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Introduction

Surge and water hammer in a pipelines is inevitable if initial design precautions are not taken, as it may be initiated by the system operator, be imposed by an external event, be caused by a badly selected component or develop as a result of poor maintenance.

Estimated costs of repairing water main breaks in Canada alone exceed Can. $ 100 million/year. Whilst there is no data to indicate the cost of pipeline repairs in most parts of the world, the figure must be substantially high. The cause of these breaks cannot often be pin - pointed. However, it can be said that a large majority stems from air and the use of conventional air valves, the incorrect selection of check valves and the indiscriminate use of conventional surge suppression equipment. 

This document is dedicated primarily to surge and water hammer and other destructive phenomena as a result of incorrect pipeline component selection with a specific emphasises on air valve selection. This document also investigates more cost effective methods of surge and water hammer suppression, reduction in pipeline maintenance requirements and more efficient pipeline operation through the use of Controlled Air Transfer Technology (CATT).

Surge & Water Hammer Analysis

Good pipeline design practice dictates that a design engineer should, in the design of a pipeline, conduct a thorough pressure surge and water hammer analysis. If the analysis is to be successful, it must be comprehensive in scope. This implies that a wide range of flow conditions and operating scenarios should be investigated. 

Surge and waterhammer  analysis, whilst an important factor in pipeline design, should not be the only criteria on which a pipeline design is based. Long term pipeline efficiency, pipeline maintenance requirements and pump power consumption should also form an important part of a pipeline’s design. 

Pipeline Components

The selection of pipeline components such as air valves, check valves and end line level control valves have a major effect on surge and water hammer, as preventative mechanisms in some designs and as the primary source of these phenomena in others. Traditional surge and water hammer equipment often provide limited protection or induce higher pressure transients than they are designed to prevent. 

Power consumption form 75% of a pumping main’s operating costs. The amount of  power consumed by a pipeline’s pump/s is dependent on the pipeline material, pipeline diameter and the pump/s selected. Headloss across pipeline components or any other restrictions in a pipeline will  also have a major effect on the amount of power consumed. 

A few pipeline components such as valves and traditional surge equipment are examined below. 

CONVENTIONAL AIR VALVE DESIGNS 

Conventional double acting air valves are available in a confusion of designs and configurations but ultimately fall in one of two categories namely:

1.
Non Kinetic Air Valves - these are usually air valves with hollow spherical floats, which have a tendency of closing prematurely and often retain large pockets of air in the pipeline, this phenomenon is known as "Dynamic Closure".

2. 
Kinetic Air valves - these are valves which have the ability to 
discharge air at extremely high velocities and differential pressures and will only close once water has entered the valve chamber to buoy the operating float.

Although other air valve functions such as low pressure sealing and pressurised discharge can be tested fairly easily with the use of simple apparatus, the investigation into many designs determined that they did not operate within the parameters claimed, or created severe damage to pipelines due to inherent features. 

The intention of this section of the document is to familiarise the specifier or user with the basic operating principles and design considerations which govern the functional limits of conventional air valve designs

Air Valve Performance Capabilities
It has for decades been a generally accepted standard to specify an air valve in terms of the nominal inlet diameter only. This is a peculiar practice considering that the discharge and intake performance of any particular air valve is dependent on design and internal configuration, the size of the large orifice in relation to the nominal size of the valve, the shape and mass of the large orifice control float and  the maximum allowable differential pressure across the large orifice. Performance may, dependent on the above, vary dramatically between different makes with the same nominal inlet diameter.

Following, is a comprehensive guide of the limitations of conventional air valves. The data presented, is  based on years of research into air valve design and provides the designer with empirical proof that features inherent in specific air valves can and does cause substantial damage to pipelines, or prevent pipelines from operating efficiently.  

Non Kinetic Air Valves

Non Kinetic double acting air valves are characterised by hollow ball control floats, and the basic valve design has remained the same since it's introduction more than a hundred years ago.  This is most probably the most common air valve design with virtually  millions installed on water pipelines around the world. The employment of the ball to seal off the large orifice, presents serious operating problems some of which are:

Poor Sealing and Working Pressures

A ball must be perfectly spherical in order to effect a leak tight seal against a resilient seat located around the circumference of an orifice.

