presumably In the prototype. This 

finding is significant especially in tiny models . Consider 

a small model where the downwards water velocity is In the 

region of 0.3 m/s. If the bubbles are also rising at a 

velocity of 0.3 m/s, then there will be no net movement of 

bubbles, air will not be evacuated and the s i phon will not 

prime. This phenomenon did not occur in the models tested 

because of much higher water velocities. However , it does 

mean that the bubble relative velocity and direction wi ll be 

different in each model thus giving rise to an air evacuat i on 

scale effect . 

(b) Priming scale effects 

We have concentrated so far on the modelling of a i r 

flows In a siphon but we must discuss briefly the modelling 

of water flows . In theory the water discharges should be 

modelled accurately as we are test i ng Froudian mode l s . In 

practice this is reasonably true as each model gives a 

prototype discharge of 9 . 4 m3 /s when scaled up , using the 

52 factor n However , when we compare the priming character -

istics of each scale model with identical geometry there is 

sli g ht deviation . This is shown clearly for the 2 . 25 m l i p 

length on Fig . 4 . 6 . The largest model commences to prime at 

a lower head than the l/lOth or 1/20th model . The shape of 

the l/lOth and 1/20th models are almost identical , but the 

1/20th model seems to give a higher head especially in the 

e arly stage s of priming . As well, it is noticed that 
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overall the larger models glve a marginally steeper priming 

characteristic, especially in the partialised phase possibly 

due to slightly increased inlet velocities. 

The reason for the higher head for the small 1/20th 

model at the commencement of priming may well be due to a 

surface tension effect at the inlet lip. Close observat i on 

of this model priming shows that when the reservoir water 

level approaches the lip level during weir flow, that surface 

tension causes the surface to rise and cling to the lip in 

this region. Added to that is the fact that in the smalle r 

model the air tends not to enter in a continuous stream but 

in the intermittent making and breaking of the water seal 

under the lip. These effects obviously diminish with 

increasing model scale. The slight increase in priming 

slope with model scale is also indicated In Fig . 4.7 . where 

the three graphs do not coincide as one . It must be pointed 

out that there was no measurable scale effect in terms of 

inlet velocity. The inlet velocities when measured during 
1 

priming and scaled up using the factor n 2 showed remarkable 

correlation. 

Another scale effect which manifested itself during 

the test programme was that of 'hunting' . As already shown 

on Fig . 4.ll(b) the smaller models tend to give a greater 

degree of hunting . As can be seen from this graph, the 

effect of hunting gradually decreases with increasing model 

scale giving the result that on moving from the 1/20th to 

the 1/7th model the hunting is reduced by approximately 30% . 

This leaves us guessing as to the hunting effect in the 

prototype siphon. 

It is, however, evident that in the larger models, a 

thicker nappe is formed at the onset of priming, causing 
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more air to be entrained relatively. Once again we turn 

to a solution from the jet tests to enable us understand 

more fully even the effect of scale on hunting as it is 

interdependent on air flow under the lip and nappe 

characteristics. 

The scale effect on water pressures also proved to be 

negligible. A measurement of the pressures at the crest 

section in all three models showsa difference of less than 

15% when scaled up to prototype , as shown on Fig.4.31. 

The air pocket pressures as shown on Fig.4.32 show a 

certain scale effect when scaled up to the proto t ype values. 

These of course only apply to the sub-atmospheric weir flow 

phase which occurs at flows less than 4 0% of maximum. From 

the graph it is clear that the negative air pressures for 

the l/lOth and 1/7th model are almost identical but those of 

the 1/20th model are a considerable amount less . 

Model scale effects invariably lead to the formation 

of a relationship between model and prototype . Unfortunately 

few prototype water discharge readings have been taken and 

from literature no air discharge readings are available . 

As a result there is no means of correlating prototype and 

-
model results, as the prototype under test lS presently 

undergoing construction and no results may be available for 

some time. Clearly , prototype results are a necessity if 

meaningful relationships are to be formed so that when model 

testing a designer may allow for model scale effects to give 

more accurate predictions of prototype behaviour . 



Lt. 8. The Operation of the Siphon when the Reservoir Level 
is Below Lip Level 

CJ 'f • 

One of the apparent anomalies of siphon behaviour which 

concerns the sub-atmospheric weir flow phase is the operation 

of the siphon (partially primed) with the reservoir level 

(U.W.L.) below the lip level. This phenomenon is especially 

true in the depriming cycle when a longer lip length is used 

and also at the initial stages of priming. 

It was decided to place a pressure tapping under the 

lip and investigate the phenomenon at least in a qualitative 

sense. The conclusions arrived at are shown on Fig . 4 . 33 

with the water surface exaggerated for clarity. 

Consider the conditions in Fig . 4 . 33(a) of high welr 

flow . Water enters under the lip at a given velocity, yet 

not touching the underside of the lip . Air in contact with 

the water surface is dragged along due to the viscous force 

acting . This creates a slight negative pressure which lS 

picked up by the pressure tapping under the lip. A 

combination of this negative pressure and surface tension 

effect causes the water surface under the lip to rise , touch 

the lip and form a seal as in Fig.4 . 33(b) . The formation of 

this seal immediately induces priming and a sub-atmospheric 

weir flow. This in turn, due to air evacuation from the 

pockets, causes an air flow under the lip as in the normal 

functioning of an air-regulated siphon . The entry of alr 

under the lip has the effect of momentarily cancelling the 

negative pressure under the lip , the water surface falls 

slightly and the air flow ceases , as in Fig . 4.33(c) . The 

cessation of the air flow once again induces the negative 

pressure and the entire process commences again. 

As a result of this , the air flow is not ~(iiIIIII-;!!!I!!i_5:a:i:::)~, 
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uniform ln this section of the priming process, but the 

siphon behaviour is relatively stable . 

Clearly this analysis needs some backing from 

quantitative results. The observations above were 

qualitative, apart from the measurement of negative pressure 

under the inlet lip . 

4 . 9 . Interrelationships ln Siphon Behaviour 

When a siphon primes , there are certain factors which 

are dependent and related to each other and govern the 

entire priming action . When the falling nappe plunges down 

the siphon barrel it entrains alr from the air pockets . 

This causes the air pockets to have a negative pressure wh ich 

in turn gives the water at inlet a certain energy . This 

energy determines the upstream water level , the alr f low 

under the lip , the negative air pocket pressure and 

inevitably the thickness and velocity of the falling nappe 

which completes the full circle. Added to this are the 

complications of the eff~cts of the inlet and outlet geometry 

which also alter the velocities at in l et , conse que ntly the 

air flow under the lip , the priming characteristics , the 

effect of hunting and many others . 

The way these parameters are intertwined is the subjec t 

of this section . 

(a) Interrelationship between energy at inlet and siphon 
performance 

On Fig.4 . 13 we have seen the inlet velocit i es at the 

inlet during priming for each lip length . We can now go one 

step further by calculating the drawdown due to this velocity 



2 
( ~) 1 , SU Jtrilct the drilwdown from the 2g reservoir level and 

the result should be a curve somewhere around lip level . 

This curve is the reservoir head of water at inlet and in a 

sense represents the ease or difficulty that the air 

experiences in entering the siphon . (We have discussed 

previously how the inlet velocity is also an important 

factor on the amount of air entering) . The curve for the 

2 . 25 m lip length is shown on Fig . 4.34 , showing the 

calculated inlet leve l of water at the lip . It is now 

interesting to compare th i s with the lip level . The inlet 

velocity predicts that the inlet water level is well below 

QW 
lip level when < 0 . 6 , 

QW max Qw 

and well above lip level for 

> 0.6 . 
QW max 

This impl i es that i t is easier for air to en t er 

in the early stages of priming than In the partialised phase . 

Using this criterion of drawdown at i nlet we calculate the 

difference in level between lip level and the inlet water 

surface as shown on Fig . 4 . 35 . From this graph we see tha t 

the shape is very similar to that of a typical air demand 

curve in that the maximum point occurs at the phase change 

to partialised flow , and gradually decreases after that po int. 

We must conclude from this that the air flow under the lip 

lS at least partly influenced by the shape of the drawdown 

curve and its position at inlet , relative to the lip elevati o n. 

This correlation, of course , does not en ti rely agree with a 

school of thought which says that the inlet water surface 

remains at the lip level during the entire priming process 

and the upstream reservoir level is then determined by the 

total energy along the inlet profile . Observation strengt h e n s 

the argument of the former , and theory impl i es the latter . 

Let us consider the total energy at the s i phon inle t 

as shown on Fig.4 . 36. Consider section (1) where uniform 
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flow e xists and the reservoir head lS given by h I' The 

total energy here is : -

( 1 ) 

Consider section (2) at the siphon entrance. The depth of 

flow is now confined to h 2 . The total energy here is:-

( 2 ) 

where a lS the velocity coefficient , S lS the pressu r e head 

coefficient , both introduced to adjust from the mean to the 

true values of V2 and d2 ' 

If we assume no energy losses from section (1) to (2 ), 

then we can put El = E2 to give a theoretical value of the 

reservoir head hI, based on the total energy at inlet . 

dJv 1 
V3 dA a = AV 2

3 
0 

( 3 ) 

1 dJd and S = 2 ddA 
d2 

0 

( 4 ) 

where A is the area of siphon inlet . 

From this idealised approach the upstream reservo i r 

head is calculated from the total energy at the inlet, 

assuming that the water surface drawdown occurs at the lip 

elevation at all stages during priming . 

It was decided to plot a series of velocity profiles 

during the priming process from which the value of a and S 

can be calculated by splitting the profile up into segments . 

Thus the theoretical prediction of the reservoir head ( hI) ' 



is milde for each profile and compared to the experimental 

priming curve on Fig.4.37 for the 2.25 m lip length. The 

predicted values do not tie in accurately with experimental 

values, but do however give a reasonable indication of the 

priming characteristic. 

This concept of the total energy at inlet governing 

the upstream water level and hence the inlet velocity and 

alr flow is perhaps the most useful idea put forward so far . 

aV 2 
We can express the energy at inlet in the form ~ + Sd . 

This implies that the water at inlet takes on this energy 

and the reservoir level adjusts itself to fit this . Hence 

the upstream reservoir level (or priming characteristic is 

dependent not only on inlet velocity and depth of channel, 

101. 

but also the distribution of inlet velocity given in the term 

( a ) . Bearing this in mind we can proceed to a meaningful 

interpretation of the results in Chapter 7. 

For instance, if the depth of inlet channel was reduced 

when using a longer lip length in the siphon , the depth dl 

would decrease giving an increase in the inlet velocity , 

causing a larger drawdown at inlet and hence a higher upstream 

reservoir level . This phenomenon is studied in the next 

section . The increased velocity may also give an increase 

in air flow under the lip , resulting in a more stable 

performance. In the case of a reserVOlr siphon the depth 

of approach is generally very deep thus giving a low inlet 

velocity , shallow priming characteristic and small air 

demand . We will see how In the case of the low head siphons 

this hypothesis is verified. 

We must conclude by saying that the energy at inlet i s 

an important factor in siphon design - the channel depth , 

inlet velocity and distribution of velocity being the most 
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important components of the energy. For the longer lip 

lengths the inlet velocity is decreased (giving a lower 

reservoir upstream level) because of the larger area of 

inflow . Coupled with this we find that the velocity profile 

for the longer lip lengths is more uniform, giving a lower 

value of a and hence a smaller inlet energy . 

(b) The interrelationship between depth of approach channel 
and siphon performance 

When a high head siphon lS used in a reservoir project 

then the depth of approach lS generally determined by the base 

of the reservoir and therefore a study of a variable depth of 

approach is of academic interest. It is supposed that a 

shallow channel depth will increase the inlet velocity , the 

upstream water level, and the air flow under the lip. 

Two depths were tested with the 1/7th scale siphon , 

namely 1.5 m deep and 0 . 75 m deep . The variation on the 

priming characteristics is shown on Fig.4.38. The s l ope of 

the priming curve for the 0 . 75 m depth is almost doub le that 

of the 1.5 m curve . A measurement of inlet velocities show 

that these also increased by a factor of 1 . 5 to 1.7. The 

higher inlet velocities ~lso gave a higher air demand in 

the early stages of priming. 

Clearly, a shallow inlet channel will increase the 

slope of priming curve , the inlet velocity and air demand . 

One maJor drawback is that the slope of priming curve becomes 

too steep for a realistic engineering design . 

(c) The influence of air flow in siphon performance 

In this chapter so far we have seen how the air flow 

under the inlet lip varies during priming, how the a ir flow 

is influenced by changes in lip length , lip elevation , inlet 
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velocity, reduction In priming head, and model scale. In 

the discussion we have not concentrated on the more general 

aspects of air flow. 

When a siphon is in the process of priming, air lS 

entrained and evacuated from the alr pockets in such a 

manner that the siphon would fully prime if air was not 

allowed to enter . The means of air entry is under the 

inlet lip and is influenced, as we have seen, by inlet 

geometry and velocity . If the air entry under the lip is 

stifled and reduced, then the stability lS upset and 'hunting' 

may occur . If too much air is allowed to enter, then the 

priming process will be hindered. It is clear that for good 

stability the volume of air entering should equal the volume 

being evacuated from the siphon barrel; thus the rate of air 

entry should primarily equal the rate of air removal. From 

the results we have also shown that the air flow can vary 

within limits and still give a stable performance, hence a 

prediction of the air flow under the lip. This is the 

optimum value of air flow under the lip. If, for a given 

set of conditions , the air flow lS too little or too great 

then the lip length, lip elevation, or depth on inlet 

geometry may be altered to give the proper air demand. This 

is the reason for studying the variation of air demand with 

these different parameters . 

Let us consider first how the air flow is influenced 

by a variation of inlet velocity. This parameter lS much 

more fundamental than a variation of inlet geometry. We 

will study first the sub-atmospheric welr flow phase in the 

1/7th scale high head siphon when priming has just commenced 

and Qw = 0.1 (Fig.4.39). The curve on the left hand side 
QW max 

denotes the variation of air demand as the inlet velocity is 
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incr ease d. It lS clear immediately that the alr dem a nd 

increases greatly as the inlet velocity increases. A doubling 

of inlet velocity from 0.5 to 1.0 m/s gives an increase in 

air demand from 0 . 25 to 0.6 ft J /s
3 

showing that a roughly 

linear relationship exists between inlet velocity and air 

flow. 

QW 
When we plot the relationship at = 0.2 and 0 . 3 , 

QW max 
however, we find that for a given inlet velocity the air flow 

does not remaln constant, showing emphatically that the air 

flow l S d ep e ndent on other factors than just the inlet 

velocity. What other factors govern the air flow under the 

lip? Velocity clearly plays an important part, but what of 

the influences of the negative pocket pressure which creates 

the pressure differential from the atmosphere . The increase 

in air pocket pressure during priming may cause the increase 

In air flow during priming for a given inlet velocity . If 

we turn to Fig . 4 . 17 we find that for a given lip length the 

. Qw 
negative pocket pressure lncreases as Q lncreases. For 

WmaxQw 
the 2.25 m lip length , for ~nstance, when Q 

Wmax 
= 0 . 1 , 0.2 

and 0 . 3 , the negative air pocket pressure lS 5 . 0, 7.0 and 

8 . 5 cm s of water respectively . On Fig . 4 .4 0 we can now see 

at first hand the relationship of air flow and negative 

pocket pressure . The air flow for a given inlet velocity 

QW 
is shown for varying values of , and then compared with 

QW max Q 
. f W the n eg ative pocket pressure for varylng values 0 Q 

Wmax 
The curves have a similar shape and increase during priming, 

proving beyond reasonable doubt that the air pocket pressure 

has certainly a profound influence on the air flow under the 

lip , s e cond of course to the inlet velocity. 

From Fig . 4 . 40 we can form a tentative relationship 

between the air flow, QA' and the negative pocket pressure , H. 
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We calculate that for practical purposes Q ~ 1 /2gH, where 
A 40 

QA lS In ft Is and H is in feet, negative head of water. 

This applies to a constant inlet velocity. Thus we may 

conclude that the air flow is controlled primarily by the 

inlet velocity and secondly by the air pocket pressure. We 

have discussed in Cc) how the position of the drawdown curve 

as it meets the lip may also have effect. When the drawdown 

curve meets at an elevation higher than lip level, then air 

may be partially hindered from entering causing a marked 

reduction in air demand. 

Perhaps a word should be said here on the alr demand 

during the partialised phase. From Fig.4.9 we see that In 

this region the alr demand lS almost constant regardless of 

the variation in inlet velocity or other factors. We must, 

however, consider the properties of a two phase flow. In a 

two phase flow the siphon volume which is not occupied by 

water flow is then occupied by air flow. This is the reason 

for a decreasing air flow with an increasing water flow. 

This can be expressed as QA + QW = constant in the partialised 

phase . This implies that the air flow is not now a function 

of the inlet velocity or lip geometry but the amount of space 

-
remaining in the siphon not occupied by the water flow . The 

sudden increase In air demand at the start of the partialised 

phase confirms this hypothesis . 

All the factors involved can be shown on one graph as 

In Fig . 4 . 4l . This includes the priming characteristic, the 

draw down head at inlet, the air demand and the negative 

pressures within the siphon . 
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4JD. A Computer Analysis of the "Black Water" Flow Situation 
(For further details see Appendix 1) 

(a) Introduction 

This section deals with the prediction of the velocity 

and pressure distribution at maximum flow in a siphon spillway 

using a computer-based potential flow solution. The theme 

of the work is not directly connected with the earlier 

sections of the chapter, but nevertheless, provides a very 

useful tool for the initial stages of a siphon design to 

predict the maximum discharge, the pressure distribution and 

water velocities within the siphon. When the siphon is 

running full and the flow around the crest is two-dimensional, 

irrotational and non-viscous , then it can be represented 

mathematically by the classica l Laplace's equation V2~ = 0 or 

V2~ = 0 , where ~ and ~ represent the stream lines and equi -

potentials respectively (see Appendix 1). 

In order to solve this problem with the given boundary 

conditions on a digital computer, it is necessary first to 

express Laplace's equation in a finite difference form 

(R = ~l + ~2 + ~3 + ~4 - 4~O), and then translate this in 

terms of the siphon geometrical configuration . The area of 

the siphon under consideration is sub-divided into smaller 

areas by means of a square mesh, as on Fig.4.42 , and each 

resulting node point is given an initial value of~ . The 

process of iteration operates on each node point in turn over 

the entire area, distributing the residue R among the 

neighbouring nodal points . When every point is covered, 

including boundary points, the process commences over again 

and continues until there is an insignificant change in the 

value of ~. The final value of ~ for each point now determines 

the shape and curvature of the stream lines also plotted on 



the computer as In Fig.4.43. The pressure distribution can 

now be calculated from the values of velocity at each node 

point (Appendix 1). 

(b) Programme and Results 

The computer programme to perform this operation (given 

lU~. 

In Appendix 1) is composed basically of the following parts:-

(i) Defining the domain of the mesh and the siphon boundaries. 

The latter are expressed In terms of co-ordinates to facilitate 

the calculation of the boundary node points. 

(ii) Each node point within the siphon boundaries lS given an 

initial value of ~. 

(iii) The relaxation process commences on each node point. 

At first the number of iterations for convergence proved to 

be in the region of seventy , but on the application of an 

accelerating factor this was reduced to forty, almost halving 

the computer time . 

(iv) When a solution lS reached, the stream lines are plotted 

by joining up points of constant ~ value. The velocity lS 

thus a measure of the distance between stream lines, and the 

pressure distribution is calculated from Bernoulli's equation. 

With slight modifications this programme will predict pressure 

and velocity distributions for most siphon geometrica l 

configurations . 

From Fig.4.43 the velocity distribution at the crest 

approximates to a free vortex, with a reasonably uniform 

velocity profile in the outlet limb. The comparison between 

a free vortex flow (Vr = K) and the computer solution is given 

on Fig.4.44 showing close agreement. 

In values is around 10%. 

The maXlmum difference 



In order to confirm th e computed pressure measurements 

around the siphon boundaries using the potential flow 

solution it was decided to equip the l/lOth scale high head 

siphon with pressure tappings to determine the actual 

pressures within the siphon. Fig.4.45 shows the remarkable 
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comparison between the measured and computed pressure values, 

again proving the accuracy of the mathematical model . At 

the crest the highest negative pressure recorded is 7.7 m of 

water which is inside the limit to avoid cavitation. The 

pressure distribution around the boundaries provides adequate 

information so that the amount of reinforcement and wall 

thickness may be calculated. 

Cc) Summary 

The operation of the programme proved satisfactory as 

evidenced by the close agreement of theoretical, computed 

and experimental results. The programme proved slightly 

inefficient as evidenced by the number of iterations to 

achieve convergence . This was particularly true of the area 

upstream of the siphon . 

Perhaps this programme may be extended one step further 

to predict the upstream water level at the point of black 

water flow. This would involve the calculation of velocity 

and distribution at the inlet lip so that the total energy 

and velocity and pressure coefficients may be calculated at 

that point, and equated with the total energy at a point 

upstream where velocity is uniform. This would provide the 

designer with a skeleton priming characteristic . 

From the point of view of air regulated siphon designs , 

it is not feasible to use the potential theory to predict 

flows when the siphon is running partly full . This is 

mainly because of the difficulty of representing 'separation' 

math e ma ti ca lly . 



4.11. Conclu s ion s 

The results found from the high head siphon will be 

discussed, analysed, compared with other siphons , and set 

in context 1n a later chapter. In the meanwhile the 

finding s must be summarised in general terms to give an 

overall picture of high head siphon behaviour . 

109 . 

(1) The water energy at inlet is perhaps the most importan t 

parameter governing siphon behaviour . This energy 1S 

created because the nappe falling through the siphon entrai n s 

and evacuates air, causing a negative pocket pressure to 

draw the water into the siphon . In the final analysis the 

entire behaviour 1S governed by the nappe abil i ty to en t rai n 

The inlet water energy can be considered i n three 

components, namely the inlet velocity , the depth of approach 

channel and the velocity distribution at inlet . The inlet 

velocity determines the slope of the priming characteristic , 

the air flow under the lip and other assorted factors such 

as negative pocket pressures and the ' hunting ' effect . 

(2) The inlet geometry , including lip length , lip elevat ion 

and depth of approach channel , merely serve to give each 

component of energy at inlet its value . For instance , a 

long lip length increases the area of in l et , decreases t he 

inlet velocity, hence the slope of priming characteristic i s 

less as is the air flow under the lip . A sim il ar effect is 

achieved by increasing the depth of approach . The ent ir e 

siphon performance can be changed by vary i ng the inlet geome try. 

(3) The air flow under the lip replaces the a1r be i ng 

evacuated with i n the siphon and 1S essential to a stab l e 

behaviour . The optimum volume of a1r passing under the l ip 



must be equal to the volume being evacuated from the siphon 

to avoid 'hunting' or depriming. 

The factors which govern the air flow under the lip 

are the inlet velocity, the negative air pocket pressure, 

and the position where the drawdown curve touches the inlet 

lip relative to lip level. The inlet velocity is perhaps 

110. 

the most important, as air ln contact with the drawdown curve 

is entrained under the lip. The negative pocket pressure 

increases as priming progresses, also increasing the air flow 

accordingly. The air flow in the partialised phase is 

dependent on the water discharge passing through the siphon. 

The effect of altering inlet geometry alters the air 

flow because of the change in energy at the inlet. When the 

air flow is reduced below a certain value then excessive 

hunting occurs. 

(4) The volume of air entrained within a siphon depends on 

model scale. This is demonstrated by an increase in alr-

water ratio with increasing model scale. The reason for this 

is the non-modelling of viscous and surface tension forces in 

Froudian modelling as well as the non-scaling of pressures 

and bubble rise velocity. A relationship between model 

scale and air-water ratio is found by an extrapolation 

technique. 

(5) A reduction in siphon working head reduces the inlet 

velocity, the slope of priming curve and the alr flow under 

the lip. The latter effect is primarily due to the removal 

of the lower two air pockets. 

We have discussed some general conclusions ln the 

behaviour of this particular high head siphon. The specific 



conclu s ions are discussed within this chapter and also In 

more d e tail in a later section . Most of the findings wil l 

be applicable to all high head s i phons of the air - entrain i ng 

nappe variety , especially the general co n cepts of water 

energy at inlet and air entrainment . Specific points such 

1 11 . 

as variations in lip length , for instance , may be of great 

benefit to future designers , as should be the i nformatio n o n 

the relationship between model and prototype air - water ra tio. 
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5.1. Introduction 

Low head siphons are appearing increasing as flood 

control and water level control devices in hydraulic designs. 

Until the present, rule of thumb methods have been used in 

their design with little depth of understanding of their 

behaviour. This chapter seeks to present the reader with 

an investigation into the behaviour of a low head siphon, 

chosen because of its typical design and wide applications 

in river and lake projects. Three scale models have been 
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made of the prototype to the scales 1/7th, l/lOth and 1/20th, 

as in the high head siphons. The reason for this is to 

obtain not only an understanding of the scale effects, but 

also a direct comparison with the behaviour of the high head 

siphon models. 

The mode of operation lS described In qualitative terms 

dividing the priming into four basic phases. The shape of 

the general priming characteristic and air demand curve is 

described, as are the effects of variation of inlet geometry 

and tailwater level. The scale effects in low head siphons 

are analysed, particularly with reference to air entrainment 

with possible extrapolation to the prototype behaviour. 

The major differences between low head and high head 

siphon behaviour are pointed out but a detailed discussion 

of this is included in the final analysis of results. 

5 . 2 . Mode of Operation 

The low head siphon mode of operation can best be 

divided into six stages as in the sketches Fig.5.1 and the 

photographs Fig.5.2, being similar to that of Head's siphon 

(Fig.2.7). 



Stage 1: 

Stage 2: 

Stage 3: 

Stage 4: 

Stage 5: 

Stage 6: 

Weir flow - sealing basin fills. 

Sub-atmospheric weir flow - deflected 
nappe. 

Sub-atmospheric weir flow - depressed 
nappe. 

Depressed nappe - air pocket nearly 
disappears. 

Partialised flow - air pocket disappears. 

Black water flow - siphon runs full. 
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Stage 1 (Fig.5.1(a), 5.2(a)) occurs when the reserVOlr 

level flows over the crest, the nappe so formed flows down 

the outlet limb and is deflected to the outer wall of the 

siphon. The scaling basin at the outlet forms a seal and 

no air can enter the siphon from the exit. The nappe now 

plunges into this pool, beginning to entrain and evacuate 

air, although this is small because of the small jet velocities 

and nappe thickness. The discharge during this phase is 

proportional to h
3h , where h is the head over crest. The 

maximum discharge in this phase is primarily governed by the 

lip elevation above crest level and should be selected so 

that the nappe plunging into the pool is entraining and 

evacuating air efficiently before priming commences. 

Stage 2 (Fig.5.l(b), 5.2(b)): When the reservoir 

level reaches lip level then the air is sealed both at entry 

and exit. The nappe plunging into the pool begins to 

evacuate air from the two pockets formed in the siphon. The 

lower smaller air pocket fills quickly and the upper pocket 

gradually. At this point the nappe plunging into the pool 

has a relatively low velocity, but is entraining air using 

both surfaces of the nappe. As a result more air is 

entrained at this stage than at any other time in the sub -

atmospheric weir flow phase. 
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The evacuation of air and the creation of negative 

pressures In the pockets now cause a drawdown and air entry 

at the inlet lip. This of course maintains a stability of 

behaviour. The amount of air entering should equal the 

amount being entrained and evacuated for a stable performance. 

Often in this stage the air flow is less than required due 

to low inlet drawdown velocities leading to instability and 

hunting. 

Stage 3 (Fig.5.I(c), 5.2(c»: The lower smaller alr 

pocket soon fills up, leaving only one air pocket and a one-

stage pressure reduction. The nappe is now depressed from 

its deflected position and as a result entrains air only on 

the outer surface . This immediately reduces the air flow 

under the lip and the process of priming is slowed up. The 

air pocket in this stage is large and air evacuation is slow . 

There is a danger , also, that the increased water velocity at 

the lower bend may "wash out" and cause the siphon to deprime. 

This is also a consideration in Stage 4. 

Stage 4 (Fig.5 . I(d) , 5 . 2(d»: When the discharge 

QW max 
reaches 0.6, the air pocket has nearly vanished due 

to the gradual entrainment process. The depressed nappe 

entrains less and less air and hence less air is entering 

und e r the lip. The velocities at the crest are increasing 

and pressure measurements show that the pressure gradient is 

zero at the crest section . The air pocket gradually 

diminishes in size and the air begins to be distributed 

through the flow. This is the changeover point between sub-

atmospheric weir flow and 'partialised' flow . The air flow 

und e r the lip ha s reached its minimum point and is general ly 

only about 65 % of the air flow in Stage 2 . 
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Stage 5 (Fig.5.1(e), 5.2(e)): When the flow approaches 

the 
QW 

value Q = 0.65, the air pocket suddenly disappears, 
Wmax 

the siphon is filled with a flowing mixture of air and water, 

the draw down at inlet suddenly increases, the air demand 

under the lip may increase by a factor of two or three to 

give the maximum volume of air entering. The air at the 

crest section no longer clings to the crown but moves towards 

the crest under the influence of the negative pressure 

gradient existing at that point at the onset of partialisation. 

As partialisation proceeds the a1r flow begins to decrease 

again under the influence of a gradually increasing water 

flow. The flow now is similar to that of a pipe when a 

mixture of air and water is flowing with an increasing 

tendency towards a free vortex flow at the crest. 

Stage 6 (Fig.5.1(f)~ 5.2(f)): When the siphon runs 

full and all the air is removed then the point of maximum 

discharge (black water flow) 1S reached. The discharge is 
1 

proportional to H2, where H is the working head on the 

siphon. 

The flow at the crest now approximates to a free vortex 

flow and the drawdown at-inlet is proportional to the energy 

at inlet. A low head siphon is designed not to exceed this 

discharge. 

5 . 3 . The Priming Characteristic and Air Demand Curve 

The priming characteristic is similar in shape to that 

of the high head siphon, although it is generally steeper 

and exhibits less 'hunting' effects. A typical curve 1S 

shown on Fig.5.3 illustrating the sequence of stages . This 



graphical picture illustrates the relationship of reserV01r 

head to siphon discharge during the entire priming process. 

The slope of this curve can be altered by varying the inlet 

geometry, but is nevertheless mainly dependent on the inlet 

velocity. The effect of hunting is generally minimal in 

the low head siphons because of their more positive outlet 

water seal, and better air entrainment efficiency at the 

commencement of priming. 

The shape of a general a1r demand curve is shown on 
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Fig.5.4 and is similar to that of Charlton (Fig.2.5). Unlike 

the case of the high head siphon, this air demand curve has 

two maximum points and one minimum. The portion AB 

corresponding to we1r flow has zero a1r flow under the lip 

because the reservoir level has not yet reached lip level. 

BC corresponds to the deflected nappe phase , in which air is 

entrained by a nappe which is increasingly gaining in 

thickness, velocity and roughness, hence giving an incr eased 

air demand. In the portion CD , the air flow is decreasing 

because only one surface of the nappe is entraining air as 

well as the fact that the nappe has an increasingly shorter 

distance to plunge into the pool . (The latter is an important 

factor in air entrainment and is discussed in depth in the next 

chapter, along with important parameters such as nappe velocity, 

thickness and turbulence). Portion DE incorporates the change 

from sub-atmospheric weir flow and partialised and is 

characterised by a sudden increase in air demand up to almos t 

This increase in air flow 1S d u e to the 

replacement of the air pocket by a flowing air-water mixture, 

and is also dependent on the changes of pressure and velocity. 

Portion EF represents the area with a two-phase mixture of 

air and water and demonstrates how the air flow gradua lly 



decreases because of the increasing water flow. When black 

water flow is reached the air flow becomes zero. 

It is clear that thl's 'd d ' alr em an curve lS very 

different in both magnitude and shape from that of a high 

head siphon (Fig,4.8 ). 

5 , 4 . The Effect of Variation of Lip Length on Low Head 
Siphon Behaviour 

The low head siphon was tested with four different lip 

lengths, namely 2.75, 3.25, 3.63, and 4.13 m from the crest 

(Fig.3.1 ). The purpose was to investigate how this 

alteration in inlet geometry would affect the priming 

characteristics, the air flow under the lip, the air pocket 

pressures, and the inlet velocities. It is also important 

to know from design considerations what is the optimum lip 

length, air flow and average inlet velocity. The results, 

it is hoped, will be useful for most low head siphon designs, 

providing more design rules in addition to those discussed in 

Chapter 2. 

(a) The effect of lip length on the priming characteristics 
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This effect is illustrated on Fig.5.5, where the shorter 

lip lengths have a higher reservoir head at a given discharge 

and hence a steeper priming curve. None of the siphons 

exhibits appreciable hunting effects, but each has a small 

amount at the onset of priming. The priming curves shown 

on the graph are completely reversible, unlike the high head 

siphons which exhibit instability, hunting and hysteresis. 

It is thus important to pinpoint why this low head siphon 

design gives a more stable performance. 
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The curves shown are In fact for the l/lOth scale 

siphon and are not shown for the 1/7th and 1/20th models to 

avoid duplication of results. Perhaps the maximum variation 

in the three models occurred with t he 3 . 25 m lip length as 

shown on Fig.5.5 . The two larger models give an almost 

identical priming curve but the smal l er 1 /20th model has 

generally a higher reservoir head at a given discharge. The 

smaller model however tends to have a shallower pr i ming 

characteristic and also begins to prime at a higher head . 

The graphs on Fig . 5 . 5 may be plotted in the non-

h Qw 
dimensional form d against Q , where d is the s i phon throat 

Wmax 
depth. From these , a value of the s l ope of each priming 

curve may be found and re l ated to t he lip length , as in Fig . 

5 . 7 . The lip length L is represented in the non - d i mensional 

form L and varies between approximately 2 . 0 to 5 . 0 for the 
d 

normal range of siphon behaviour . The correspond i ng slopes 

of priming curve vary from zero to 0.55 . When the slope 

becomes very steep the behaviour tends towards that of we l r 

flow and when the slope approaches zero the behaviour 

approximates to that of a ' black water ' siphon . 

From the graph Fig . 5.7 we see that the slope of prim in g 

curve varies almost inversely with the lip length and that 

the relationship is similar to that of the high head siphons 

shown as a dashed line . The reason why the two relationsh i ps 

do not coincide is invariably because of the difference In 

inlet velocity and total energy at the entrance to each 

siphon . It is clear however that the low head siphons ( l i ke 

the high head siphons) approach a zero sloped priming curve 

when ~ is approximately 5 . 0 to 5 . 0, giving a tentat i ve desig n 

rule . It was found also that hunting begins to have more 

L 
effect when the value of d approaches 4.5 . ( This lip l eng th 
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was tested In order to obtain a more accurate picture of the 

hunting effects). It lS evident that this value of ~ 
d 

should not be exceeded In siphon design, especially if the 

inlet drawdown velocity is of such magnitude that the ratio 

of inlet drawdown velocity to crest velocity is less than 

0 .1. When this criterion lS reached the siphon will 'hunt' 

regardless of lip length. The design rule of drawdown 

velocity to mean crest velocity greater than 0.1 to avoid 

hunting was determined by measurements of inlet velocity. 

In practice it may be more helpful to express this ratio in 

terms of the mean inlet velocity to the mean crest velocity. 

Measurements also show that the mean inlet velocity is 

approximately 70% of the drawdown velocity, giving the 

criterion that hunting may be avoided if the ratio of the 

mean inlet velocity to crest velocity lS greater than 0.07. 

This implies that the depth of channel at inlet should not be 

greater than 14 times (1/0.07) the crest depth. 

The effect of lip length on the priming characteristic 

is thus quite significant even for a low head siphon where 

the depth of approach channel is shallow and more uniform 

than that of a reservoir. The aim of this research is to 

indicate the optimum lip length, taking into account the 

important variables involved. From this section the optimum 

lip length for a required slope of priming characteristic 

may be found . If a flat sloping characteristic is required 

L 
then the optimum value of cl under the given depth of inlet 

channel should be 3.5 to 4.0. If the depth of inlet channel 

is decreased so that the velocity at inlet will alter then 

L 
the acceptable value of cl may increase. It is however more 

practical to vary the lip length than the depth of approach 

channel. 
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(b) The effect of lip length on the alr demand 

Air flow under the lip lS essential to replace the air 

being evacuated from within the siphon. If a restricted 

air flow occurs then the siphon will not behave in a 

desirable manner, causing instability, hunting and hysteresis 

loss. It is essential, thus, to investigate the effect of 

varying the lip length on air demand. 

The air flow is measured as outlined in Chapter 3. 

The resulting air demand for a glven lip length for each of 

the three models is shown on Fig.5.8. Worth noting, perhaps, 

is the insignificant air flow for the 1/20th model due to 

important scale effects. 

The air flow for each lip length lS shown on Fig.5.9 

for the 1/7th scale model. The variation is not as marked 

as in the high head siphons and thus needs careful 

interpretation. 

The relationship between lip length and air flow seems 

complex, so we shall divide the region into two parts, namely 

the sub-atmospheric weir flow in the lower section of the 

graph and partialised flow in the upper section of the 

graph . The change over ~oint occurs when the percentage 

head increase from 

approximately 50%, 

lip level to the 

QW 
or Q = 0 .65. 

Wmax 

black water flow head 

From the graph, it 

is 

appears that each lip length gives approximately the same air 

flow during the deflected nappe phase, with the shorter lip 

lengths giving a smaller air flow in the depressed nappe 

phase. The shorter lip lengths seem to give a greater air 

flow at the onset of partialised flow, only to equal out at 

the advanced stages of priming. 

Before commenting on the findings it is advantageous 

to enlarge the two sections of the graph for closer 
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inspection. Consider first the variation In alr flow with 

lip length in the sub-atmospheric weir flow phase~ as shown 

on Fig.5.10. The air flow curves are for the 1/7th model 

but can be taken as representative of all three scale models. 

I . b· . QW t lS ecomlng clear from Flg.5.10~ when = 0 .6, the 
QW max 

air flow increases with increasing lip length~ which is the 

opposite behaviour to that expected from the high head siphon. 

QW 
For values of Q less than 0.4~ however, the three shorter 

Wmax 
lip lengths give almost equal values of air flow, but the two 

longer lip lengths (4.13 m and 4.5 m) give a greatly reduced 

air flow , leading to an increased 'hunting' effect. Although 

no uniform pattern has emerged from this graph it lS apparent 

that when longer lips are being used the air flow is greatly 

reduced In this phase and the shorter lips give almost equal 

alr flows. 

The effects of lip length on alr flow In the partialised 

phase are shown on Fig.5.11. At the onset of partialisation 

the shortest lip lengths produce the largest air demand, with 

a decreasing air demand as the lip length increases to 4.5 m. 

The pattern is uniform and consistent with a gradual equalling 

of air flows as the flow approaches black water flow. The 

increased air demand with the shorter lips can only be 

attributed to the higher inlet velocity which inevitably will 

entrain more air under the lip. 

It is int e resting to look at the variation of air flow 

for each lip length at various stages of the sub-atmospheric 

weir flow phase . h
. .. QW 

t lS varlatlon at Q 
Wmax 

Fig . 5.12 shows = 

0.2 and 0.3. For the longer lip lengths the air flow is 

reduced with a maximum occurring in the region 3.6 to 3.7 m 

lip length . In general, the purpose of studying air flows 

in a siphon is to minimise the air demand , yet maintaining a 
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stable performance. However, when the priming 1S just 

. QW 
commenc1ng, as at = 0.2, then it is often desirable 

QW max 
to obtain the maximum air flow so that hunting will be 

avoided. It is evident from the graph that this occurs at 

lip length 3.6 m. Thus we have an optimum lip length for 

the sub-atmospheric weir flow phase. 

(c) The variation of inlet velocities with lip length 

The variation of inlet drawdown velocity is shown for 

each lip length during priming on Fig.5.13. The shortest 

lip (2.75 m) produces the highest drawdown velocities at all 

stages rising to almost 2.5 m/s (prototype) at black water 

flow. An interesting phenomenon occurs with the 3.25 m and 

3.63 m lip lengths,in that each has an almost identical inlet 

velocity in the sub-atmospheric weir flow phase, with the 

3.25 m lip having a higher velocity in the partialised phase. 

This is reflected in the priming characteristics of the two 

lip lengths, as shown on Fig.5.5. 

The two longer lip lengths (4.13 m and 4.5 m) both 

exhibit low inlet velocities especially in the early stages 

of priming with greatly increasing velocities in the 

partialised phase. The low velocities may suggest the 

reason for the greatly reduced air flow at this stage. 

We have discussed the draw down velocity for each lip 

length, but have not yet dealt with the inlet velocity 

profiles during priming. The 2.75 m lip length is chosen 

and the inlet velocity is measured at points ranging from 

the lip level to the channel base at various stages during 

priming. The result is shown on Fig.5.14 

0.4, 0.65 and 1.0. 
QW 

The profile for Q 
Wmax 

Qw 
for = 0.2, 

QW max 
= 0.2, represents 

the point of maximum a1r demand in the deflected nappe phase. 



It 1S essential to have a Idrge a1r flow under the lip at 

this point because the nappe 1S entraining and evacuating 
QW 

more air than at Q = 0.4 for instance. (Hunting occurs 
Wmax 

when the a1r flow under the lip is much less than that 

required by the siphon.) The velocity at this point is in 

fact only one third of that at the point 
QW max 

= 0.65, which 

1S the point of phase change. 

Although this graph is applicable only to the shortest 

lip length, the other lip lengths exhibit a similar pattern 

only at a reduced magnitude of velocity. 

The hunting effect for each lip length 1S shown on Fig. 

5.15. The effect 1S much less than the high head siphons 

and does not seriously affect siphon performance. The 
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hunting effect is almost negligible in the shorter lip lengths, 

but begins to become noticeable with the longer lip lengths. 

The influence of inlet velocity on hunting will be discussed 

in a later section. 

(d) The effect of lip length on negative pressures 

The variation of air pocket pressure with lip length 1n 

the sub-atmospheric weir flow phase is demonstrated on Fig. 

5.16. The graph shows that the 2.75 m, 3.25 m and 3.63 m 

QW 
lips have identical air pocket pressures at values of Q 

Wmax 
less than 0.4. Above this figure, the shorter the lip 

len g th the g reater is the air pocket pressure. This ties in 

well with variation of air flow for each lip length on Fig. 

5.10. 

The 4.13 m lip length gives a much greater a1r pocket 

pressure than the three shorter lips. Reasons for this may 

involve a much lower air demand which would tend to produce 

a higher negative pocket pressure, provided the same amount 

of air is being evacuated from the siphon. 
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The water pressures at the crest section also provide 

an insight into the conditions existing within the siphon 

during priming. Fig.5.17 shows the actual water pressures, 

measured by perspex pressure tappings when the siphon flow 

Qw 
is Q = 0.4, 0.6, 0.7 and 1 . 0. 

Wmax 
There is a gradual increase 

QW 
ln negative pressure until the value of Q 

Wmax 
reaches 0.6. 

At this point the crown and crest pressures are equal, giving 

a neutral pressure gradient just at the point of changing 

phase to partialised flow. This fact has some significance 

in siphon behaviour because the air entering the siphon crown 

at flows higher than this now tends to be deflected downwards 

towards the crest because of the increasing pressure gradient. 

The negative pressures increase greatly between 

and 0.7 at the onset of the partialised phase. 

Qw = 0.6 
QW max 

At black water 

flow the pressure distribution approximates to that of a free 

vortex flow . 

Fig.5.l8 follows the increase ln crest and crown water 

pressures as the priming process progresses. This graph 

illustrates how the crest pressure becomes suddenly more 

QW 
negative after Q = 0.6, and also shown the point of neutral 

Wmax 
pressure gradient when crest and crown pressures are equal. 