It is not possible in practice, to mass produce perfectly spherical balls and generally a working pressure of at least 1 bar is required for a ball float to deform it's resilient seat sufficiently and achieve an acceptable seal.

To compensate for the non - uniform ball float seating surfaces very soft seals are often used, these become adhered to the float material and prevent operation of the large orifice function.

Deformation and Jamming

The hollow construction of ball type floats make them susceptible to distortion and permanent deformation when subjected to high pressures and shock loads. A ball float sealing a 150mm outlet orifice at 25 bar differential pressure must resist 4.5 tonne total force and considerably more if water hammer or surge (liquid oscillation) occurs.

In practice it has been found that floats elongate and wedge into the large orifice. Obviously if the ball float is jammed into the orifice it will not perform either air intake  or discharge  functions.

Premature Closure

Tests conducted by the Council for Scientific and Industrial Research - South Africa in 1989, indicates that ball type air valve designs have a tendency for the large orifice to be closed by the control float at very low differential pressures  (0.02 - 0.05 bar) without any further discharge, see fig. 1. This results in the entrapment of large pockets of air in the pipeline. The term "Dynamic Closure" is used to describe this phenomenon.




Fig. 1 
Tests conducted by Council for Scientific and Industrial Research 
- South Africa, indicating the dynamic closure point of two different DN80 Non Kinetic Air Valve designs.

Air retention results in surge (liquid oscillation) as the water  compresses the retained air to a point, whence it acts as a spring, violently oscillating the liquid.

The magnitude of the surge generated is dependent on the water flow velocity (either during initial filling or when separated water columns commences to rejoin) and the size of the entrapped air pocket on closure.

Effect of the strain energy of the surges will be cumulative and concentrated at points of weakness such as reductions in pipe class, fittings which may be of a lower standard than the  surrounding pipes, near line valves or tapers and in branches with closed ends.

Pipes  may also fail structurally due to the combined effect of the surge pressures which crack protective pipe linings and the retained air pockets which promotes corrosion.

Retained air causes restrictions which lead to inefficient pipeline operation and increased electrical consumption in pumping schemes as pumps are forced to work at higher heads in order to overcome the  restrictions.

Limitation of Orifice Size and It's Effect on Performance

The diameter of a ball float should not be less than 3 times the large orifice diameter otherwise it will wedge into the orifice.

Air valve large orifice diameters are restricted for economical reasons this can be demonstrated as follows: The actual diameter of the large orifice of  a conventional DN80 double acting Non Kinetic air valve is 58mm and the diameter of the control float is 150mm. If the orifice diameter had to be increased to 80mm the control float will have to increase to 240mm. The overall weight and size would increase proportionally, which in this example, is an increase of 60% (in size and weight).




Fig.2.
A typical DN80 Double Acting Conventional Air Valve design  with a restricted large orifice. 

Discharge is adversely affected as can be seen from tests conducted by the Council for Scientific and Industrial Research  - South Africa, demonstrating the flow capabilities of four different  DN80 valve designs with different large orifice diameters, at equivalent differential pressures see fig. 3 (note the country of manufacture has been used to identify the different  air valve designs).

	Country of Manufacture
	British
	Isreali
	Turkish
	South Africa

	Valve Nominal Size
	DN80
	DN80
	DN80
	DN80

	Diameter of Large Orifice
	65mm
	32mm
	65mm
	80mm

	Maximum Discharge at  0.05 bar Dp
	83 nl/sec.
	36nl/sec.
	81 nl/sec.
	156 nl/sec.


Fig.3
An indication of the effect of the large orifice diameter on an air


valve's performance capabilities.

Restriction of the large orifice does lead to pipe collapse if not accommodated for during air intake (vacuum conditions).

Venturi Effect

Inherent in all air valve designs with spherical floats is the tendency for the large orifice control float to partially close the large orifice during air intake. This is due to the creation of a lower pressure zone  on the upper part of the float than what is experienced in the pipeline (Venturi Effect), see fig 4.




Fig.4.
An air valve with spherical control floats, under vacuum conditions.