The water pressures are largely unaffected by an increase 

in lip length. The air pressures as we have seen are 

significantly affected , probably due to the variation in air 

flow under the lip. 
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5.5. The Effect of Lip Elevation on Siphon Behaviour 

The inlet lip elevation was varied from 0.08 m to 0.2 m 

above crest level (prototype) and the effect of this was 

studied for the priming characteristics, the air demand under 

the lip, the hunting effect and inlet velocities. 

A constant lip length of 3.63 m was chosen and its 

priming characteristics plotted for the 0.08, 0.15 and 0.2 

lip elevations . The result is shown on Fig.S.19 for the 

l/lOth scale model. (The 1/20th and 1/7th scale models give 

similar results). In each case the siphon commenced to prime 

below lip level as described in section 4.8~ and the reservoir 

QW 
head did not reach lip level until Q 

Wmax 
immediate effect of the variation in lip 

reached 0.38. An 

level is the increase 

in priming slope as the lip level approaches crest level. 

The relative magnitudes of the priming slopes are 32~ 24 and 

2 7 for the 0 . 08 , O.lS and 0.2 m lip elevations respectively, 

showing clearly the increase in priming slope for the small 

lip elevation . 

The effect of lip elevation on alr demand is shown on 

Fig.S.20, once again for the l/lOth scale model. The O.lS m 

and 0 . 2 m lip elevations give almost identical air demand 

curves in both magnitude and shape. The 0.08 m lip elevation 

gives a reduced air demand, especially in the sub-atmospheric 

weir flow phase where the reduction in air flow is in the 

region of 35% . This reduction in alr flow at the early 

stages of priming is invariably governed by the lower rate of 

air entrainment within the siphon and the reduced inlet 

velocities. 

The effect of lip elevation on hunting and inlet velocities 

lS shown on Fig.S.21. The hunting effect (Fig.S.21(a» shows 

that the two hi g her lip elevations have approximately the same 
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amount of hunting, whereas the low lip elevation has a greatly 

increased amount of hunting, although this may only amount to 

12 mm In the l/lOth model or 12 cm in the prototype. 

The variation of inlet velocity is shown on Fig.5.21(b) 

QW 
for the 0.08 m and 0.2 m lip elevations at = 0.2 and 

QW max 
1.0. In the early stages of priming the lower lip elevation 

has a lower inlet velocity under the lip and at black water 

flow the lower lip elevation has a higher velocity of drawdown . 

This suggests an explanation for the hunting effect at the 

early stages of priming and the steeper priming characteristic 

at the latter stages of priming. 

When the siphon begins to prime with a lower lip elevation 

the thickness of nappe formed at the end of the weir flow phase 

is small, thus entraining and evacuating a small amount of air . 

Thus the siphon will have a smaller air flow at the onset of 

priming than with the higher lip elevations. At this point, 

because of the smaller water discharge entering the siphon , 

the inlet velocity is reduced , this in turn causing a reduced 

alr flow under the lip and increasing the likelihood of 

'hunting' as shown In the results . As the priming process 

progresses these effects are reduced until the siphon operates 

normally. The reason for the steeper priming characteristic 

is due to the increased inlet velocity as the inlet area lS 

reduced because of the lower lip elevation . 

5.6. The Effect of Tailwater Level on Siphon Behaviour 

In a low head siphon which has a drowned exit it lS 

reasonable to presume that the downstream or tailwater level 

may not always remain constant. This is especially true of 

the siphon under test as it is designed to flow into a 
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rectangular closed culvert which gradually fills up, raising 

the tailwater level In the process. It lS thus imperative 

to study this effect, not only the alteration to the priming 

characteristics but also the change in air demand, negative 

pocket pressures and inlet velocities. 

Owing to the physical geometry of the outlet, it was 

only possible to raise the tailwater level by a maximum of 

8 cms (3 ins) In the l/lOth scale model, or 11 cms (4 ins) in 

the 1/7th model. This tailwater rise corresponds to head 

reduction of 30% across the siphon as the total working head 

is approximately 2.5 m or 25 cms (12 ins) in the l/lOth scale 

model. 

The effect of raising the tailwater level by I", 2" and 

3" on the l/lOth scale model is shown on Fig.5.22, (3.63 m 

lip length). At the initial stages of priming the character -

istics are almost identical for each tailwater level. As 

the flow approaches maximum, however, the higher tailwater 

levels give a much steeper curve with a reduction in max i mum 

discharge. The latter effect is the natural outcome of a 

reduction in head because in closed conduit flow the discharge 

lS a function of the square root of the working head. 

-
The reason for the increased reservoir head with a higher 

tailwater rise is not clear. If the upstream reservoir head 

aV 2 
is a function of the total energy at inlet (~ + Bd), then 

for a constant siphon discharge , say 0.015 m3 /s, the siphon 

with the higher tailwater level must have a larger energy 

because of its position nearer to black water flow. The term, 

h, the depth of inlet channel is the same for each case, as is 

the mean inlet velocity at a given discharge. The only other 

variables are a and B which describe the velocity and pressure 

distributions at inlet. Clearly these must vary with tailwater 

level at a constant discha r ge . 
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The effect of tailwater level on air demand is very 

significant as shown on Fig.5.25 for a 4 cm (l~ in) and 8 cm 

(3 in) tailwater rise. The air demand is greatly reduced 

as tailwater level increases. A tailwater increase of 4 cm 

(l~ in), which is a reduction in head of 15%, gives a decrease 

in air demand of approximately 20%. A tailwater rise of 

8 cm (3 in) which is a head reduction of 30%, gives a decrease 

in air demand of approximately 60-70%. Experiments also show 

that when the working head is reduced by 50%, the siphon enters 

a region of poor air regulation, giving a very small air flow 

under the lip. 

The reason for this vast reduction in air flow give an 

insight into siphon behaviour and have interesting design 

applications. The first and major reason of a reduced alr 

demand is the reduction in air entrainment by the nappe plunging 

into the pool. This phenomenon is evident by observation. 

The reason for a lower rate of entrainment may be due to a 

reduced distance of trajectory , that the nappe falls before 

entering the sealing pool . 

A second reason for the reduced air flow is the reduced 

rate of evacuation within the siphon. The air bubbles, when 

entrained, have a further-distance to travel horizontally 

before reaching the exit, and as well, the reduced velocities 

ensure that the bubbles are evacuated at a slower rate. 

A third reason for the reduced air flow is the lower 

velocities at inlet which ensure that less air is dragged 

under the lip. The variation of inlet velocity with tailwater 

rise was measured during the priming process and showed that 

drawdown velocities decreased slightly with increasing 

tailwater level, although the decrease was never less than 

20% of the normal inlet velocities. 

• 
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It is useful to include in this section how the tailwater 

level affects the other lip lengths - 2.75 m~ 3.25 m and 4.13 m. 

A comparison is made of the priming characteristics under 

normal conditions and those with a 4 in tailwater rise on 

Fig.5.24. The reduction in maximum discharge occurs for each 

lip length but not in a uniform manner. The shorter lip 

lengths give an increasingly greater reduction in maximum 

discharge~ although not by significant amounts. 

The effect of tailwater rise on the negative a1r pocket 

pressure 1S described on Fig.5.25 for lip lengths 2.75 m~ 

3.25 m and 4.13 m. The negative pocket pressure increases 

with lip length~ providing that an adequate amount of air is 

not entering the pocket as the lip length increases. A 

comparison with Fig . 5.16 shows that the air pocket pressures 

do not vary significantly as the tailwater level rises . 

The overall effects of a rise in tailwater level includes 

a decreased maximum discharge~ a reduced air flow ~ reduced 

entrainment and evacuation ~ reduced stability ~ with a slight 

decrease in inlet velocities and almost constant negative 

pocket pressures. 

It is notable that the siphon rema1ns stable even though 

the air flow is cut by 70% . 

5.7 . The Effect of Varying the Depth of Approach Channel 

A low head siphon~ unlike the conventional high head siphon 

used in a reservoir, is generally situated in a position so 

that the approach channel is shallow such as in rivers or lakes. 

It is thus important to study the effect of a variation in the 

depth of approach channel on the low head siphon behaviour. 

The depths chosen for test are 0 . 5 rn, 1.0 m and 1.5 m deep ~ the 

-
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latter being the maximum de~th obtainable from the apparatus. 

The effect on the priming characteristics is shown on Fig.5.26 

with a constant lip length of 3.63 m. The shallow depths of 

approach give higher reservoir heads and hence a steeper 

priming characteristic inevitably associated with a larger 

energy at inlet. If the total energy at inlet is given by 

o.V 2 
-- + Sd, where V is the mean inlet veloci ty, and d is the 

g 

depth of channel at inlet , then when the value of d lS reduced, 

the value of inlet velocity V must increase, resulting In a 

larger draw down and a higher upstream water level. Clearly, 

the slope of the priming characteristic can be chosen at will 

by merely altering the depth of inlet channel. In practical 

terms, however, this is not often feasible as the depth of a 

lake or river is generally predetermined. 

The effect of the depth of approach channel on the air 

flow and inlet velocities is shown on Fig.5.27. The variation 

in air flow is shown on Fig.5.27(a) indicating that air flow 

increases as the depth of inlet channel decreases, giving a 

more stable siphon behaviour. The increase in air flow is 

relevant mainly to the lower stages of the sub-atmospheric 

weir flow phase when the air flow for the 0 .5 m depth is 

approximately 40% greater-than that for the 1.0 m depth. 

The variation in drawdown inl et velocity for each depth 

of channel is shown on Fig.5.27(b), the shallower depth of 

channel giving a higher drawdown velocity as expected. The 

0 . 5 m channel , for instance, gives a drawdown velocity 

approximately 70% greater than that of the 1.0 m depth channel. 

Although the air flow under the lip is governed by the 

rate of entrainment within the siphon, the influenc e of the 

inlet drawdown velocity may also be significant. From both 

graphs it is clear that the air flow does in fact increase as 



the inlet velocity becomes greater, giving a more stable 

performance. When the depth becomes very shallow, however, 

the priming characteristic becomes too steep to be of great 

practical relevance, approaching weir flow behaviour. 

5.B. Model S cale Eff e cts 

As in the high head siphons~ three scale models 1/7th~ 

l/lOth and 1/20th scale, are constructedx In order to obtain 

an estimate of the scale effects existing In low head siphons 

especially in the realm of alr entrainment and evacuation. 

One maJor feature of the modelling of low head siphons is the 

inaccuracy of modelling the volume of air entrained. For a 
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small model the nappe plunging into a pool of water entraining 

air has a low velocity depth of fall, and thickness, resulting 

In an under-estimation of the air entrained. The bubble 

sizes are not modelled properly because of the non-scaling of 

the surrounding atmospheric pressure (see Binnie and Sims, 

Ref.5). A direct result of this is the non-modelling of 

bubble rise velocities which in turn means that the rates of 

evacuation are not modelled either. Another effect includes 

higher surface turbulence in larger models. More fundamentally~ 

the fact remains that Froudian models simulate only gravitational 

and in e rtia forces not the viscous and surface tension forces 

so relevant to the entrainment of air (see Kenn and Zanker, 

Ref.41). It is not possible, however, to simulate all four 

forces simultaneously. 

The question arises, however, of the method of allowing for 

these major air entrainment scale effects in model testing 

techniques so that a more accurate picture of prototype 
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behaviour can be obtained. It has been pointed out in the 

section on high head siphons, various suggested methods of 

extrapolating model air demand to prototype air demand, 

including a Weber-Reynolds extrapolation and a method using 

the area under the air-water ratio curves. In the low head 

siphons, however, which prime by means of a single nappe 

plunging into a pool of water, perhaps the most powerful tool 

for estimating the prototype alr demand is that envisaged in 

the alr entrainment tests in the next chapter. These tests 

are intended to cover all nappe velocities from 2 to 30 ft/s, 

all nappe thicknesses from 0.015 ft to 0.2 ft, and all heights 

of free fall up to 3 ft. This covers the range of nappe 

behaviour encountered in the three models and ln the prototype. 

If the air demand is known for all conditions, then it should 

be possible to plot the prototype and model air-water ratio 

curves. 

The nappe thickness was measured for each low head 

model in the sub-atmospheric weir flow phase, and is shown on 

Fig.5.28(a). The nappe thickness is an important parameter 

in air entrainment and,as indicated, increases during priming. 

The nappe velocity during priming is shown on Fig.5.28(b), 

indicating only a slight increase in velocity during priming. 

The relation between the nappe velocity for each model is 
1 

governed by the criterion, n 2 , where n is the scale factor 

for each model. The l/lOth scale model, for instance, has 

a nappe velocity 1/(10)~ or 1/ 3 . 16 of the prototype nappe 

velocity. Hence we also have the nappe velocities for models 

and prototype which can now be applied to the air entrainment 

tests to give accurate values of the volume of air entrained. 

The third major influence on the volume of entrained alr 

by a nappe is the depth of free fall. This is easily 
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measured from the siphon geometry and varies as a linear 

function for each model. Thus, if we know the exact nappe 

conditions for all models and prototype, it will be possible, 

using the results from the air entrainment tests, to estimate 

model and prototype air demands , thus gaining an invaluable 

insight into the scale effects existing . 

The actual measured air demand curves for each scale 

model during priming are shown on Fig.5.S . The 1 /20th model 

gives an almost negligible air demand , presenting a difficu lty 

in finding a meaningful extrapolation to prototype behaviour . 

The reasons for this negligible air demand are primarily due 

to low siphon velocities and will be discussed in the light 

of the air entrainment test results. It is sufficient to 

indicate at the present that the 1/20th model has a nappe 

velocity in the region of 5-6 ft/s , and jet tests show that 

a negligible amount of air lS entrained at this veloci ty. 

The result is that the air flow under the hood is negligible 

and the siphon finds a difficulty in priming because of the 

lack of alr removal from within the barrel . 

If the air flow is simulated properly in Froudian models , 

~ then the simple Froude scaling factor Cn 2) should give 

coincident air demand curves for the prototype. This in fact 

is not the case as shown on Fig.5.29 . The l/lOth and 1/7th 

models give approximately coincident air demand curves, but 

the 1/20th model curve is greatly reduced in magnitude for 

reasons stated above . 

The ratio of air to water should also be equal for each 

model if the air flow is simulated properly. This is shown 

not to be the case in Fig.5 . 30, a plot of the air-water ratio 

for each model during priming . The trend is again obvious 

of the increase in air-water ratio with model scale, showing 



the larger models entrain mo re air~ relatively, than smaller 

models. 

lJ~. 

The area method of extrapolating to prototype behaviour 

was employed in the same manner as described in section 4.7(a) 

the areas expressed as a fraction of the area for the largest 

model. The resulting extrapolation is given on Fig.5.3l and 

compared with the high head model extrapolation. The trend 

is similar to the high head siphons with the l/lOth scale 

siphon giving a 40% air~water ratio of the prototype, and the 

1/7th siphon giving 47% of the prototype air-water ratio. 

The entire concept of extrapolation and estimation of scale 

effects is analysed and discussed fully in Chapter 7 . 

Other scale effects such as pressures at the crown, 

slope of the priming curve, and hunting scale effects are 

less pronounced than those of the high head siphon and not 

significant. 

5 . 9 . Interrelationships in Low Head Siphons 

When the low head siphon primes, a series of interrelated 

factors act together to produce siphonic flow. The falling 

nappe entrains air from within the siphon barrel, causing a 

negative pressure in the air pockets. This negative pressure 

causes the head of water over the crest to rise by suction, 

creating a water energy at the inlet equivalent to the energy 

of water entering the reservoir. The energy at the inlet 

produces a drawdown velocity encouraging air to enter under 

the lip, supplementing the air being evacuated. The negative 

pressure in the air pocket also encourages air to enter. The 

energy at inlet, conversely, determines the velocity and 
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thickness of the falling nappe, which governs the amount of 

air evacuation, which governs the energy at inlet. Hence, 

a circle of behaviour is set up where these factors and many 

others interact to produce siphonic flows. 

A primary problem is the separation of each factor in 

order to study its function and to determine its relationship 

with the other factors. In that way the picture is completed 

in stages to eventually produce the whole. In this section 

the air flow under the lip is studied in relation to the inlet 

velocity, the nappe air entrainment, the negative pocket 

pressure and the energy at inlet, while each of these factors 

is studied in relation to the other. 

Ca) The alr flow through the siphon 

When the low head siphon commences to prime, the process 

will proceed uncontrolled unless an amount of air is allowed 

to enter under the lip. In theory, for the best stability 

the amount of air entering should be equal to the amount being 

evacuated to give a stable performance. In practice the 

amount of air entering may be less or greater than required, 

producing undesirable characteristics. Fortunately, this 

condition occurs only if the difference between the required 

and the actual amount of alr entering is large. 

The first consideration must be a comparison of the 

amount of entrained air and the amount passing under the 

hood. The latter is measured at the inlet lip and the former 

is estimated from air entrainment tests described in the next 

chapter . Fig.5.32 shows typical air flows for each scale 

model compared with the predicted alr flow from nappe tests. 

It clearly shows that each scale model underestimates the air 

flow, but it must be pointed out that the curve for the nappe 



tests may represent pro t otype behaviour more than that of 

the models . It is th u s not possible to accurately compare 

alr entrainment and air flow results until the nappe tests 

have been disc u ssed in fu l l. 
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The relationship between air flow and the inlet drawdown 

velocity is interesting and is deserving of further 

consideration , especially in the sub - atmospheric weir flow 

phase . The role of the i nlet velocity i n determin i ng the 

air flow is thought to be secondary as shown on t he diagram 

below:-

f 
DRAWDOWN VELOCITY I 

t 
l I , AIR ENTRA I NMENT AIR FLOW J 

, 
WITHIN THE SIPHON 

1\ 
NEGATIVE AIR POCKET 

PRESSURE 

The variation of air flow with inlet velocity i s shown 

on Fig.5 . 33 clearly indicating that alr flow increases 

quickly with velocity up to a draw down velocity of approx -

imately 40 cm/s ~ (prototype) , 15 cm/s (1/7th scale model) , 

12 . 6 cm/s (l/lOth scale model) and 9 cm/s (1/20th scale 

model) . Above this drawdown velocity , the air flow decreases 

slightly or remains constant with increasing velocity . Of 

course, it is difficult to separate each of the factors , b ut 

it must be apparent that below a draw down velocity of 0 . 4 m/s 

the air flow is greatly reduced ~ possibly one of the main 

reasons for the hunting effect . The curve of air demand 
QW 

against draw down velocity when Q = 0 . 7 ~ emphasises the 
Wmax 

main reason why hunting does not occur in the partiali sed 

phase. The air flow never falls below 0.1 ft 3 /s , thus 
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producing a stable perform a nce. It must be concluded that 

an effective way to avoid undesirable hunting in a siphon by 

increasing the air flow is to increase the inlet drawdown 

velocity above 0.4-0.5 m/s (prototype). This is difficult 

at the early stages of priming but may be effected by 

decreasing the lip length~ decreasing the depth of approach 

channel or some other similar measure. 

A major point of interest arising from Fig.5.33 lS the 

slight decrease In alr flow for the higher inlet velocities 

In the sub-atmospheric weir flow phase. Providing this 

occurs for a constant rate of entrainment within the siphon, 

then a third factor is having an influence probably the 

negative air pocket pressure. A plot of air flow against 

negative pocket pressure is shown on Fig.5.34 at various stages 

QW 
of priming. For a constant value of Q ,the negative air 

Wmax 
pocket pressure increases with decreasing air flow, leaving 

the conclusion that the negative air pocket pressure is 

governed by the air flow under the lip and not Vlce versa. 

On a closer inspection of Fig.5.34, there is a point of 

minimum air pocket pressure which occurs when the air flow 

is approximately 0 . 09 ft 3 /s, also coinciding with the highest 

QW 
inlet velocity at a given value of Q 

Wmax 
The air flow at 

this point must be more dependent on the negative pressure 

than the inlet drawdown velocity as the air flow is less than 

that for lower inlet velocities. 

We must conclude , therefore, that the alr flow under the 

lip of a low head siphon is governed primarily by the rate of 

entrainment ~nd evacuation within the siphon. For stable 

behaviour, both rates of air flow should be equal . Often, 

due to conditions at inlet, the air flow under the lip is 

restricted giving unstable conditions. One such restriction 

is a low draw down velocity at inlet which drags less air 



under th e lip, especially at velocities l ess than 0.4 m/s. 

A natural result of a restricted amount of air entering lS 

an increase in negative pocket pressure. If the inlet 

velocity lS too high, the increased alr flow reduces the 

negative pressure In the pocket which in turn decreases the 

alr flow under the lip. 

(b) The energy at inlet and siphon behaviour 

A major property of an air regulated siphon ) is its 

ability to adjust its upstream water level and drawdown curve 

in accordance with the total water energy at inlet. This 

energy is derived from the flow entering and is balanced by 

the suction effect within the siphon. It has two basic 

components, namely inlet velocity and static pressure, both 

combining to give a constant value by Bernoulli's equation. 
5~~rG 

The~energy at inlet is given by the expression, 

E. 1 In et = 
av. 2 

l 

2g + Sd. 
l 

where v. is the inlet velocity~ d. is the inlet depth of 
l l 

channel, a is the coefficient of velocity, which corrects 

the mean inlet velocity to the true mean, and S lS a factor 

describing the pressure distribution at inlet. 

If the expression is valid, then the drawdown curve 

will always meet the inlet lip at exactly lip elevation, 

allowing the air flow an ease of entry under the lip. In 

practice, the water level at inlet does not always converge 

on the lip elevation but often higher or lower, as shown on 

Fig.5.35. Case (a), for instance, shows the upstream water 

level below the lip elevation (as described in Chapter 4) 

with the siphon functioning properly. In theory~ this cannot 
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exist by Bernoulli's equation, but In practice it lS due to 

other effects such as negative pressure and surface tension 

under the lip. 

Case (b) shows the drawdown curve converging to the 

point of inlet. Due to the shape of the curved inlet, the 

drawdown curve meets the inlet before the design point of 

inlet, thus restricting the entry of air. This, in turn~ 

generally leads to unstable siphon behaviour. 

Case (c) shows the square ended inlet with the reservoir 

level once again below lip elevation. Case (d) shows the 

conditions existing at a square inlet with a high inlet 

velocity as in Case (b). The drawdown curve meets the lip 

at lip elevation , thus ensuring an adequate entry of air. 

With a square entry) however, water entering under the lip 

has a tendency to splash upwards forming a sma ller roller at 

the inlet, once again restricting the entry of air. 

The effect of a curved inlet proved important and lS 

shown on Fig . 5.36 , a relationship between the upstream water 

level (priming characteristic) ~ the elevation where the 

drawdown curve touches the lip, and the lip elevat ion. The 

point where the drawdown curve touches the inlet does not 
Q 

reach lip elevation until Q W = 0.4, and gradual increases 
Wmax 

during priming. This implies that the degree of difficulty 

of air entry under the lip gradually increases) so that alr 

lS excluded entirely at black water flow . The degree of 

difficulty can be represented as the v ert ical distance XY. 

A broad spectrum of relationships is shown on Fig.5.37, 

including the air demand , air pocket pressure, negative crest 

pressure, reservoir head , drawdown head at inlet and lip level. 

This gives at a glance a measure of the important factors at 

all stages during priming. The graph represents the l/lOth 
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scale model, 3.63 m lip length. The interrelationships for 

the shorter 2.75 m lip length are sh r " 5 38 own on 19.. , 

indicating a great similarity in behaviour with the longer 

lip length. 

Having discussed the implications of the curved inlet , 

the validity of the total energy at inlet determining the 

upstream water level must be closely investigated. The 

energy at a point upstream where uniform flow exists is given 

by:-

where VI lS the velocity and d l the depth of channel upstream . 

The energy at inlet is given by~-

~ = 2g + Bd 2 · 

Assuming no energy losses between section 1 and 2 then, 

~ 
2g 

where dl represents the reserVOlr head or upstream water leve l. 

The upstream water level d l is measured in practice as in the 

priming characteristic. To obtain a theoretical va l ue fo r 

d l it is necessary to measure in inlet velocity upstream VI , 

the mean velocity at inlet lip V2 , the depth of channel at 

inlet lip d2 , the velocity coefficient a and the pressure 

distribution factor B. The latter two give values of approx -

imately 1 . 3 and 1 . 07 respectively at an advanced stage of 

priming . In the calculation of a, for instance , it lS 

necessary to know the inlet velocity profile . This i s 
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divided into sections and the term (V 3dA) lS calculated for 

each section, totalled, and the term a is known. A comparison 

of the calculated upstream water level and the measured water 

level is shown on Fig.5.39. The theoretical head is always 

higher than the measured, but the agreement was fairly close, 

showing that the energy principle is applicable. 

5.10. Conclusions 

The low head siphon performed in a satisfactory manner 

in the 1/20th~ l/lOth and 1/7th scale models, so that 

reasonable assurance may be given for the performance of the 

prototype. The major danger in the prototype is the flow 

"washing out" in the partialised phase, but this may be 

easily combated by placing a step or trip in the sealing basin~ 

causing the formation of an hydraulic jump. 

The slope of the priming characteristic is governed by 

the energy at inlet which~ in turn, is ultimately governed 

by the rate of alr entrainment and evacuation within the 

siphon. The shorter li£ lengths gave a steeper characteristic 

because of the higher inlet velocity and increased values of 

a and S nearer to the crest. 
L The optimum value of cl to avoid 

hunting was in the region of 3.5 ~ 4.0, this giving the 

shallowest, stable, reversible, priming characteristic. The 

performance tended towards that of a black water siphon when 

L cl was greater than 6.0, this being a function of the inlet 

velocity. Hunting became appreciable when the ratio of the 

mean inlet to crest velocity was 0.07. 

The air flow under the lip was essential for a controlled 

air-regulated performance. The air flow was governed by the 



rate of entrainment and evacuation within the siphon, this 

being evidenced by the shape of the air demand curve which 

had two maximum points corresponding to the deflected nappe 
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and partialised phases. The air flow was also influenced by 

the inlet drawdown velocity which entrained air under the lip. 

The minimum drawdown velocity to allow an adequate amount of 

air under the lip is 40-50 cm/s (prototype). A third 

influence on the air flow is that of the negative air pocket 

pressure. It is undoubtedly true that in siphons a larger 

air pocket pressure will induce more air to enter. In the 

case of the low head siphons under test, this is true, but 

at the same time the larger negative pocket pressures are 

often associated with low air flows under the lip. The rate 

of evacuation is greater than the rate of a1r flow under the 

lip, naturally leading to an increased air pocket pressure. 

The effect of raising the lip elevation is not very 

pronounced in the low head siphons. The slope of the priming 

curve is decreased slightly as is the hunting effect and the 

a1r flows under the lip. 

The effect of raising the tailwater level serves to 

decrease the maximum discharge through the siphon, the a1r 

flow is reduced drastically because of less entrainment and 

evacuation within the siphon and the inlet velocity is reduced. 

The siphon may enter a region of poor air control if the rise 

in tailwater level exceeds 40-50% of the working head. 

The effect of varying the depth of approach channel 1S 

also marked, although it is not a very practical solution to 

siphon instability. A shallow depth of approach serves to 

increase the inlet velocity, hence the drawdown and reservoir 

head. Thus a steep priming characteristic is produced, giving 

larger drawdown velocities and more air entering under the lip. 
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These results agree with predictions of behaviour under a 

shallow depth of approach channel using energy considerations . 

The scale effects in the low head siphon models were 

pronounced especially in the case of the 1/20th model air 

entrainment . For proper simulation of air entrainment 

within a siphon, the viscous and surface tension forces must 

be modelled. This is not the case in Froudian models. As 

a result, in the smallest models the nappe velocity, thickness, 

turbulence and depth of free fall were not large enough to 

entrain an adequate amount of air, resulting in an abnormally 

small air flow. The air-water ratio for each model increased 

with model scale~ proving conclusively that similarity was not 

being achieved. 

Another scale effect evident in the 1/20th model was the 

slope of the priming characteristic. The smallest model 

commenced to prime at a higher head than either the l/lOth or 

1/7th models , and its priming characteristic was more shallow. 

Most of these points of interest will be discussed in 

greater depth, especially in the light of the air entrainment 

results, in a later chapter. 
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6 .1. In t rod u c t i on 

The most fundamental aspect of siphon behaviour is the 

ability of a falling nappe of water to entrain and evacuate 

air. If this action can be understood fully, then the rate 

of siphon priming, the alr flow, and all other aspects of 

siphon behaviour will predictably follow. A limited amount 

of research has been carried out in this field by Charlton, 

Thorn and others, but this has been concerned with circular 

jets of small diameter. The work undertaken in this 

particular research relates to the entrainment of air by a 

rectangular nappe plunging into a pool of water and as such 
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is more relevant to the behaviour existing in siphon spillways. 

When a rectangular nappe plunges into a stationary or 

slow moving body of water (either in a siphon or in controlled 

conditions) air is entrained which is some way is related to 

the nappe parameters of velocity, discharge, depth of free 

fall, surface area, nappe thickness, nappe width, surface 

roughness and other factors. This work seeks to find 

relationships between the various paremeters so that the rate 

of air entrainment may be predicted in a siphon or dropshaft 

before even model testing or construction takes place. 

The chapter commences with some hypotheses of the actual 

mechanisms of air entrainment ranging from laminar through to 

roughly turbulent jets, and continues with the measurement of 

entrained air flows due to a rectangular nappe of known 

dimensions and velocity. Attempts are made to relate the 

air-water ratio to nappe parameters such as Froude and 

Reynolds Numbers. The analysis is carried one step forward 

by varying the depth of free fall from zero to three feet (1 m). 

At zero free fall, for instance, the entrainment of air by a 

turbulent nappe surface is cancelled so that other mechanisms 
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may be studied independently. Other effects studied include 

the depth of free fall on the rate of entrainment as well as 

the influence of turbulent rollers at the entry of the nappe 

into the pool. The practical work is concluded by an 

attempt at correlating the various parameters so that 

meaningful results may be obtained. 

The chapter is concluded with various applications of 

the results to siphon behaviour. For instance, a theoretical 

air-water ratio curve may be obtained for a siphon, knowing 

the nappe velocity, depth of free fall and thickness. Many 

kinds of applications can be made, each contributing to our 

knowledge of siphon behaviour, dropshafts, oxygen uptake at 

weirs and other such devices in common use in civil 

engineering . 

6 .2. The Air Entrainment Mechanism 

Consider the case of a laminar jet of water plunging 

into an ambient pool of water. If the j et is thin and its 

velocity is low then a membrane will form at the entrance 

due to surface tension, ~iving a zero rate of air entrainment. 

As the velocity increases with the jet remaining laminar, a 

thin annulus of air around the jet is dragged along with the 

jet due to the viscous forces acting at the air-water 

interface. As the annulus of air approaches the water 

surface , it causes a pressure on the surface tension curve, 

giving a depression in the water surface. The maximum 

velocity of the jet to give this stable condition is 

approximately 2 . 3 m/s for a very thin jet, but decreases to 

1 m/s for jets of diameters in the region of 1 cm. 

When the velocity increases further, the depressed 
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surface tension curve becomes unstable, leading to a collapse 

and forming small rollers at the jet entrance. The volume 

of air entrained in this region is great ly increased. The 

jet remains essentially laminar, but becomes unstable at 

entry to the water surface, in turn causing an instability 

in the film of air as it enters the pool of water, resulting 

in an increased volume of entrained alr. These conditions 

exist in the laminar region where Reynolds Number is less 

than approximately 2000 (Reynolds Number = Vd). 
v 

When the 

jet becomes turbulent the method of air entrainment seems to 

change. The surface instability commences to grow when the 

jet enters the atmosphere and increases to a maximum before 

entering the pool of water. Air is now entrained because 

of the surface roughness of the jet, as well as the air 

dragged along due to viscosity. As the jet grows even 

further and the velocity increases, turbulent rollers or 

vortices form around the point of impact and these, in turn, 

have the ability to entrain air. Hence, there are now three 

basic mechanisms of air entrainment, the relative contributions 

which are not yet certain (see Fig.5.1). 

In large, high velocity jets, huge amounts of alr are 

entrained , suggesting that the irregular surface plays an 

increasing role as the Reynolds Number increases. This is 

also true of the vortex rollers but no so much the alr dragged 

along due to viscosity. Perhaps a tentative relationship 

may be put forward in the form:-

( 1 ) 

force turbulence 

Each parameter in this relationship has a varying effect 

as the jet velocity, depth of free fall and thickness 



increases. The extent of each lS the main purpose of the 

study of air-entraining jets. What exactly are the other 

factors influencing the rate of air entrainment? Clearly, 

the nappe or jet velocity at the point of impact is one of 

the major factors. As the velocity increases so does the 

rate of air flow dragged along by the jet viscous surface. 

Another factor must be the surface area of the jet, as air 

lS entrained along the entire surface length. The distance 

of free fall of the jet is another parameter which must be 

taken into account. As this distance increases so does the 

amount of 'break up' and the degree of turbulence on the jet 

surface. The nappe thickness must be another factor worthy 

of mention. As the thickness increases so generally does 

the level of turbulence on the nappe surface. 

Thus, in this section various hypotheses have been put 

forward on the basis of the analysis of experimental results 

taken. The aim of the practical work now to be considered 
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is primarily to gain a quantitative understanding of air 

entrainment by a falling nappe and the subsequent app l ication 

to an air-entraining situation such as siphon spillways. In 

particular it would be advantageous to build up the entire 

picture of siphon behaviour based on such tests. 

6.3. Dimensional Analysis 

Consider the application of dimensional analysis to the 

phenomenon of a circular jet of fluid impinging on an ambient 

fluid surface, entraining an amount of air. The most 

important variables are initially assumed by an understanding 

of the physical problem (see section 6.2)~ and are listed 

below with the mass, length and time dimensions in brackets 

( M . L . T . ) : -



---

QA rate of entrained alr flow (L 3T- 1 ) 

V jet velocity (LT-I) 

g acceleration due to gravity (LT- 2 ) 

p fluid density (ML- 3 ) 

0" surface tension (MT- 2 ) 

~ viscosity (ML - 1 T- 1 ) 

H depth of free fall ( L) 

d jet diameter ( L) 

The independent variables combine to give a relationship of 

the form 

expressed In a dimensional matrix below, by equating the 

powers of M, Land T. 

M 

L 

T 

V g 

o 0 

1 1 

-1 -2 

p 

1 

-3 

o 

H d 0" 

o 1 1 

1 0 -1 

o -2 -1 

o 

3 

-1 

By Buckingham's TI-Theorem the rank of the matrix lS three, 

giving five dimensionless groups TIl, TI2, 1T3, TI4 and TI5. 
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These are found from a matrix of solutions which lS constructed 

by first expressing the above matrix in terms of simultaneous 

equations:-

( M ) 

Kl + K2 - 3K3 + K4 + KS - K7 + 3Ka - 0 (L) 

-Kl - 2K2 - 2K6 - K7 - Ka = 0 (T) 
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K2 and K3 are solved in terms of K 4 , 

and a new matrix is built up, giving:-

v g p H d 0 \1 QA 

TI 1 -2 1 0 0 1 0 0 0 

TI2 0 0 0 1 -1 0 0 0 

TI3 -2 0 -1 0 -1 1 0 0 

TI4 -1 0 -1 0 -1 0 1 0 

TIS -1 0 0 0 -2 0 0 0 

This matrix 1n turn yields five dimensionless groups , 

*, H 0 \1 TIl = TI2 = Cl' TI3 = ~, TI4 = pVd' 

QA QA 
TIs = VCfT -

QW 

giving V2 H pVd QA \1
2 

f( gd ' -) = 0 d' \l Qw ' dop 

or = f ( Fr., Re ., Wb., J) 

This , it 1S seen from the analysis that the ratio of a1r flow 

to fluid flow 1S a function of the jet Froude Number , Reynolds 

Number, Weber Number and a length characteristic , J' This 

analysis is applicable to circular jets but requires to be 

extended for the case of a rectangular jet where the ratio 

% is not constant (b = width of jet, d = jet thickness). If 

we include the variables band p in the analysis, then using 

the same method as above, a relationship for rectangular jets 

is formed:-



--
= f ( Fr., Re., Wb., ~ ~ E..) 

d' d' d 

(p lS the jet perimeter = 2(b + d). 

This produces a much more complex relationship, but yet more 

applicable to siphon behaviour. 

A physical appreciation of air entrainment by large 

scale turbulent jets would suggest that the effects of 

surface tension and viscosity would be relatively small. 

This would render Reynolds Number and Weber Number of second 

order and would reduce the equation for circular jets to:-

= f( !i.) Fr., d 

H In siphon behaviour, the value cl is constant for model 

and prototype at a given point In the priming process as lS 

the Froude Number, thus leaving the conclusion that the air-

water ratio for model and prototype should be the same. As 

demonstrated in the sections on siphon behaviour this is not 

exactly the case . 

6 .4. Experimental Apparatus and General Procedure 

As the aim of the experiment is to relate the volume 

of air entrained by a rectangular jet to its parameters, then 

it is necessary to generate a uniform jet of constant velocity 

and constant geometry . When the jet plunges into the pool 

of ambient water it is also necessary to trap all the 

entrained air and measure the volume accurately. The 

experimental set up is thus in three parts, namely, the 

lJL. 



generation and supply of a constant flow of water, the 

generation of a rectangular jet of constant velocity and the 

trapping and measurement of the entrained air. All three 

stages are shown on a diagrammatic sketch on Fig.6.2. The 

water supply from the main inlet tank enters a ~maller 

constant head tank which can be lowered or raised to vary 

the jet velocity. A rectangular conduit leads from this 

tank carrying the jet at the required velocity and geometry 

towards the pool of water at the bottom. Excess water 

l~J. 

passes over the V-notch to be pumped back to the main tank in 

a cyclic process. 

The final geometry of the jet is determined by a taper 

in the end section (AB) of the rectangular conduit, Fig.6.3. 

This section is able to slide up and down the inner rectangular 

conduit, thus varying the depth of free fall (H). The jet 

thickness (d) at the end is set firmly to a value varying 

from 0 to 75 mm. The experiments are limited thus to 

jets of less than 3 ins (75 mm) thickness (d), and of width 

(b) greater than 3 ins (75 mm) . h 
. b 

Hence t e ratlo d is always 

greater than unity . 

Limitations on the jet velocity are imposed by the 

maximum head of water available and to a lesser degree the 

maXlmum discharge available which is in the region of 2 . 5 ft 3 /s 

The velocity range thus possible lies between 

0-30 ft/s (0-9 m/s), covering both model and prototype 

behaviour . 

It is clearly advantageous to have the jet falling as 

near to the vertical as possible. This, however, makes the 

measurement of air flow difficult so an initial set of tests 

measuring air flow for varying angles of impingement was 

carried out. Results show that the air flow varies less 
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than 5% when the angle of the jet lS varied from vertical to 

30 0 to the vertical. Thus the angle of the jet 8 was kept 

fixed for all tests in the region of 20 0 to the vertical. 

The actual mechanism of entraining, trapping and 

measuring the volumes of air is shown on Fig.6.4. An air 

hood of marine plywood is constructed large enough to trap 

the entrained air coming to the surface, and is placed near 

where the jet enters the pool. Conditions at this point are 

critical as the hood should not be so close to the jet as to 

interfere with entry, nor should the hood be far away so as 

to lose some of the entrained air. When the position is 

fixed all the entrained air should be trapped under the hood 

causing a pressure build up in this region. When the 

pressure builds up to a sufficient value, air flow takes 

place through the air flow meters, which measure the volumes 

of air passing. For low air flows only one or two meters lS 

used but for the large air flows up to six meters may be 

used . 

The testing procedure involves the measuring of air flow 

while altering each of the major variables in turn. The 

width (b) of the jet is fixed and the jet thickness (d) i s 

set by adjusting the taper in the rectangular end section . 

The depth of free fall (H) is set for the initial readings 

and the velocity is set. When the flow has steadied the 

value of air flow may be measured. The velocity is varied 

along the range 0-9 m/s and a series of readings is obtained. 

The depth of free fall (H) lS altered and the range of 

velocities is taken again . When the range of depths of free 

fall (0-2 m) is exhausted the jet thickness (d) is altered 

over its range, and finally (b) is altered. In the course 

of the experimental work ten velocity readings were taken a t 
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six depths of free fall for six jet thicknesses for three 

values of width b, giving a total of 10 x 6 x 6 x 3 = 1080 

readings. The procedure is set out below in the form of a 

flow chart. 

6.5. Initial Air Entrainment Tests 

In order to grasp the full physical significance of the 

parameters involved in alr entrainment j et tests it was 

decided to carry out an exploratory test programme before 

moving on to the main test programme as outlined in 6.6. 

The jet width b , and the depth of free fall (H), were kept 

constant in the exploratory tests to minimise the number of 

variables. The jet thickness d was varied from 0-60 mm and 

the jet velocity from 0 - 9 m/so The apparatus consisted of 

a steeply sloping open rectangular conduit down which water 

flowed as in open channel flow. This arrangement was later 

modified to a closed rectangular section (Fig.6.3) for 

reasons which will be outlined later. 

The experimental procedure consisted merely of choosing 

a water velocity and measuring the volume rate of entrained 

air QA for each given depth . The first tentative plot of 

jet velocity against the volume rate of air entrained per 

unit jet p e rimeter (~A) is shown on Fig.6.S, each line 

representing a constant jet thickness. Immediately apparent 

from the graph is 
QA .. . h . the fact that p- varles Ilnearly Wlt Jet 

velocity, the variation depending on the jet thickness. 

The thinner jets reveal a smaller rate of air entrainment 

(at a given velocity) with the thicker jets gradually increasing 

In the r-,:" of entrainment . It is interesting to note that 
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Choose the jet width 

b I b2 b3 
3 11 6 11 8 11 

Choose the jet thickness 

d I d2 d 3 d 4 ds d6 
1 11 1 11 1 11 1111 211 3 11 
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Read the rate of alr flow 

QA 

\'1 

FLOW CHART FOR EXPERIMENTAL PROCEDURE 



as the jet thickness incre us es towards 50~50 mm there lS 

little further lncrease 

at jet thickness 50 mm. 

. QA 
In p-, In fact showing a convergence 

When a jet thickness of 75 mm was 

QA 
attempted the value of p- started to decrease, showing that 

it reached a maximum when the jet thickness is approximately 

50 mm (see Fig.5.5.). 

Another interesting point worth noting from this graph 

lS the fact that below 1.2 m/s there occurs a zero rate of 

air entrainment and the jet of water seems incapable of 

entraining air below this value. This of course has wide 

implications in the field of modelling air-entraining 

hydraulic structures. If the model velocities fall below 

this point then there will be zero air entrainment and the 

device will fail to function. 

From the dimensional analysis in section 5.3 it is 

apparent that the ratio of alr to water is a function of the 

Froude, Reynolds and Weber Numbers of the jet, although it 

l~~. 

is probable that the Froude Number representing gravitational 

effects is the most significant . Fig.5.5 shows the relation-

QA V 
ship between QW and the Froude Number ---. There is not a 

Igd 
good correlation although it is apparent that the trend for 

each jet thickness is the same. There is a sharp increase 

in air-water ratio as the jet Froude Number increases from 

5 to 12, but after this value the air-water ratio levels off 

QA 
suggesting that the value Qw becomes independent of Froude 

Number at higher velocities. It lS apparent as the jet 

thickness increases, the air-water ratio decreases at a 

constant depth of free fall. It is also becoming increasingly 

obvious that the effect of carrying out such tests with a 

H 
constant depth of free fall implies that the ratio d from a 

dimensional analysis (5.3.) is varying with each value of d, 

thus giving a poor correlation. The graph does serve to 



show, however, the general trend of gradual convergence to 

a constant air-water ratio at higher Froude Numbers and 

H 
that cl must be kept constant, b 

as well as cl' to obtain a 

perfect correlation. 

It was felt that possibly the Reynolds Number (Vd) of 
v 

the jet would also provide a correlation with air-water 
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. QA 
ratlo (Qw) as the turbulence level on the jet surface may be 

a function of Reynolds Number . The graph was plotted as 

shown on Fig.6.7 showing no clear correlation but giving 

single curves for each value of jet thickness, the thicker 

jets giving a lower air-water ratio for a given Reynolds 

Number . 

This has led to the use of more fundamental terms of 

the entrainment of air on the surface of the jet. The term 

QA' for instance, is the volume rate of entrainment and is 

thus dependent on the jet velocity V. 
QA 

Using the value V 

lS thus more meaningful, describing the volume of entrained 

air per unit length of jet entering the pool, and by the 

. QA. . 
same reasonlng the value VP descrlbes the volume of alr 

entrained per unit jet surface area . A plot of how this 

volume of alr varies with jet velocity is shown on Fig . 6.8 , 

showing conclusively that the volume of alr entrained on a 

unit surface area of jet gradually converges to a constant 

value for high jet velocities and is greater for greater jet 

thicknesses. 

QA 
This naturally leads on to a plot of the term VP against 

the Reynolds Number (Vd) as shown on Fig.6.9 . 
v 

(The term 

QA 
VP is made dimensionless by inserting the term (b) the width 

of the jet, which is a constant for these tests). As seen 

from the graph, an approximate correlation occurs giving a 

definite relationship between the volume of entrained ai~ 



per unit jet surface area and the Reynolds Number. Clearly, 

once again the correlation would have proved better had the 

values of ~ and % remained constant. 

The initial tests show that definite correlations are 

possible even with a rectangular jet. However , it is 

H b b important to keep certain ratios like d or d or P constant 

while conducting such tests. A lot of useful information has 

been collected from the initial tests , so providing a sound 

base for the main testing programme as described on the flow 

chart in section 6.4. 

6.6. Air Entrainment at Various Depths of Free Fall 

The results from section 6 . 5 already indicate that jet 

velocity (V), jet thickness (d) and jet perimeter (P) have 

an important bearing on the rate of air entrainment . Perhaps 

more relevant than these three variables lS the depth of free 

fall (H) (from the point of jet exit to the point of impingement 

at the water surface) . Physical intuition would lead to the 

conclusion that a larger depth of free fall would increase the 

turbulence and 'break up' in the jet, leading to an increased 

rate of entrainment . It was decided to set about proving 

this In quantitative terms by varying H from zero free fall 

to 0.9mfree fall In increments of 0.15 m, measuring the 

quantities of air entrained for each depth of free fall. The 

jet velocity and geometry were kept constant in order to obtain 

an independent study of the effect of H. At this point it was 

debatable whether to use the criterion of the jet velocity at 

the exit from the conduit (U) or the jet velocity at impact (V ). 

It was decided upon the latter as the initial velocity U cou l d 
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be calculated accurately from jet dimensions and the adjusted 

(V 2 = U2 + 2gH) for the depth of free fall. The jet thickness 

d was measured at the outlet and not adjusted for the point 

of impingement because of the small variation. 

Consider first the case of a rectangular jet of known 

dimensions impinging on a water surface at 15 ft/s (4.6 m/s). 

The result for each jet thickness (d) is shown on Fig.6.10. 

The 25 mm jet thickness for instance shows clearly how the 

rate of air entrainment varies with the depth of free fall. 

Commencing with a small rate of air entrainment at zero depth 

of free fall the increase lS large over the first 30 cm of 

fall, but gradually eases off giving a parabolic or asymtotic 

distribution. Physical intuition would once again suggest 

that the shape of the curve at higher depths of free fall 

should eventually converge to a constant rate of air entrainment 

as the jet will reach a terminal velocity. (The corresponding 

curves for a jet with impact velocity of 10 ft/s (3 m/s) is 

shown on Fig.6.11). 

From the graph it lS again clear that the rate of 

entrainment is undoubtedly a function of the jet thickness. 

As the jet thickness approaches 25 - 50 mm, the rate of 

entrainment seems to converge to a constant value, suggesting 

that after a certain jet thickness (d) lS reached, the rate 

of entrainment becomes independent of d. 

Perhaps the most significant fact to emerge from this 

graph is that a zero depth of free fall does not give a zero 

rate of air entrainment . This proves conclusively that the 

entrainment of air by a falling jet does not entrain all the 

air on the surface of the jet, but some must be entrained due 

to the formation of rollers where the jet enters the water. 

These rollers gradually increase in size as the jet velocity 
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and de pth of f a ll increase and carry alr into the pool of 

water in a ma nn e r very similar to that of an hydraulic jump. 

A jet impinging on the water is effectively a fast body of 

fluid with certain thickness, impinging on a slower moving 

body of fluid at a much larger thickness. Of course , al l the 

energy of the jet is dissipated as it impinges on the pool , 

unlike an hydraulic jump where only part of the energy is 

dissipated. However, the larger the energy dissipation, t he 

larger the amount of air entrainment. 

Thus the rate of air entrainment from the graph lS seen 

to vary In an almost parabolic fashion with the depth of free 

fall. An initial curve fitting routine on the 25 mm jet 

thickness revealed that an approximate relat i onship of the 

QA 
form -- ~ HO . 45 existed . 

P 

The same experimental procedure was carried out for all 

jet velocities up to 10 m/s (the range of model and prototype 

siphon velocities) giving a very comprehensive picture of the 

variation of air entrainment for each depth of free fa l l , fo r 

each jet thickness and for each jet velocity . The 

corre s ponding curves for jet velocity 3 m/s is shown on 

Fig . 6 . 11. Once again the same shape of curves are obtained ~ 

QA 
only this time at a much lower value of p-' showing very 

clearly the influence of velocity on the rate of entrainment . 

(b) The effe c t o f v e locity and j e t thicknes s at each depth 
of fr e e fall 

Perhaps a more effective way of presenting the air 

entrainment results is to show how the rate of entrainment 

QA . . h' l' t V f h d th of free fa l l (H ) . p- varl e s Wlt Jet ve OCl y or eac ep 

S ix graphs are constructed, Figs . 6 . 12 , 6 . 13 , 6.14 , 6.15 , 6 . 16 , 

and 6.17 for the depths of fall zero~ 7.5 cms , 15 cms , 30 cms , 

60 cm s and 90 em s . 
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On Fig.6.12, for zero uepth of free fall, the values of 

p 
QA 

are of course very low, but increase linearly with jet 

velocity. Five jet thicknesses, 6 mm, 12 mm, 25 mm, 37 mm 

and 50 mm were tried at this depth of fall but failed to 

produce five separate lines. The points however lie within 

reasonable correlation of one single line showing the 

relationship between air entrainment and jet velocity when 

only the rollers are contributing to the air entrainment. 

When compared to the higher depths of free fall the 

entrainment due to rollers alone is quite small. 

Fig.6.13 shows the same relationship for a depth of free 

QA 
fall of 7.5 cms. This time the values of p- are larger at 

each velocity than at zero depth of fall, and as well each 

jet thickness is beginning to give a separate line. The 

lower thicknesses giving a lower rate of entrainment. 

As the depth of fall increases to 15 cm and 30 cm on 

Figs. 6.14 and 6.15, the increase in air entrainment at a 

given velocity increases further as does the effect of jet 

thickness. The lines for each jet thickness spread out, but 

once again the pattern of convergence for higher jet thicknesses 

becomes apparent. At 60 cm and 90 cm depths of free fall the 

effects are even more pronounced and the rate of entrainment 

continues to increase In its almost parabolic manner. 

From all six graphs the same pattern is emerging as in 

the initial tests in section 6.5. The rate of entrainment 

per unit jet perimeter length varies linearly with jet 

velocity, varies almost parabolically with depth of fall and 

also varies with jet thickness. It is important to note 

that the jet is not capable of entraining air at jet velocities 

lower than approximately 3.5 ft/s (1.1 m/s) giving some maJor 

implications In modelling air entraining hydraulic strucLures. 
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Clearly, if the velocity In such a model (siphon, dropshaft, 

weir, etc.) falls below 3.5 ft/s (1.1 m/s) then a siphon for 

instance would not even commence to prime, and the dropshaft 

model would greatly underestimate the volume of entrained 

air. If a prototype siphon, for instance, had a jet of 

velocity 20 ft/s entraining air then a model of scale 1/30 

would have a jet velocity in the region of 3.6 ft/s, entraining 

little or no air thus not even beginning to prime. 

Before an empirical relationship may be found the same 

process of varying jet velocity, depth of free fall ~ and jet 

thickness (d), was completed for three other values of jet 

width (B). The results are not shown because of their great 

similarity with the values obtained using the initial width, 

B = 15 cms (0.5 ft). 

It is now necessary to consider the relationship between 

jet thicknesses and rate of entrainment. From the results 

so far it is apparent that the rate of air entrainment 

converges as the jet thickness approaches the region of 50 mm, 

and this relationship seems to hold true for all velocit i es 

and depths of free fall. A random selection of velocities 

and d e pths of free fall were chosen In order to show the 

relationship between jet thickness and the rate of entrainment. 

The result is shown on Fig . 6.18, showing that the value of 

QA 
reaches a maximum when the jet thickness is In the region p 

of 5-8 cm s an d tends to decrease slightly when the thickness 

is increased towards 10 cms. The reason for this is not 

immediately obvious although it may be a function of the 

scale of the apparatus used. A far more likely reason 

however is the growth of the turbulent boundary layer which 

would tend to increase or decrease the turbulence on the 

surface of the jet, depending on the Reynolds Number (Re), 
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and the distance travelled by the jet from rest. This 

phenomenon is also very significant In the modelling of 

hydraulic structures . If the rate of entrainment is 

unaffected by an increase in jet thickness past a 50-80 mm 

jet, then the thickness becomes independent after this value 

and can be ruled out as one of the major variables. However, 

the jets occurring in model siphons, for instance, are 

generally thinner than 80 mm, so the effect of thickness 

needs to be considered in any analysis. 

Having studied each of the major variables in turn, we 

must now attempt to relate all the variables in the form of 

an empirical relationship. The depth of free fall, the jet 

velocity, the nappe thickness, the jet perimeter (p) and 

width (B) are all of major importance. The concept of the 

initial velocity (V o ) to entrain air is also of great 

significance, as might be the effects of surface tension and 

viscosity. 

(c) Towards an empirical solution 

As seen in section 6.3 on the dimensional analysis of 

a circular jet, the ratio of air to water flow was shown to 

be a function of the Froude, Reynolds and Weber Numbers as 

well as the length characteristic J' in the form, 

= ( ~) f Fr., Re ., Wb., d ( 6 .1) 

If we consider the same analysis for a rectangular jet of 

width b , perimeter P and initial velocity to entrain air V o ' 

then we arrive at the conclusion, 

= H V !:) 
f ( Fr., Re ., Wb., Cl' V 0' d ( 6 . 2 ) 
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As discussed In section 6.3, the effects of viscosity and 

surface tension become negligible for highly turbulent jets, 

then we arrive at the tentative relationship 

= ( 6 . 3 ) 

which was the basis used for the interpretation of the actual 

experimental results. 

By this stage the number of experiment results was in 

the region of several hundred, so it was decided first to 

H arrange them in groups of constant values of d as in the 

dimensional analysis. 

25 ~ 12, 6, 3 and 1. 

H The values of d chosen 

QA P 
When the graph (V bd'b) 

o 

were 100, 50, 

against 

was plotted, after unsuccessfully trying many other 

correlations, very useful results were obtained. When this 

correlation was used, all the points fell around lines of 

constant J as shown on Fig.6.19, which is in effect a plot of 

the H 
flow against jet velocity for constant values of d' 

It is clear that as 
H increases, 
d 

term containing the air flow QA' 

so does the dimensionless 

(Only approximately one 

third of the total number of points is shown on this graph 

for the purposes of clarity) . 

From the graph it is now possible to take a first empirical 

step forward and state that, 

QA P 
---'- = H g (-) 

d 
( 6 • 3 ) 

so that the functions f and g can now be found by normal curve 

fitting methods. Thus the rate of entrainment from the 

P 
results is seen to be dependent on the jet geometry b' the 

ratio ~ and the term ~ . 
o 

The relationship above also implies 
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a family of straight lines with gradient 

H 
f (Ci) . 

H 
g (-) 

d 
and intercept 

The slope of each line was measured and plotted against 

H H 
its value of Ci' in order to calculate g(Ci). The result 

from logarithmic graph paper yielded that the slope of any 

constant line, rn, is given by 

( 6 .4) 
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Equations (6.3) and (6.4) now combine to give a comprehensive 

empirical formula to predict the volume of air entra in ed by a 

rectangular jet, 

( 6 .5 ) 

QA is the rate of air entrainment, P is the jet perimeter, 

b is the jet width , d the jet thickness, Vo i s the initial 

entrainment velocity (3.5 - 4.0 ft/s)~ H is the depth of free 

f~ll and V the jet velocity . 

In order to verify the above relationship, it was decided 

QAP H V 
to plot Vobzd against (Ci)Y ·44 6(Vo-l) for all the experimenta l 

results taken, and the result is shown on Fig . 6.20 g ivin g an 

acceptable correlation for all points . The slope of the 

best straight line through the points was 0.26, slightly 

modifying the equation (6 . 5) above. 

To make the expression (6.5) above more meaningful it is 

expedient to introduce the term Qw, the water discharge (bd.V). 

Rearranging the expression (6.5) above by dividing by (bd.V) 

we obtain that for a rectangular jet, 

Vo 
-) 
V 

( 6 • 6 ) 
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From this relationship when the jet velocity becomes 

QA 
very high, the value of -

QW 
approaches 0.26 £(!:!.)O.446 

P d ' 
showing 

that the value of 
QA 

depends ultimately b 
QW 

on the ratio 
P 

as 

QA 
The ratio also approaches 

QW 
well as the depth of free fall. 

zero as the jet velocity tends towards Vo (~ 1 m/s). A plot 

f h .. QA ( 
o t e varlatlon of - the air-water ratio) with jet velocity 

Qw 

v, gives a single exponential curve fitting all experimental 

results and is shown on Fig.6.21. At a jet velocity of 

20 ft/s (6.2 m/s), the ratio of alr to water is, from the graph, 

Thus, if the jet dimensions are known, 

the air-water ratio may be predicted. This indeed is a most 

valuable device as the air-water ratio may now be predicted 

for a rectangular jet under both model and prototype 

conditions in hydraulic structures such as weirs, siphons and 

dropshafts. The jet dimensions, depth of fall and velocity 

are merely inserted in the formula to obtain a value of air -

water ratio. 

It must be emphasised that the proposed formula may be 

relevant only over the range of experimental conditions In 

the laboratory. For instance, the velocity V must lie 

betw e en 0-10 m/s, the jet thickness d, between 0-10 cm, the 

width of jet b, between 8-30 cms, and the depth of free fall 

between 0 -1 m. Although this range covers most model and 

prototype conditions, it may not be valid to extrapolate 

b e yon d th e r a n ge of th ese c ondition s . 

If we now return to the dimensionless expression at the 

commencement of this section (c), we see that the relationship 

= f ( Fr ., ~, ~, ~ 0 ) 

lS obtained. Comparing this with the result of the 
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experimental observations 

Vo 
-) 
V 

IG8. 

( 6 .7) 

we see a striking resemblance for three of the terms, but not 

V 2 
for the Froude Number (Fr = gd) which at first glance appears 

to have no significance . However, when we consider the 

velocity V is a function of the depth of free fall H , (V 2 ~ 2gH) 

then it is 
V2 

clear that the Froude Number gd can be represented 

by ~ which is a function of H
d

• gd ' Thus, it is probable that 

the Froude Number is included in this expression, but 1n the 

H 
form d ' If we substitute Fr = 

above we obtain 

V 

Igd 
in the expression ( 6 .7 ) 

From this expression we see that the air~water ratio becomes 

independent of the Froude Number at high Froude Numbers, but 

for Froude Numbers in the range of siphon behaviour the effect 

QA 
A plot of against (Fr) must also be 

Qw 
may be significant. 

in the form of an exponential curve with the air -water ratio 

again tending towards as the Froude Number 

increases . (For the case of a circular jet when ~ is kept 

constant as 1n Charlton's work h 1 f b. h , t e va ue 0 p 1S t us 

always constant, leaving the entire term as constant. Thus 

for all cases in this type of analysis a single curve will 

be obtained when plotting ~~ against jet Froude Number, which 

of course is only a special case of more general behaviour). 

Having established an empirical relationship between the 

air-water ratio and the jet parameters , we begin to envisage 

exciting possibilities of its application not only in the 
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realm of siphon spillways, Lut also shaft spillways and 

oxygen uptake in rivers. These will be dealt with briefly 

in section 6.7. 

The relationship between the air~water ratio and the 

v 
froude Number --- is shown on fig.6.22. 

/gd 
A serles of curves 

for each value of jet thickness (d) is known, but the general 

trend is apparent. from the curves it is seen that an 

absolute correlation lS not possible, at least using the 

A correlation may be froude Number criterion V 
/gd 

obtained using the criterion V 
__ , where L is a length 

/gL 
characteristic comprised of jet geometrical considerations. 

from the graph it is also apparent that a good correlation 

for all points will be obtained if ~ and ~ are held constant. 

A graph of air-water ratio (QA) against Reynolds Number 
Qw 

(Vd), fig.6.23, produces a similar series of curves, v 

converging to a constant value of (ci~) of 0.26 %(~)O.446 for 

higher values of Reynolds Number. It is perhaps worth noting 

that the Reynolds Number converges very quickly towards its 

limit value of ~~, in fact, for all cases shown Re converges 

before approximately 2.0 x 10 5 . This may provide a useful 

criterion for air entraining devices. 

6.7. Implication s of the Empirical Solution 

In order for the relationship 

R = 

to have much physical significance, it ought to have applications 

not only to siphon spillways, but also In the general field of 
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air entraining hydraulic structures, including dropshafts 

and oxygenation at stepped spillways and weirs. 

Consider first the case of the low head siphon under 

discussion in the earlier parts of the thesis, which primes 

by means of a single rectangular jet impinging on the sealing 

pool of water at the exit. The jet dimensions and velocity 

are known for prototype conditions and also model conditions. 

As ~ is identical in model and prototype, . H h as lS Cl' ence we 

can come to the simple conclusion that the model air-water 

ratio divided by the prototype air-water ratio can be given 

by 

1 
QA 

( 1 
Vo 

) ( 1 Von2) (Q)model - -
V Vp W model 

( 6 .8) = = 
QA V V 

( 1 0 
) ( 1 ~) (Q)prototype - -

V Vp W proto 

where n lS the scale factor for the model, and Vp is the 

prototype velocity, For the low head siphon whose prototype 

velocity Vp is approximately 24 ft/s (7.3 m/s), and Vo is 

approximately 3 . 5 ft/s (1.1 m/s), we form the relationship 

that 

QA 
(o;)model 

QA 
(Qw)proto 

= 
1 

1 - (0.146n 2 ) 
0.854 

1 

= 1.17 - 0.171n2 

From this relationship we see that the ratio of the model to 

prototype air-water ratio, at a given prototype velocity, lS 

a function of the scale factor n to the power ~. 

A plot can now be made of this important ratio against 

1 

n 2 for all range of velocities and is shown on Fig.6.24. 

The family of straight lines is of the general form, 
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(Qw)mod e l 

QA 
(Qw)proto 

= 

1'71 . 

Vp 
( 6 .9 ) 

giving a single straight line for a constant prototype velocity 

Vp. Assuming Vo = 1 . 1 m/s, then lines are drawn for various 

values of Vp (prototype velocity) from 5 ft/s to 35 ft/s , 

covering a wide range of behaviour . From Fig . 6.24 it lS 

significant that for a given prototype velocity , there exists 

a model scale at which there will be zero air entrainment~ 

resulting in a non-functioning of the model . At a prototype 

jet velocity of 25 ft/s~ for instance ~ there wil l be zero alr 

entrainment when the model scale is decreased to 1/52nd . As 

the prototype velocity decreases , the size of model scale j u st 

to give zero air entrainment~ increases . At a prototype 

velocity of 10 ft/s, for instance , a l/lOth scale model wi ll 

be ineffective . 

From the graph it is possible to select any model scale ~ 

and knowing its prototype velocity at the point of air 

entrainment, then a prediction of the air-water ratio may be 

obtained. In the next chapter (7)~ it is hoped to apply this 

technique extensively not-only to the low head siphon mode l s 

1/20th~ l/lOth and 1/7th scale~ but also the high head siphon 

models 1/20th, l/lOth and 1/7th scale . Then the predicted 

air-w a t e r ratios for e a ch model may be compared with the 

actual measured valu e s to assess the accuracy and validity 

of the technique . 

It is worth noting also the possible application of this 

empirical result to dropshaft behaviour. A typical dropshaft 

set up is shown on Fig.6 . 25~ where water is to be transferred 

from a higher to lower level by means of falling down a 

circular shaft. The water dischar g e flow s over the lip of 
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the shaft and the water jet clinging to the sides plunges 

down until it reaches the pipe full condition which in turn 

is determined by static conditions at the outlet. When the 

water jet reaches the pipe full condition, an annular 

172. 

hydraulic jump forms and large quantities of air are entrained. 

Thus the experiments described in this section are directly 

relevant to dropshaft behaviour, although the jet may not be 

exactly of rectangular cross section. (The problem of 

estimating model dropshaft air-entrainment was cited by 

Peterka ,who found that a 1/21th model gave a model air-

water ratio only 25% of the prototype). From Fig.6. 25 , air 

is being entrained only on one side of the jet along a length 

n(D-2d). Thus from a knowledge of the depth of free fall, 

velocity and jet thickness at impact it is simple to estimate 

a model or prototype air-water ratio. 

Another field of application of the empirical relationship 

may lie in the realm of aeration and oxygen uptake in rivers 

at weirs. When water flows over a weir, a hydraulic jump 

often forms downstream entraining air and adding a 

quantity of oxygen. Alternatively, the nappe may spring 

clear of weir and plunge into the pool at the downstream, 

again entraining air. Either way, the analysis carried out 

in this chapter lS relevant to the volume of alr (or oxygen) 

entrained and added to the water. In this case the jet 

plunging into the pool may not have a regular geometry but 

the principle of entrainment remains the same. Thus a 

knowledge of the depth of fall, the jet velocity and geometry 

will once again combine to give accurate values of the air-

water ratio. One point worth noting here is the fact that 

in the present case the total energy of the jet was lost on 

entry to the pool, but in the case of hydraulic jump only 

part of this energy is lost. 
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6.8. Conclusions of the Air Entrainment Jet Tests 

The entrainment of air by a rectangular turbulent jet 

of water impinging on an ambient water surface is dependent 

on the jet velocity (V), the depth of free fall (H), the jet 

thickness (D), the jet width (b), the perimeter (p) and the 

initial velocity to entrain air (Vo)~ the parameters 

combining to form the relationship, 

= O 26 ~(~)O.446(1 . P d 
Vo 
-) 
V 

The rate of entrainment is found to vary linearly with 

velocity, and parabolically with depth of free fall. After 

a certain jet thickness, the rate of entrainment remains 

reasonably constant. 
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There is found to be no obvious correlation between alr-

water ratio and either Froude Number or Reynolds Number for 

a rectangular jet in which ~ and ~ are varying. It is 

possible however to obtain a correlation for a circular jet 

where these variables are kept constant. Above a jet 

Reynolds Number of 2.0 x 10 5 , the air-water ratio shows 

little change. 

There is a measurable amount of alr entrainment when the 

depth of free fall (H) is zero, but it lS small compared to 

entrainment at higher depths of fall. 

The ratio of the model to prototype (siphon) air~water 

ratio is a function of the prototype velocity and the square 

root of the scale factor (n). 
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7.1. Comparison of High Head and Low Head Siphons 

Before a discussion on the direct comparison with the 

work of others, it may be useful to compare low and high 

head siphon behaviour. Throughout Chapters 4 and 5 it has 

become increasing ly evident that although the operations of 

the high head and low head siphon are similar there are many 

design points which make their performance different. 

A high head siphon, because it is generally used on a 

dam, most times has a free exit discharging into the 

atmosphere and also an almost vertical outlet limb. Combined 

with the fact that the overall working head is at least twice 

that of a low head siphon, we conclude that the high head 

siphon will have large nappe velocities, a fast rate of alr 

entrainment and evac uation because of increased local 

turbulence, and a less positive outlet seal. The latter 

encourages 'hunting' and instability which lS more pronounced 

in the high head than the low head siphon. 

The low head siphon, with lower nappe velocity and 

positive outlet seal, gives a smooth, steady and less turbulent 

rate of entrainment. This is clearly seen in the lower values 

of air-water ratio obtai~ed (Fig.4.27 and 5.30) The water 

seal which forms at the low head siphon exit provides an 

excellent means of entraining air, especially at the onset of 

priming. Thus the ratio air to water at the onset is larger 

in the low head than the high head siphon , resulting in a 

superior priming quality. 

Cond itions at the inlet are also an important design 

feature in siphon performance. A high head siphon placed 

on a dam generally has low inlet water velocities at a point 

at the end of the inlet lip. This is primarily due to the 

large area of inlet in the reservoir and the large depth of 
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water a t that point. The low inlet velocity produces a 

s mall drawdown at the inlet lip, and this serves to restrict 

the air flow passing under the lip, producing instability. 

The lip length lS clearly an important factor in this type 

of siphon. 

The low head siphon, however, is often used in rivers, 

canals or lakes, with a shallow depth of approach. This 
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invariably produces high inlet water velocities, larger draw

down at inlet and more air carried under the inlet lip to 

give a stable operation. The lip length is not so critical 

in this siphon, provided the depth of approach channel is 

constant. 

The variation in alr flow during priming differs from the 

high head to low head siphons as shown on Figs.4.8 and 5.8. 

Th e hi g h head siphon gives a steadily increasing air flow in 

the sub-atmospheric weir flow phase, coming to a maximum at 

the onset of partialised flow and declining steadily to zero 

at black water flow. 

The low head siphon gives a maximum alr flow at the onset 

of priming, decreasing during the sub-atmospheric weir flow 

phase, and coming to a second maximum alr flow at the onset 

of partialisation. Once again there lS a steady decline as 

flow approaches the black water condition. 

The air entrainm e nt scale effects are more pronounced in 

th e l ow h e ad s iphon than the high h e ad because of lower nappe 

velocities, turbulence level and depth of free fall. Thus, 

the effects of viscosity and surface tension are increased, 

produ c in g a much lower air flow in the smaller models than 

that predicted by Froudian extrapolation. The 1/20th scale 

low h ea d siphon produced a low rate of alr entrainment 

resultin g in a slow rate of priming. This was not evident 

in th e c orr es pondin g hi g h head siphon model. 
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Overall, the low head siphon gave a more stable 

performance, but greater care must be taken in modelling 

this type of siphon because of the increased scale effects. 

7.2. Comparison of Results with Other Investigators 

177. 

In the field of siphon behaviour it 1S a difficult task 

to compare experimental results, mainly because it 1S very 

rare and highly unlikely to find two siphons with the same 

profile, inlet conditions, outlet conditions, maximum 

discharge, rate of entrainment or even physical environment. 

As a result, comparisons become meaningless when expressed in 

specific terms, but we can, however, compare general modes of 

behaviour for siphons which are of the same general type. 

A second complication ar1ses 1n comparing the a1r flow 

with that of other siphon types. Literature reveals that 

only one or two air flow measurements have been made in other 

siphon models, so the comparison is limited. As well, the 

previous measurements have given the air flow for only one 

model scale, so the air ~ntrainment scale effect has not been 

studied. 

The air entrainment jet tests reveal much the same 

position. A limited amount of work has been done with small 

diameter circular jets, but none on rectangular jets of 

prototype dimensions. 

limited. 

The comparisons are once again 

Ca) The air flow in siphons 

The values of air-water ratio for the 1/7th scale low 

head siphon are shown plotted with the results of F.G.Charlton 
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(1964) and J. A. Charlton (1970), using similar shaped siphons 

on Fig.7.1. The magnitudes of air-water ratio are remarkably 

similar for the three varying siphon designs. The trend is 

clear that the air-water ratio reaches a maximum at the 

onset of priming, gradually decreases as priming continues, 

and exhibits a small increase in air-water ratio at the 

onset of the partialised zone. From the graph, it is seen 

that F. G. Charlton's siphon moves into the partialised zone 

at 45% of maximum flow, the author's siphon at 65% of 

maximum flow, and J. A. Charlton's at 80%. When partialised 

flow commences at a later stage then the ratio of air to 

water is smaller at that point, minimising the alr flow. It 

is also desirable to obtain a high ratio of air to water at 

the onset of priming, so that hunting and instability will 

be kept to a minimum. Using this argument the siphon of 

J. A. Charlton produces the distribution of alr closest to 

the ideal, but has the disadvantage of giving partialised 

flow only over 15-20% of its range. 

(b) The air-entrainment jet tests 

No work has been discovered on the entrainment of alr by 

a rectangular nappe impinging on an ambient or slow moving 

water surface, so it is again difficult to compare the results 

with that of others. Some work has been done, however, on 

alr entrainment by small diameter circular jets by Thorn (not 

yet published), J. A. Charlton and Ohyama. 

In his work on small diameter circular jets, Charlton 

obtained a single curve to relate the jet Froude Number and 

its air-water ratio. The curve, shown on Fig.7.2 by the 

dashed line, is compared by some of the results of the initial 

rectangular nappe tests which are plotted in curves of constant 
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H d values. There lS a definite similarity In the shape of 

the curves, each one suggesting an almost constant air-water 

ratio when the Froude Number exceeds 1 0 -20. It can be seen, 

however, that the air-water ratio varies for each value of 

H 
d' 

H and Charlton's results, which are all at a constant 
d 

value, are only a special case. Added to this is the fact 

that the value of ~ (breadth/perimeter) is varying in the 

rectangular jets whereas it remains constant in circular jets. 

The curves on Fig.7.2 give the approximate relationship, 

= 
B 

A - (Fr)n ( 7 .1) 

where A and B are constants depending on the values of H, d, 

band p. The value of n is calculated to be in the region 

of 2.24 and Fr lS the Froude Number. 

No comparison of air entrainment is complete without 

reference to the classical work on hydraulic jumps done by 

Kalinske and Robertson and the field tests by Campbell and 

Guy ton In these investigations the air demand of an 

hydraulic Jump In a closed conduit was measured and related 

the air -water ratio to the Froude Number. It must be noted, 

however, that the entrainment of air may have a similar 

mechanism to that of the plunging rectangular jet, but in 
the, 

the former case only~water surface in contact with the 

atmosphere is entraining air. Thus the comparison is not 

direct as the air-water ratio is proportional to the jet 

surface area exposed to the air as well as the Froude Number. 

Fig.7.3 shows the jet air entrainment compared to that of the 

hydraulic jump, the former giv ing a much higher air-water 

ratio for a g iven Froude Number. This is to be expected, 

as the jet is entraining air along its entire surface length 
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and plunges freely through the air, a process not occurring 

in hydraulic jumps. 

(c) Model and prototype relationships 

Measurements of air flow in prototype siphons are not to 

be found in existing literature and should be placed high ln 

the order of priorities for further research. (It is 
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proposed by the author to measure the air flow in the prototype 

high head and low head siphons when fully constructed). 

In order to obtain any comparisons we must turn to drop-

shafts or shaft spillways. The most direct comparison in 

this field is afforded by the work of Peterka. A model to 

the scale 1:21 produced an air-water ratio only one quarter 

of the prototype, highlighting an effect also occurring in 

siphon spillways. It has been possible in recent times to 

construct vertical dropshaft models to a small scale but a 

long drop length so that the air flow is simulated reasonably 

accurately. It is difficult, however, to use this procedure 

in siphon spillways as the geometry is more complicated. 

The prototype dropshaft of Peterka, having an outlet 

tunnel of 14 feet diameter (~ 150 ft 2 area) gives an outlet 

velocity of approximately 20-24 ft/s at a point just before 

submergence. Comparing this with the prototype-model 

relationship derived on Fig.6.24 we see the result on Fig.7.4. 

The model scale 1:21 should have an air-water ratio approx

imately 30% of the prototype and in fact has been shown by 

Peterka to be in the region of 25%, giving close agreement. 

Unfortunately there are no other suitable comparisons. 

Worth mentioning here is the work done by viparelli and 

later by wijeyesekera on air entrainment in dropshafts. 

Viparelli found that in model dropshafts the ratio of air 
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to water is proportional to the depth of free fall (H), and 

the shaft diameter (d). The relationship derived is 

= 

and later verified by Wijeyesekera. This relationship 1S 

useful in the modelling of dropshafts, but ignores other 

factors which may be of importance. H 
The factor d compares 

H approximately to the factor d (depth of free fal l /jet 

thickness) as in the air entrainment jet test, and the power 

of this factor is 0.6 compared to 0.446 in the jet tests . 

(d) Conclusion 

It has not been thought advantageous to compare the model 

priming characteristics for instance with those of existing 

siphons because of the large numbers of factors and variables 

involved which all interact to give the priming curve its 

shape. 

However, general design concepts concerning the inlet lip 

length, lip elevation, depth of approach channel and tailwater 

level can be broadly compared with the work of Kay (1971) and 

Charlton (1970). Both authors found that an increased lip 

length gave the priming characteristic a shallow slope, an 

increased lip elevation decreased 'hunting' instability, a 

shallow depth of approach gave the priming curve a steeper 

characteristic, and a tailwater level increase reduced the 

air control and maximum discharge within the siphon. All 

these relationships were verified by the author in more 

quantitative terms. 

It is now apparent the notable lack of research done both 

1n the field of prototype and model air entrainment, and also 
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the interrelationships governing siphon behaviour . As a 

result, it has not been possible to obtain a very comprehens ive 

comparison of results. 

7.3. Some S cale Effects 1n Siphon Spillways 

A constant theme running through this work 1S the under

estimation of the rate of air entrainment by Froudian scale 

models. This fact not only reduces the rate of priming in 

models, but also reduces the amount of air flow passing under 

the lip which in turn produces more 'hunting' and instability 

in the smaller models than would occur in the prototype siphon. 

Consider first the sub - atmospheric weir-flow phase. 

(a) The sub-atmospheric we1r flow phase 

The variation of air-water ratio with model scale is 

shown for each siphon on Figs.4.27 and 5.30, the sub

atmospheric welr flow phase lying on the lower half of each 

graph . In this region air 1S entrained essen tially by a 

falling nappe. Due to a lack of similarity between each 

air-water ratio curve, it was decided to attempt an 

extrapolation to the prototype air~water ratio curve and 

relating this to the model scale (as described in the earlier 

chapters). 

With the lack of physical significance and the lack of 

research on air entrainment generally , the jet tests of 

Chapter 6 were attempted, revealing an empirical solution to 

the actual value of air -w ater ratio for a rectangular nappe 

of given dimensions, velocity and depth of free fall. From 

this relationship the ratio of "model to prototype air-water 
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ratio was calculated for each prototype jet velocity (Yp) 

and plotted against model scale, Fig.6.24. This is clearly 

a more meaningful extrapolation than the area method. We 

can now compare the actual model air-water ratio values to 

the values predicted from the air entrainment tests. 

The actual values of the air-water ratio may be calculated 

QA 
from QW = 0.26 E.

p
(li

ct
)O.446(1_Yy o ). . Flg.7.5 shows the calculated 

values of prototype and models air-water ratio, compared with 

the measured values from Fig.5.30 (Qw < 0.6). (The 
Qw max 

calculated air-water ratio values are shown by dashed lines 

and the mea~ured model air-water ratio values are shown by 

full lines.) There is a close correspondance between the 

measured and calculated air-water ratio values for the 1/7th 

model. Clearly the results from the jet tests are very 

applicable to siphon model behaviour, predicting the model 

air-water ratio to a good degree of accuracy. The results 

for the l/lOth and 1/20th model are slightly less accurate 

but still a good approximation to the measured values. Only 

the predicted values of the prototype air-water ratio remain 

unproven. The same procedure is not exactly valid for the 

high head siphon where air is entrained at four separate 

points within the barrel. The mechanism of entrainment lS 

by a roller forming on one side of the nappe as in a hydraulic 

jump, which is roughly equivalent to the jet tests experimental 

set up. It is valid, however, to compare the ratio of the 

model to prototype air-water ratio from Fig.6.24. 

Calculations reveal that the prototype velocity in the high 

head siphon is in the region of 30 ft/s (9.1 m/s) and from 

the graph the 1/20th model will have an air-water ratio 54% 

of the prototype, the l/lOth model will have an air-water 

ratio 71% of the prototype, and the 1/7th model will have an 

air-water ratio 78% of the prototype. 
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Thus, if the results of the jet tests are valid for 

model and prototype, it is clear that for the case of the 

low and high head siphons under test the 1/20th model will 

give an air-water ratio 40-55% of the prototype. This, ln 

turn, means that the air flow through this model will be 

only half that required to simulate the prototype air flow. 

This will undoubtedly have adverse effects on the performance 

of the 1/20th models as the reduction in proper air f l ow 

under the lip will cause hunting and siphon instability. 

The air flow in the l/lOth models will also be 30 - 35% under

estimated, giving some idea of the sca l e effects invo l ved . 

The effect of model scale on 'hunting ' is amply illustrated 

on Fig.4 . II(b), where the 1/20th mode l has a much larger 

magnitude of hunting than the 1/IOth or 1/7th . The prototype 

siphon will undoubtedly exhibit less hunting than the mode l s 

showing that in this respect model testing is conservative . 

It is evident from Fig . 6.24 that a certain model scale 

will give zero air entrainment, and hence will not function . 

It is not possible however to state exactly what percentage 

of air flow underestimation will be tolerated in mode l s, but 

it is advisable not to allow the model air-water ratio fal l 

below 30-40% of the prototype, otherwise 'hunting' and siphon 

instability will become acute. For the normal range of 

prototype velocities (6-9 m/s) models should not be tested 

below a l/IOth or 1/12th scale. 

(b) Partialised flow phase 

Assuming that the siphon partialised flow phase consists 

of a flowing mixture or air and water occupying all of the 

siphon barrel, then we must consider the effect of the large 

negative crown pressures on the gulps of air entering. 
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Con s ider the case of the high head siphon where the air 

bubble s entering are distributed evenly across the siphon 

throat section from crest to crown. (At the early stages 

the air flows around the outer bend only, but with an 

increasing negative pressure at the crest the flow of air 
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becomes evenly distributed). Now the mean negative pressure 

at the throat section is approximately -4.0 m of water 

pressure from Fig.4.31, but is generally less than this 

value during priming. This value is applicable to the 

prototype siphon, the 1/7th model will have a pressure of 

-0.57 m water, the l/lOth model will give -0.4 m water and 

the 1/20th will give a negative pressure of - 0.2 m (water 

pressure). It is clear from these results that air entering 

the prototype throat section will experience a large expans i on 

due to the larger negative pressures than wil l occur in the 

models. If we now assume that the ratio of air to water lS 

the same for model and prototype at this point, then the 

prototype will need to draw in less air (from the atmosphere) 

than a model, to satisfy the ratio of air to water. This 

implies that the prototype air demand will be less than that 

predicted by a model, and this argument was proposed by 

Perkins 

However, work by Binnie and Sims was carried out by 

measurin g the air flow through the siphon at reduced ambient 

pr ess ur es v a ryin g from atmospheric to one tenth of atmospheric. 

(This was an attempt to scale the ambient pressures acting on 

an air bubble which, In fact, determined the bubble size). 

They found in the investigation that not only did a model 

operating at atmospheric pressure underestimate the prototype 

air demand, but models operating at pressures less than 

atmospheric (designed to be more accurate) underestimated 
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the prototype air demand even further. They concluded 

that siphon models underestimate the prototype air flow and 

not overestimate as has been suggested by Perkins. The 

author has found an increase in air flow (air-water ratio) 

with model scale and thus subscribes to the conclusion of 

Binnie and Sims. 

A factor overlooked by Perkins is that of the bubble rise 

velocities in model and prototype. If a model lS tested at 

atmospheric pressure then the bubble size and hence bubble 

rise velocity will be the same in model and prototype. This 

is because the bubble diameter is generally governed by the 

existing ambient pressure. The identical bubble rise 

velocities in model and prototype give rise to the non-scaling 

of the relative velocity of the bubble being evacuated from 

the siphon as shown below. A tiny model with a water velocity 

comparable to the bubble rise velocity will hence give a small 

net rate of air evacuation compared to the prototype. The 

direction R gives the resultant bubble path. 
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8.1. Interrelationships In Siphon Behaviour 

"The success of any physical investigation depends 
on the judicious selection of what is to be 
observed as of primary importance, combined with 
a voluntary abstraction of the mind from those 
features, which, however attractive they may 
appear, we are not yet sufficiently advanced ~n 
science to investigate with profit." 

J. Clerk Maxwell 
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These words of Maxwell summarise the aims of this section 

of the work - setting In context the findings on siphon 

behaviour, and the application to future design concepts. 

Having studied the effect of each parameter of siphon 

behaviour independently, it is necessary to place each factor 

in context of the whole of siphon behaviour. This is 

essential before introducing the more precise design 

applications from the work. 

Consider first the conditions inside the siphon barrel 

where a falling rectangular nappe is entraining air, either 

by plunging into the sealing pool as in the low head siphon, 

or by impinging on the walls of the siphon, as in the high 

head siphon. From the work on the air entrainment jet tests 

it can be stated that ~~ = 0.26 ~(J)O.446(1-~o). The volume 

of alr thus entrained lS dependent on the nappe velocity CV), 

the depth of free fall (H), the nappe thickness (d), the 

nappe perimet e r P, the nappe width (b), and the water discharge 

( Qw ) • 

The main factors governing alr entrainment within the 

siphon are · represented in block form below. Each factor 

contributes to the rate of entrainment in a manner outlined 

in Chapter 6. 
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Depth Water of free 

Discharge fall of nappe 

(QW) (H) 

\if 
I N appe thickness ( d)1 

~ 
Air flow Rate of alr 
under the entrainment Initial velocity 

inlet lip within the to entrain air 

(QAL) siphon (QA) 
(V o ) 

~ 
I Nappe velocity ( V) l 

Nappe (perimeter ( p ) 
(width (b) 

= 

If the air regulated siphon is performing in a stab l e 

fashion, then the rate of alr entrainment lS equal to the 

rate of air evacuation which lS equal to the air flow under 

the lip. In some cases the rate of evacuation may be less 

than the rate of entrainment because of outlet conditions , i n 

which case the excess air entrained is recirculated i nto the 

siphon barrel causing an increase in pressure . It is also 

often the case that the air flow under the lip is less than 

the rate of evacuation , resulting in a ' hunting ' effect wi th 

instability and oscillating siphon behaviour . The reason 

for a lower air flow under the i nlet lip i s often due to a 

low drawdown velocity which restricts the volume rate of a l r 

entering . This effect is connected with the total water 

energy at inlet. 
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(b) The total water energy at inlet 

The water energy at the upstream end of the inlet lip, 

as discussed in section 4.9, 1S given by the expression 

aV 2 

2g + Bd, where a and B are the velocity and pressure 

coefficients, d is the depth of channel and v is the mean 

inlet velocity. 
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The magnitude of the water energy at inlet 1S determined 

primarily by the rate of discharge through the siphon, which 

in turn is dependent on the rate of entrainment within the 

siphon and the amount of water available from the reservoir. 

The distribution of the water energy into velocity and 

static head is also important. A high mean inlet velocity 

will produce a large drawdown velocity, which in turn will 

give a steep priming characteristic and a large amount of air 

flow under the inlet lip giving a stable performance. In 

the main, a flatter priming curve will mean sacrificing siphon 

stability. It is important to consider the factors which 

contribute to the distribution of energy at inlet. 

(i) As the inlet lip length increases, so does the area of 

inlet. This produces a lower inlet velocity, a shallow 

priming characteristic and restricted air control. 

(ii) A variation 1n lip elevation serves to alter the 

distribution of energy only slightly. The main purpose 1n 

using a higher lip elevation 1S to produce a thicker nappe 

to entrain air. A lip elevation of 3" (8 cm) 1n either 

model or prototype 1S sufficient to provide adequate a1r 

entrainment at the onset of priming. 

(iii) An increase 1n depth of approach channel lowers the 

inlet velocity, produces a flatter priming characteristic 

and restricts air entry. 
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(iv) An incr e ase in tailwater level or decrease In effective 

working head, reduces the water energy at inlet, reduces the 

alr flow, but does not necessarily produce instability. 

The block diagram below shows how the total water 

energy at inlet relates to the parameters discussed above. 

Inlet lip 
length 

Lip elevation 

Depth of 
approach 
channel 

Tailwater level 

Effective 
working head 

Upstream water level 

Mean inlet and 
drawdown velocity 

Total water 
energy at 

inlet 
2 

(aV m + Bd) 
2g 

Rate of entrainment 
within the siphon 

(c) The negative alr pocket pressure 

In order that the two block diagrams of (a) and (b) can 

be made into one, we must consider the negative air pocket 

pressure. This parameter is related to the (i) rate of 

entrainment within the siphon, (ii) air flow under the lip, 

(iii) water energy at inlet. 

(i) When the siphon commences to prime and air is removed 

from the pockets, then the negative air pocket pressure is 

set up. 

(ii) Having been set up, the air pressure lS prevented from 
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increasing uncontrolled by the entry of alr at the siphon 

entrance. The volume of air entering also determines the 

value of the negative pressure. 

air increases the air pressure. 

A restricted volume of 

(iii) The air pocket pressure lS also related to the water 

energy at inlet, as the two parameters must balance if a 

stable siphon performance is to be achieved. The energy 

at inlet also controls the inflow of air which governs the 

negative air pressure. 

Thus a block diagram representing all the major 

parameters In air regulated siphon behaviour is shown on 

Fig.8.l. The block diagrams from (a) and (b) are united by 

the negative air pocket pressure. 

8.2. Recommendations for Siphon Design and Modelling 

The earli e r sections of this thesis have discussed the 

various criteria used in the design of air regulated siphons 

up to the present. A deeper, more comprehensive knowledge 
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of siphon behaviour and air entrainment has been gained in 

this work, but this will only become relevant to the engineer 

wh e n new de s i gn sug g e s tion s are laid down. 

One feature common to air regulated siphons lS the 

variation of design, so that it is rare to find two siphons 

with identical shape. The environment of the siphon, the 

maximum discharge to be passed, and the degree of air regulation 

all serve to vary the siphon geometry. Nevertheless, the 

broad principles of design already laid down can be improved 



upon, and more specific details can be added being general 

enough to apply to all air regulated siphons. 
for-lost()l1G. , 

ConsideG~the case of air entrainment within the siphon 

barrel o.~ the low head siphon. \ ~~~} Due to the 

tendency to 'hunt' at the onset of priming, it is desirable 

that the maximum rate of entrainment is achieved at this 

point. This will also give a good priming quality. From 

the equation (6. 7 ) derived in the thesis for air entra inment 

by a rectangular nappe, QA = 0 . 26 ~(~)O.446(1~~0)Qw, we may 

deduce the following simple design rules for maximum 

entrainment. 

(1) The depth of free fall of the nappe (H) should be as 
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large as possible, entraining air from both sides of the jet. 

This implies that the nappe deflector should be as high up 

the siphon barrel as possible , allowing the nappe to plunge 

to the pool at the bottom of the siphon . It must be 

pointed out , however , that the nappe should have a component 

of velocity towards the exit , so that all en train ed air should 

be evacuated with ease under the seal , and not return into the 

siphon barrel. It is probable that a greater entrainment 

rate would have been achieved in the low head siphon under 

test if the nappe deflector had been moved higher up the 

barrel . The optimum depth of free fall H, is thus the 

maximum value of H consistent with the trajectory of nappe 

required to evacuate air under the seal . 

( 2 ) 
Vo 

For the term (l-V-) in equation (6.7) to be a maximum, 

Vo 
the term V must be a minimum, and hen~e V the nappe velocity 

must be as large as possible. This implies that the 

entrainment of air should occur as low down in the siphon 

barrel as possible, as the nappe velocity is a function of the 
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vertical distance from the crest. In the case of the high 

head siphon, air is entrained at four points (two nappe 

deflectors») in each case the depth of free fall lS small, 

as is the nappe velocity at the upper air pocket. It is 

perhaps significant to note that 'hunting' proved to be a 

greater problem In the high head siphon than the low/ even 

though the rate of entrainment was greater. 

inlet and outlet geometry. 

This is due to 
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(3) The nappe thickness (d) required to entrain adequate 

amounts of alr at the onset of priming is determined primarily 

by the lip elevation during the weir flow phase. From the 

air entrainment jet tests, the rate of entrainment seems to 

come to a maximum when the nappe thickness is in the region 

of 2" (5-6 ems), Fig . 6 .1 8. From this result, it is 

recommended that the nappe thickness should be around this 

value (in model or prototype) when priming commences, implying 

that the inlet lip elevation should be at least 5-6 cms above 

crest level, to give a more accurate picture of the rate of 

entrainment which will occur in the prototype siphon. 

It is proposed that if a prototype siphon has a designed 

lip elevation above cres~ level of 20 ems for instance, then 

by linear scaling a l/lOth model will have an elevation of 

2 ems, thus, in modelling such a siphon the lip elevation 

may be raised to 5-6 ems to obtain a more accurate rate of 

entrainment. 

(4) The siphon discharge (QW) at the onset of priming should 

be as large as possible. This again brings in the effects 

of a high lip elevation and large water velocity, the latter 

being determined generally by the overall head available. 

(5) The ratio of the model to prototype air-water ratio 
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from Fig.6.24 should be as near unity as possible for 

accurate modelling of air entrainment. The graph indicates 

the minimum model scale possible to produce any air 

entrainment. The low head siphon (V p ~ 25 ft/s) will not 

function below a model scale 1/52 and the high head siphon 

(V p ~ 30 ft/s) will not function below a model scale of 1/72. 

From the graph, Fig.6.24, it is recommended that the 

value of the model air-water ratio should not be less than 

half the prototype air-water ratio, suggesting that a model 

of scale less than l/lOth of 1/12th should be used with 

great caution. As the prototype velocity increase the size 

of permissible model scale decreases. From the graph, 

Fig.6.24, the prototype air-water ratio may be predicted by 

simply knowing the model scale under test and prototype water 

velocity model scales less than 1/10-1/12, should be tested 

with great caution. From the research done on the inlet and 

outlet geometry of the siphon it is now possible to make some 

recommendations so that a smooth air regulated performance 

may be assured. 

Frequently in siphon design, the siphon lS required to 

be fully primed at a certain upstream reserVOlr level. 
-tI, 1Nl: 

in turn meansAa maximum slope of priming characteristic 

imposed, the slope of this curve being determined by the 
2 

. . (~ value of water energy at the end of the lnlet IIp 2g + 

This 

lS 

(6) Experiments show that for good alr regulation, the ratio 

of the entrance channel depth d2 to the siphon throat depth 

d, should be always less than 12. In some cases this may 

imply a steeper priming curve than required, but air regulation 

should have first priority. Another way of expressing this 

limitation is that for a good supply of air regulation under 
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the inlet lip, the ratio of the drawdown velocity (V L ) at 

the water surface, to the mean crest velocity, should be 

greater than 0 .1. 

For the testing of siphon models, the rate of alr flow 

carried under the inlet lip is greatly reduced when the 

surface drawdown velocity falls below 0.4 m/so 

(7) The effect of the inlet lip length serves to vary the 

distribution of energy at inlet. A longer lip generally 

produces a low inlet velocity and shallower priming 

characteristic. Figs.4.7 and 5.7 amply illustrate that when 

L the ratio of lip length to throat depth (d) approaches 6.0, 

then an air regulated siphon behaves as a black water siphon 

which has a flat priming characteristic. 

Good air L control in both cases is achieved when cl is 

designed less than approximately 4.0. L When the value of cl 

approaches 3.0 or less, the priming characteristic becomes 

too steep. Thus for an air regulated siphon the value of 

the lip length (L), sho uld be chosen using the criterion ~ ~ 

3 . 5 . 

(8) When the tailwater ~evel of the low head siphon lS 

increased, then the working head on the siphon (H) is decreased. 

Experiments reveal a number of side effects from this: 

(a) For a decrease in overall head of 30% the flow of alr 

through the siphon is reduced by 60-70%. If the decrease 

in working head is continued to 40%, then the siphon enters 

a phase of poor alr control. 

(b) The coefficient of discharge (Cd) is reduced from 0.95 

to 0.85 for a 30% reduction in head. 
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Thus if the siphon still performs 1n a stable a1r regulated 

manner when the tailwater level is raised, then this will be 

advantageous because of the reduction in air entrainment 

within the siphon. 

(9) It is often the case 1n siphon design that a1r 1S 

entrained within the siphon barrel, not by a nappe plunging 

into a downstream pool, but a nappe impinging on the outer 

siphon wall. The angle that the nappe impinges is 

important if a fast rate of entrainment is required. 
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It was seen in the high head siphon when testing the 

ski-jump shapes as on Fig.3. ~ , that when the impinging nappe 

was nearly horizontal, a turbulent roller formed above the 

nappe, thus entraining air similar to an hydraulic jump. 

When the angle of nappe impingement was made more acute, 

the roller disappeared and larger quantities of air were 

evacuated. The latter method is more desirable if siphon 

geometry permits. 

(10) It is desirable to use an open ended horizontal ducksbill 

at the siphon entrance especially in relation to air control. 

The horizontal ducksbill provides a variable area of air 

inlet so that the model and prototype air-water ratios tend 

to balance out. 



inlet lip 
length 

inlet lip 
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depth of approach 
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tailwater level 
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CONCLUSIONS 

The behaviour and mode of operation of alr regulated 

siphon spillways is much more complicated than a qualitative 

observation of the priming process would indicate. The 

major factors involved in priming are: 

(i) air entrainment and evacuation in the siphon barrel; 

(ii) water energy at the siphon entrance; 

(iii) degree of air regulation, or air flow, under the 
inlet lip; 

(iv) internal siphon geometry; 

(v) inlet and outlet geometry; 

(vi) negative pressures within the siphon~ and 

(vii) upstream water level, or slope of the priming 
characteristic. 

Exhaustive tests on the six siphon scale models reveal 

the following: 

(1) An increased inlet lip length decreases the water 

velocity at the entrance section. This in turn produces 

a flat priming characteristic and a restricted air intake. 

For both siphon types (low and high head) the optimum value 

of lip length (L) for goud air regulation occurs when 

L cl = 3 .75, where d is the siphon throat depth. This is also 

dependent on inlet drawdown velocity which should not be 

less than one tenth of the mean crest velocity. 

(2) An increased lip elevation generally minimises hunting 

at the onset of priming. This is due to the increased nappe 

thickness which is capable of entraining more air, thus 

preventing a build up of reservoir level at the inlet. The 

optimum lip elevation to entrain the maximum amount of air 

is approximately 5 ems. Another effect of a higher lip 



elev a tion lS a slightly reduced mean inlet velocity which 

produces a lower priming characteristic. 

(3) The effect of increasing the depth of approach channel 

to the siphon lS to reduce the inlet velocities and produce 

a flatter priming characteristic with a slightly restricted 

air flow. This effect is evident In the high head siphon 

which is being used In a reservoir normally having a large 

depth at the siphon entrance. The ratio of the depth of 

inlet channel should be not greater than 12 times the siphon 

throat depth to prevent hunting. 

(4) The effect of an lncrease in tailwater level (or 

reduction In siphon working head) lS to reduce the rate of 

entrainment and alr flow through the siphon. A head 

reduction of 30% reduces the coefficient of discharge from 

0.95 to 0.85, reduces the alr demand by 60-70% and reduces 

the maximum siphon discharge. 

produces poor air regulation. 

A head reduction of 50% 

(5) Based on the intensive review of research (Chapter 2), 

and this work, it can be concluded that a siphon model under-

estimates the air flow through the prototype siphon. This 

was shown by an increasing air-water ratio for increasing 

model scale. Various methods were attempted to extrapolate 

from model to prototype air-water ratio, the most successful 

of which was to measure the area under each air-water ratio 

curve and relate this to model scale. The lack of a 

reliable method of extrapolation prompted more fundamental 

tests on the process of air entrainment. 

(6) Air entrainment tests by a r~ctangular nappe impinging 

on a pool of water reveal that the volume of air entrained 
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by a siphon is dependent on the nappe velocity (V), thickness 

(d), depth of fall (H), surface roughness, nappe geometry (b), 

and is given by the relationship 

= 
V 
~) 
V 

where Vo is the minimum velocity to entrain alr (1 m/s). The 

rate of entrainment becomes independent of nappe thickness 

when the thickness increases to 5 - 6 cm,. . 

(7) The above relationship can be used to predict the rate 

of entrainment for model or prototype, providing a reliable 

method of extrapolating from model to prototype air 

entrainment. This is summarised on Fig.6.24 showing that a 

1/20th scale model (with a prototype velocity of 25-30 ft/s) 

will give an air-water ratio less than half of the prototype 

siphon. This agrees well with the results of Peterka who 

tested a prototype and model dropshaft. The empirical 

relationship derived is also applicable to dropshaft behaviour 

and oxygen uptake at weirs. 

It must be finally concluded that although the alr flow 

lS underestimated in Froudian siphon models, the resulting 

scale effects are not sufficient to warrant the use of any 

other model types. In siphon spillways of the air regulated 

type, it must be emphasised that we are dealing with two 

phase flow (air and water). Froudian models may simulate 

the water dynamics reasonably well, but have to be interpreted 

carefully where air entrainment is concerned. 

(8) Other scale effects In the models tested include:-



(a) The 1/20th scale model will commence to prime at a 

high~reservoir level than the l/lOth or 1/7th scale 

models. This is a safe prediction from the viewpoint 

of prototype behaviour. 

(b) A reduction in model scale from 1/7th to 1/20th 

increases the 'hunting' effect by 30%. 

(c) The variation In crest pressures between the three 

scale models was less than 10%. (RI:- t1ie h~rn0 prOto~pe, 

<fAil chCt~eo.) 
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SUGGESTIONS FOR FUTURE RESEARCH 

(1) A great deal of fundamental research needs to be 

carried out in the field of air entrainment by circular , 

square and rectangular jets. Larger depths of free fall 

should be investigated , right up until a termi n a l veloc i ty 

is reached. There is also scope for investigating a 

larger range of velocity and jet thicknesses . 

(2) The application of air entrainment research to 

engineering practice needs i mmed i ate consideration . Th i s 

is true in the case of siphon spillways and dropshafts, 

but may also be extended to stepped spillways and oxygen 

uptake at weirs. The latter application is of increas i ng 

importance in rivers and canals where a lack of oxygenation 

is producing more and more stagnation I n our waterways . 

(3) There lS an urgent need for alr flow measurements In 

prototype air-entraining structures such as siphons or 

dropshafts . An interesting project would be t o meas u re 

the air and water flow i~ an existing prototype siphon (or 

dropshaft, construct scale models of the prototype , and 

relate the air - water ratio to model scale . This would add 

a great deal to the present state of knowledge on model 

prototype relationships. 

(4) A great deal of research is required on the effect of 

varying the total water energy at a siphon inlet by 

altering the inlet geometry . Accurate measurements of 

velocity coefficient (a) are required to predict the 

upstream water level and hence the priming characteristic . 
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APPENDIX 1 

COMPUTER ANALYSIS OF BLACK WATER FLOW 

The section below contains the necessary background 

information and details for a deeper understanding of 
10 

section 4 .• , presented earlier in the thesis. The details 

include a derivation of the finite difference form of 

21U. 

Laplace's equation , the validity of the pressure calculations, 

general flow charts for the process, the actual computer 

programme and a graph demonstrating the rate of convergence. 

(a) Laplace's Equation (finite difference form) 

In a potential- flow situation we can introduce a stream 

function ~, a device describing the form of a particular 

pattern of flow. By definition, the horizontal velocity 

component u and the vertical velocity component v are given 

by: 

u = ~ ay' 
v = -~ ax 

Potential lines, being orthogonal to stream lines, give 

u = v = !t 
ay 

( 2 ) 

Combined with the condition of irrotationality, we obtain 

Laplace's equation 

+ = o = ( 3 ) 

To transfer this into a finite difference form we consider 
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a portion of the regular mesh as shown below. The inter-

nodal distance is denoted by a, and the operation is carried 

out on the central node, 

Regular Star 

where the initial value of ~ lS given by ~O. 

It can be shown 49 that Laplace's equation lS satisfied 

when 

( 4 ) 

In practice the above equation (4) is equated to a residue 

R, which is reduced to zero by successive iteration. Thus 

we have the standard equation, 

R = ~l + ~2 + ~3 + ~4 - 4~o (. 5 ) 

For an irregular star which occurs at the boundary, as shown, 

we obtain the modified expression 

( 6 ) 
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Irregular Star 

(b) The Pressure Distribution 

The iterative process described above converges to give 

a final value of ~ for each node point, the points of equal 

~ value being joined up to form the stream lines. Assuming 

that the datum point is a section upstream where the velocity 

is uniform and of known magnitude (VO), then we can find the 

velocity at all node points by the relative distance between 

stream lines. When the stream lines are close then the 

velocity is high, and so on. In order to use the velocities 

to determine the pressure distribution we must turn to 

Bernoulli's equation for irrotationn.l flow given by, 

_!e. - = 
an 

This can be integrated to yield, 

PI - P2 = ~ (v~ - vf) 
2 

Whe.e '1 a~ 'P.2. /?LlQ -the., l(o.0~ 0t p~1.-\fIt CNt CVI1~ rv,)o POiyt'C5. 

(7) 

( 8 ) 

In order to relate this to the reference point upstream, we 

ha ve -ta Inf:rO~ PO) the- pfQa:?U}€, 

~heK? ()., lJ))'ifo~ vefo(;~ Vo e¥l'St>, 

ok Q,n LAfS~n.y 

17A~ ~Itks, 

( 9 ) 
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or in the dimensionless form 

= (10) 

Thus the pressure distribution 1S easily calculated from the 

veloci ty distribution. f)"P \.0 -the, d.\jno.w·c, -p~\Atf't; cUAbv\b\.1"hci~ IV'! 

thf.. dOSQ~ S~S~lY\, Qr\d. ~ Llno.r~~d. b~ ch~h~Q.O 1'v1 h~c)rv>to.hv loo.d.. 

(c) The Flow Chart and Computer Programme 

The general procedure outlined in 4.9 1S summarised 1n 

Fig.Al.l showing seven major steps from defining the area of 

consideration to the final solution. The process of 

iteration which is included in steps 4 and 5 is amplified in 

Fig.A1.2. The lower siphon boundary is given a value 

~ = 0.0 and the upper boundary is given the value ~ = 50.0 

for convenience. The regular node points are operated on 

in the master segment of the programme, and the boundary 

points in two subroutines. When the solution converges and 

there is no further change in the value of ~, the graph 

plotter joins up the constant ~ values (stream lines) in the 

subroutine C8NTUA. The values of pressure and velocity are 

then calculated and prin~~d out. 

A summary of the notation of symbols used in the programme 

1S shown on Fig.Al.3, the upper boundary denoted by U, the 

lower boundary by L, the horizontal mesh lines by I, and the 

vertical mesh lines by J. 

The actual programme is given in Fig.Al.4 written in 

Fortran. The total number of vertical mesh lines 1S 75, 

horizontal mesh lines is 55, and the total number of node 

points is in the region of 5,000. Thus 5,000 operations 

are necessary in one iteration, proving to be a time-consuming 



-
operation. The programme sets up the initial ~ values , 

feeds in co-ordinates and short arm lengths, then proceeds 

through the relaxation process and velocity and press u re 

measurements . The graph plotting subroutine comes las t. 

214 . 

The rate of convergence with and without an accelerat i ng 

factor is shown on Fig.Al . 5, clearly indicating the reduct i o n 

in computer time . 
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Using 
define 

Define 
area 

GENERAL FLOW CHART 

Fig . Al.l 

,11 

the mesh system on 
under consideration 

, !J 

the 

the formulae for the bo u ndary 
the intersection points with 

lines (APP , DU) 

\Ir 

curves , 
the mesh 

From the intersection points, find al l short 
lengths for the irregular stars on both upp er 

and lower boundaries . 

\It 

Assume initial 1jJ values for each node point 
and commence the relaxation process by 

arm 

analysing each node point in turn , calculating 
the new values at each node . 

Continue the relaxation process until the 
change in 1jJ is negligible . The flow net 
is now plotted by joining up lines of 

con~tant 1jJ . 

From the flow net find the velocity and 
pressure distribution at each node point 

within the siphon . 

f 
Prediction of siphon behavio u r at b l ack 
water flow including maximum d i scharge 

and reservoir head . 
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A GENERAL FLOW CHART ['O R THE RELAXATION PROCESS 

Fig . A1. 2 

All points outside the upper and lower 
siphon boundar i es are given a value 1); = 0.0 . 

, 

The lower boundary 1); = o , the upper boundary 
1); = 60. Node points with in the sip h on are 
given assumed values of 1); , between 0 and 60 

depending o n position . 

\ A 

Start operating on each node 
,- point . Differenti ate be t ween ..... 

...... 
boundary , l ower bounda r y '" upper 

and inte r med i ate points. 

Subroutine Subrou t i n e 
LBOUND for UBOUND fo r 
lower \ r uppe r 
boundary bounda r y 
points points 

Operation R = 1); 1 +1);2 + 1);3+1); 4 - 4 1);0 
R = R/4 and 1);o = 1);o + R , giving a 
new val u e of 1); to each node 

poi n t . 

..... ..-
To -, 

\' 
..... 

J Compare the new 1); v a l ues with 
the previous . If the change r epeat -. --is negligib l e go to the cu r ve pr oc e ss 
plotting ro u tine . I f not , 
repeat the process . 

Subroutine 
CONTUA for 
plotting ,11 

streamlines 

Calc u late press u res and velocit i es 

,11 for each n ode po i nt . 

t + 
Print out Print o u t t h e Print out t he 
graphs of fina l 1); val u es pressure and 
streamlines for each node . v e locity at 

each node . 
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APP(j) 

Au1 - "-
Au2 - ).. 

Au3 - ).. 

Au4 - ).. 

J = N+1 

Au3(J) uQRer boundary 

a=1 

a =1 
'" node 
/ points 

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

AL2(J)=1 

J =N+1 

lower 
boundary 

_ J = N (N = 1,76) 

1= N 

[41=0] 

Internodal distance a = 1 

Point on upper boundary = uu (j ) ( in the(x,y) systeml and u (J) in the (I) 1 system 
Point 01 lower brundary = APP(J)( in the (x,ylsystemlard APU)in the(I)l system 

TYPICAL SIPHON SECTION 
Fig . A1.3. 
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RELAXATION PR OGRAMME - FIG.Al.4 

M 1\ S T E R 1\ E L A X 
DIMENSIONBX(2) ,BY(2) ,FILC(2) 
REALKIA,KI,ACC,U,AP,AU1,AU2,AU3,ALl,AL3,AL4,UU,APP 
COMMON/CHESS/KI(66,76) ,ACC(4810) ,KIA(100) ,NK(76) ,NS(76) ,ND(76), 

lU(76) ,AP(76) ,AUl(76) ,AU2(76) ,AU3(76) ,ALl(76) ,AL3(76) ,AL4(76), 
lUU(76) ,APP(76) 

DATA FILE(1)/16H EYEBROOK SIPHON/ 
DATA BX(1)/16H / 
DATA BY(1)/16H / 
KI(l,l)=O.O 
CALL FMOVE(KI(l,l) ,KI(2,1) ,5015) 
READ(l,l)UU(J) ,APP(J) ,AUl(J) ,AU2(J) ,AU3(J) ,ALl(J) ,AL3(J) ,AL4(J), 

IJ=1,76) 
1 FORMAT(960FO.0) 

IS THIS LARGE A REPEAT COUNT INTENDED AT ABOUT COL 15, LINE 0027 ? 

DO 200 J=1,76 
U(J)=UU(J)+l.O 
AP(J)=APP(J)+1.0 
S=U(J)-AP(J) 
IF(J.EQ.l)C=8.0 
IF(J.EQ.2)C=15.0 
IF(J.EQ.3)C=22.0 
IF(J.EQ.4)C=29.0 
IF(J.EQ.5)C=36.0 
IF(J.EQ.6)C=43.0 
IF(J.EQ.7)C=50.0 
IF(J.EQ.8)C=57.0 
IF(J.GT.8)C=60.0 
F=C/S 
ND(J)=NINT(S-AL4(J)-AU2(J)) 
NK(J)=NINT(AP(j)+AL4(J)) 
NS(J)=ND(J)+NK(J) 
IF(J.EQ.l)AA=52.0 
IF(J.EQ.2)AA=45.0 
IF(J.EQ.3)AA=38.0 
IF(J.EQ.4)AA=31.0 
IF(J.EQ.5)AA=24.0 
IF(J.EQ.6)AA=17.0 
IF(J.EQ.7)AA=10.0 
IF(J.EQ.8)AA=3.0 
IF(J.GT.8)AA=0.0 
DO 100 I=NK(J) ,NS(J) 

100 KI(I,J)=AA+AL4(J)*F+F*(I-NK(J)) 
IF(J.GT.17)GO TO 200 
DO 90 I=NS(J)+l,NS(J)+ll 

90 KI(I,J)=60.0 
200 CONTINUE 

WRITE 
2 FORMAT(10X,39HTHE INITIAL KI VALUE AT EACH NODE POINT) 

DO 103 K=1,4 
DO 103 1=1,66 
DO 101 J=1,19 

101 KIA(J)=KI(67-I,77-19*(K-1)-J) 
WRITE(2 ,3)(KIA(IJ) ,IJ=1.19) 

3 FORMAT(lH ,(lH ,19(F4.1,lX))) 
103 CONTINUE 

NJ=76 
NI=66 
NR=(NJ-2)+(NI-2) 
KK=O 

5 WRITE(2,17)NJ,NI 



17 FORMAT( 10X ,3J-INJ= ,14 ,3HNI= ,ILl) 
KK=KK+l 
WRITE( 2 ,348)KK 

348 FORMAT(10X,3HKK=,14) 
L=O 
DO 300 J=2,75 
DO 300 1=2,65 
L=L+l 
IF(I.LT.NK(J) ,ORI.GT.NS(J))GO 
IF(I.EQ.NK(J)) TO TO 350 
IF(I.GT.NK(J) ~AND.I.LT.NS(J)) 
IF(I.EQ.NS(J)) GO TO 351 

TO 300 

GO TO 352 

350 CALL LBOUND(KI(I,J) ,KI(I,J-l) ,KI(I,J+l) ,KI(I+l,J) ,KI(I-l,J), 
lAL1(J) ,AL3(J) ,AL4(J) ,R,J) 

GO TO 353 
351 CALL UBOUND(KI(I ,J) ,KI(I ,J-l) ,KI(I ,J+l) ,KI(I+l,J) ,KI(I-l,J), 

lAUl(J) ,AU2(J) ,AU3(J) ,R,J) 
GO TO 353 

352 R=KI(I,J-l)+KI(I,J+l)+KI(I-l,J)+KI(I+l,J)-4*KI(I,J) 
C MULTIPLYING BY AN ACCELERATING FACTOR W=1.4 

R= ( R'"1 , 4 ) / 4 . 0 
353 SAYED=KI(I,J) 
400 KI(I,J)=KI(I,J)+R 

ACC(L)=ABS«KI(I,J)-SAYED)/SAYED) 
300 CONTINUE 

IF(KK.LT.265)GO TO 349 
WRITE(2,47) 

47 FORMAT(10X,31HTHE KI VALUE AT EACH NODE POINT) 
DO 37 K=1,4 
DO 37 1=1,66 
DO 38 J=1,19 

38 KIA(J)=KI(67-1,77-19*(K-1)-J) 
WRITE(2 ,11)(KIA(IJ) ,IJ=1,19) 

11 FORMAT(lH ,(lH ,19(F4.1,lX))) 
37 CONTINUE 

SXA=21.67 
SYA=25.0 
GX=5.0 
GY=5.0 
LDL=O 
NX=66 
NU=76 
NTX=130 
NTY=75 
XllIN=1.0 
YMIN=l.O 
XMAX=66.0 
YMAX=76.0 
DO 28 KC=1,59 
H=KC 
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38 CALL CONTUA(XMIN,XMAX,YMIN,YMAX,NX,NY,NTX,NTY,H,KC,SXA,SYA,FILE, 
IBX,BY,GX,DY,LDL) 

CALL HGPLOT(0,0,0,0,0,3) 
CALL HGPTAPE(2,0,0,0,0) 

349 T=O.O 
DO 9 I=l,NR 

9 T=AMAX1(ACC(I) ,T) 
N=l 

8 IF(ACC(N).GT.100.0)GO TO 26 
N=N+1 
IF(N-NR)8,8,7 

7 IF(ABS(T)-0.001)26,26,5 
26 PAUSE 

END 



Relaxation on the Lower Boundary Points 

SUBROUTIN[ LBOUND(A,B,C,D,E,F,G,H,R,J) 
IF(J.EQ.l)GO TO 501 
IF(J.EQ.2)GO TO 502 
IF(J.EQ.3)GO TO 503 
IF(J.EQ.4)GO TO 504 
IF(J.EQ.5)GO TO 505 
IF(J.EQ.6)GO TO 506 
IF(J.EQ . 7)GO TO 507 
IF(J.EQ.8)GO TO 508 
IF(J.GT.8.AND.J . LT.34)GO TO 509 
IF(J . GE . 34,AND.J.LE.36)GO TO 510 
IF(J.GE.37,AND.J.LE.43)GO TO 511 
IF(J.GE.44)GO TO 512 

501 R=56.0/F+D+C+52.0/H-A*(2.0+1.0/F +l.0/H) 
GO TO 500 

502 R=B+D+C+45.0/H=A*(3 . 0+1.0/H) 
GO TO 500 

503 R=43 . 0/F+D+C+38 . 0/H=A*(2.0+1 . 0/F+l . 0/H) 
GO TO 500 

504 R=B+D+C+31 . 0/H=A*(3.0+1 . 0/H) 
GO TO 500 

505 R=29 . 0/F+D+C+24.0/H=A*(2.0+1.0/F+l.0/H) 
GO TO 500 

506 R=B+D+C+17.0/H=A*(3.0+1 . 0/H) 
GO TO 500 

507 R=15.0/F+D+C+I0.0/H=A*(2 . 0+1 . 0/F+l.0/H) 
GO TO 500 

508 R=B+D+C+3.0/H=A*(3.0+1.0/H) 
GO TO 500 

509 R=B+D-A*(2.0+1.0/G+l . 0/H) 
GO TO 500 

510 R=B+D+C-A*(3 . 0+1 . 0/H) 
GO TO 500 

511 R=D+C-A*(2.0+1.0/F+l . 0/H) 
GO TO 500 

512 R=B+D+C-4~':A 
500 R=(R*I,4)/1,0+1 . 0/F+l.0/G+l.0/H) 

RETURN 
END 
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Relaxation on the Upper Boundary Points 

SUBROUTINE UBOUND(A,B,C,D,E,F,G,H,R,J) 
IF(J.GE.l.AND.J.LE.23)GO TO 601 
IF(J.GT.23,AND.J.LE.41)GO TO 602 
IF(J.GT.41,AND.J.LE.52)GO TO 603 
IF(J.GT.52,AND.J.LE.66)GO TO 604 
IF(J.GT.66,AND.J.LE.71)GO TO 605 
IF(J.GT.71)GO TO 606 

601 R=60.0/F+60.0/G+C+E-A*(2.0+1.0/F+l.0/G) 
GO TO 600 

602 R=60.0+60.0/G+C+E-A*(3.0+1.0/G) 
GO TO 600 

603 R=B+60.0/G+60.0/H+E-A*(2.0+1.0/G+l.0/H) 
GO TO 600 

604 R=B+60.0/G+C+E-A*(3.0+1.0/G) 
GO TO 600 

605 R=60.0/F+60.0/G+C+E-A*(2.0+1.0/F+l.0/G) 
GO TO 600 

606 R=B+60.0+C+E-4*A 
600 R=(R*1.4)/(1.0+1.0/F+l.0/G+l.0/H) 

RETURN 
END 
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c 

c 

c 

c 

221. 

SUBROUTINE CONTUA(XMIN,XMAX,YMIN,YMAX,NX,NY,NTX,NTY,H,NH,SXA,SYA, 
IFILE,BX,BY,GX,GY,LDL) 

DIMENSION FILE(2) ,BX(2) ,BY(2) 
INTERGER LD 
COMMON/CHESS/Z(66,76) ,LD(150,65) 
FNH=FLOAT(NH) 

NLX=SXA/GX 
NLY=SYA/GY 
SX=(XMAX-XMIN)/NLX 
SY=(YMAX-YMIN)/NLY 
SFX=GX/SX 
SFY=GY/SY 

IF(NX-l)119 ,119 ,120 
120IF(NY-l)119,119,121 
121IF(NTX-2*(NX-l»119,122,119 
122 IF(NTY-(NY-l»119,123,119 
119 WRITE(2,127)NX,HY,NTX,NTY 

EVALUATE SCALE FACTORS ETC. 

CHECK DIMENSIONS 

127 FORMAT(lHl,//////////,20X,15HDIMENSION ERROR,///,20X,6HNX 
1,20X,6HNY ,17,/,20X,6HNTX ,17,/,20X,6HNTY ,17) 

RETURN 
123 FX=(XMAX-XMIN)/FLOAT (NX-l) 

DY=(YMAX-YMIN)/FLOAT (NY-l) 
IF(NH-l)112,113,114 

112 WRITE(2,104)NH 
104 FORMAT(//,12X,4HNH =,15,10X,18HSHOULD BE POSITIVE) 

RETURN 

113 CALL HGPTAPE(O,FILE,O,O,O) 
CALL HGPTAPE(l,FILE,O,O,O) 
CALL HGPLOT(0.0,0.0,12,6) 
CALL HGPLOT(0.0,25.0,12,4) 

DRAW PERMITTER 

CALL HGPAXISV(0.0,0.0,BY,16,SYA,90.0,YMIN,SY,GY,+4) 
CALL HGPAXISV(0.0,0.0,BX,-16,SXA,0.0,XMIN,SX,GX,+4) 
XMAX=XMAX=XMIN 
YMAX=YMAX=YMIN 
XMAX=XMAX+SF X 
YMAX=YMAX+SFY 
CALL HGPLOT(0.0,0.0,3,0) 
CALL HGPLOT(XMAX,0.0,2,0) 
CALL HGPLOT(XMAX,YMAX,1.0j 
CALL HGPLOT(0.0,YMAX,1.0) 
CALL HGPLOT(O.O,O.O,l,O) 
XW = XMAX+l.0 
YW=YMAX-l.0 
CALL HGPSYMBL(XW,YW,0.3,FILE,0.0.16) 
IF(LDL)114,114,0 

DO 420 I=l,NLY=l 
YO = I~':GY 

DRAW MESH 

420 CALL HGPDASHLN(0.0,YO,XMAX,YO,0.5) 
DO 421 I+l,NLX!!:l 
XO = I ~':GX 

421 CALL HGPDASHLN(XO,0.0,XO,YMAX,0.5) 

,17 , / 

C SCAN TRIANGLES AND SET LD=-1.0,+1 
114 NXM1=NX-l 

1 KNZD=O 
DO 10 DY=l,NTY 
KTY=KY 
DO 20 KX=l,NXMl 
KTX=2~':KX-l 

-



-

C 
C 

c 

c 

c 

c 
c 

3 
5 
6 
9 
7 

8 

C 
C 

4 

IF(Z(KX,DY)-H)3,4,5 
IF(Z(KX,KY+l)-H)6,4,7 
IF(Z(KX,KY+l)-H)7,4,9 
IF(Z(KX+l,KY+l)-H)8,4,7 
IF(Z(KX+l,KY+l)-H)7,4,8 
LD(KTX,KTY)=-l 
KNZD=KNXD+l 
GO TO 11 
LD(KTX,KTY)=O 
GO TO 11 

IF(H)1000,0,1000 
H=O.OOOOOOl 

222. 

IF H IS EQUAL TO ONE OF 2 VALUES 
INCREASE H AND START AGAIN 

1000 H=H*1.0000001 + SIGN(O.OOOOOOl,H ) 
GO TO 1 

11 

1 3 
15 
16 
19 
17 

18 
20 
10 

KTX=2~':KX 

IF(Z(KX,KY)-H)13,4,15 
IF(Z(KX+l,KY)-H)16,4,17 
IF(Z(KX+l,KY)-H)17,4,19 
IF(Z(KX+l,KY+l)-H)18,4,17 
IF(Z(KX+l,KY+l)-H)17,4,18 
LD(KTX,KTY)=l 
KNZD=KNZD+l 
GO TO 20 
LD(KTX,KTY)=O 
CONTINUE 
CONTINUE 
IF(KNZD)124,125,90 

90 WRITE(2,24)H,NH 

PRINT OUT CONTOUR HEIGHT (H) 

24 FORMAT( /,10 X,15HCONTOU R HEIGHT ,E14.6,10X,14HCONTOUR NUMBER, 
117) 

DO 40 KTYD=l,NTY 
DO 40 KTXD=l , NTX 
KTX=KTXD 
KTY=KTYD 

58 IF(LD(KTX,KTY»21,40,21 

21 LXl+(KTX+l)/2 
LYl=KTY 
LY2=LXl+l 
LY2=LYl+1 
LX3=LXl+(1+LD(KTX,KTY»/2 
LY3=LYl+(1-LD(KTX,KTY»/2 
Xl=DX*FLOAT/LXl -1) 
X2=DX*FLOAT(LX2-1) 
X3=DX*FLOAT(LX3-1) 
Yl=DY*FLOAT(LYl-l) 
Y2=DY*FLOAT(LY2-1) 
Y3=DY*FLOAT(LY3-1) 
Zl=Z(LXl ,LYl) 
Z2=Z(LX2 ,LY 2) 
Z3=Z(LX3 ,LY3) 

MTX=KTX 
MTY=KTY 

IF(Zl-H)22 ,1 24,23 
22 IF(Z2-H)25,124,26 
23 IF(Z2-H)26,124,25 
26 XPl= Xl+( X2-Xl)*(H-Zl)/(Z2-Z1) 

RESCAN TO FIRST NON-ZERO LD 

FIND VERTICES OF THIS TRIANGLE 

KEEP THIS TRIANGLE 

FIND FIRST POINT OF INTERSECTION 
AND SET LTl 

... 



-

c 
C 

c 
c 

c 

c 
c 

LTl=O 
GO TO 69 

25IF(ZI-H)27,124,28 
27 IF(Z3-H)31,124,29 
2 8 I F ( Z 3 - H ) 2 9 , 1 2 Lt , 3 2 
29 XPl=Xl+(X2-Xl)*(H-Zl)/(Z3-Z1) 

YPl=Yl+(Y3-Yl)*(H-Zl)/(Z3-Z1) 
LTl=-1 
GO TO 69 

31 IF(Z2-h)40,124,33 
32 IF(Z2-H)33,124,40 
33 XPl=X2+(X2-X2)*(H-Z2)/(Z3-Z2) 

YPl=Y2+(Y3-Y2)*(H-Z2)/(Z3-Z2) 
LTl=1 

69 XPl=XPl~':SFX 
YPl=YPl~':SFY 

XNH=XPI-0.3 
YNH=YPI-0.l 

223. 

CALL HGPNUMBER(XNH,YNH,0.2,FNH,0.0,0~1,0) 
CALL HGPLOT(XPl,YPl,3,0) 

70 
71 
72 
73 
75 
76 
81 
82 
83 
85 
86 
91 
92 
93 
95 
96 
74 

CALL HGPLOT(XPl,YPl,2,0) 

IF(LTl)71,91,81 
IF(Z3-H)72,124,73 
IF(Z2-H)75,124,74 
IF(Z2-H)74,124,76 
IF(ZI-H)40,124,77 
IF(ZI-H)77,124,40 
IF(Z2-H)82,124,83 
IF(ZI-H)85,124,77 
IF(ZI-H)77,124,86 
IF(Z3-H)40,124,84 
IF(Z3-H)84,124,40 
IF(ZI-H)92,124,93 
IF(Z3-H)95,124,84 
IF(Z3-H)84,124,96 
IF(Z2-H)40,124,74 
IF(Z2-H)74,124,40 
XP2=X3+(X2-X3)*(H-Z3)/(Z2-Z3) 
YP2=Y3+(Y2-Y3)*(H-Z3)/(Z2-Z3) 
LT2=1 
GO TO 38 

77 XP2=Xl+(X2-Xl)*(H-Zl)/(Z2-Z1) 
YP2=Yl+(Y2-Yl)*(H-Z1)/(Z2=Zl) 
LT2=0 
GO TO 38 

84 XP2=X1+(X3-X1)*(H-Z1)/(Z3-Z1) 
YP2=Y1+(Y3-Y1)*(H-zL)/(Z3-Z1) 
LT2=-1 

38 XNP=NP2~':SFX 

YNP=YP2~':SFY 

CALL HGPLOT(XNP,YNP,I,O) 

MX=LD(KTX,KTY) 
LD(KTX,KTY)=O 

KTX=KTX+LT2-MD*(I-LT2*LT2) 
KTY=KTY+(LT2*LT2*(LT2-MD»/2 

IF(KTX-NTX)54,54,55 
54IF(KTX)55,55,56 
56 IF(KTY)55,55,57 
57 IF(KTY-NTY)60,60,55 

FIND SECOND POINT OF INTERSECTION 
AND SET LT2 

STORE LD IN MD AND THEN PUT LD=O 
(MEANING-THIS TRIANGLE IS FINISHED 

FIND NEXT TRIANGLE 

LOOK TO SEE IF THIS TRIANGLE 
IS OFF EDGE OF MESH 

• 



c 
c 

c 
c 

55 KTX=MTX+1 
KTY=MTY 
IF(KTX-NTX)58~58,40 

60 IF(LD(KTX,KTY))61,40,61 
61 LT1=-LT2 

LX1=(KTX+1)/2 
LY1=KTY 
LX2=LX1+1 
LY2=LY1+1 
LX3=LX1+(1+LD(KTX~KTY))/2 
LY3=LY1+(1-LD(KTX,KTY))/2 
X1=DX*FLOAT(LX1-1) 
X2=DX*FLOAT(LX2-1) 
X3=DX*FLOAT(LX3-1) 
Y1=DY*FLOAT(LY1-1) 
Y2=DY*FLDAT(LY2-1) 
Y3=DY*FLOAT(LY3-1) 
Zl=Z(LX1,LY1) 
Z2=Z(LX2,LY2) 
Z3=Z(LX3,LY3) 
GO TO 70 

40 CONTINUE 
GO TO 126 

125 WRITE(2,225)H,NH 

224. 

IF IT IS - GO BACK TO START OF LINE 
AND FIND NEXT BRANCH 

UPDATE LT1 AND VERTICES OF TRIANGLE 
UNLESS LD=O 

225 FORMAT(/,10X ,1 5HCONTOUR HEIGHT ,F14.6,10X~ 14HCONTOUR NUMBER ~17~1 0 
1X,27H**** NO INTERSECTION ****) 

126 RETURN 
124 WRITE(2,224) 
224 FORMAT(//,70X,13HMACHINE ERROR) 

RETURN 
END 
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