This phenomenon occurs at low differential pressures of 0.15 to 0.20 bar, which greatly restricts the valve's performance and has been the cause of pipe collapse.

Many technicians are aware of this phenomenon, and insert wedges in the large orifice, prior to scouring, to prevent it from occurring. This however is not a practical and cost effective solution on large pipelines.

Maintenance


It is recommended, due to the problems described above, that conventional air valves be maintained regularly.

Kinetic Air Valves
Kinetic air valves were developed primarily to overcome the premature closure phenomenon that plagues conventional Non Kinetic Designs. This is achieved by altering the internal configuration of the valve and therefore it's aerodynamic characteristic such that, during air discharge the large orifice float is biased towards the  inlet orifice thereby preventing premature "Dynamic Closure" of the outlet orifice.

Being able to discharge air at high velocities has created serious pipeline operating problems some of which are:

Water Hammer

An air valve discharging air at high differential pressures and velocities, will on closure induce high, damaging transient pressures. This is due to the water flow entering the valve suddenly being arrested by the large orifice control  float sealing on the large orifice. The effect on the pipeline dynamics is equivalent to the rapid closure of an isolating valve.

The magnitude of the transient pressures induced often exceed the test pressures of the valves and pipeline as is evident from tests conducted by the Council for Scientific and Industrial Research - South Africa in 1994. This can be clearly demonstrated by the graph in fig.5 which indicates the magnitude of induced pressure rise in a conventional DN80 Kinetic Valve on closure of the large orifice whilst discharging at a differential of only 0.17 bar.




Fig.5.
Diagram indicating the magnitude of pressure transients induced by a conventional DN80 kinetic type air valve on closure of the large orifice at a differential pressure of 0.17 bar - Results of tests conducted by Council for Scientific and Industrial Research - South Africa (AERO TEST 94/140) .

The magnitude of transient pressure rise created by kinetic air valves on closure, is dependent on the valve size, length of pipe, differential pressure across the large orifice on closure, bulk modulus of the water etc. and can be calculated using Joukowski's relation.

Research conclusively proves that the damage created by these valves, discharging at high velocities, is a factor that cannot be ignored in pipeline design. It is recommended, from research conducted by numerous authorities and manufacturers, to limit the discharge differential across the large orifice of Kinetic Air Valves to 0.05 bar differential pressure, in order to prevent damaging high pressure transients from occurring.

Water Spillage 

It happens often in practice where the large orifice control float fails to react when high velocity water enters the valve chamber. This results in the water covering the  control float, effectively holding the float down, whilst exiting through the large orifice, see fig.6.




Fig.6.
High velocity water exiting through the Large Orifice of a Kinetic


Valve, whilst holding the Large Orifice Control Float down, effectively preventing valve  closure. 

The amount of water spilled in this manner is substantial and results in flooded valve chambers. Cost of repairing the damage due to this and the cost of the actual water being spilled, could far out strip the cost of the valve.

Actual spillage of the water induces a pressure surge because water has a much higher density than air, causing the flow rate to drop as it reaches the large orifice opening, which will have a similar effect to the sudden closure of a valve at the end of a pipeline discharging water. The magnitude of the surge induced in this manner will be dependent on the velocity of the water entering, the valve chamber, the length and diameter of the pipe etc., but can be substantially high.

Seal Failure

Another phenomenon peculiar to Kinetic Air valves is the failure of the seal between the valve and isolator on closure of the large orifice which results in water spillage, see fig.7. This is as a result of the transient pressures created on closure.




Fig.7. Seal Failure between the air valve and isolator, due to transients


 created by Kinetic Air Valves on closure.

Repetitive tests, indicates that this phenomenon occurs at 80 - 85 bar, which implies that the transients created by Kinetic valves, discharging at high deferential pressures are in excess of 85 bar. This corroborates findings by the Council for Scientific and Industrial Research - South Africa and manufacturers such as Apco and Vent-O-Mat.

Limitations of the Large  Orifice

Very many Kinetic air valve designs are mere modifications of Non Kinetic, ball type designs, using hollow spherical floats to seal off the large orifice. They are therefore, because of financial considerations, limited to the same design constraints as Non Kinetic air valve manufacturers.

Discharge, the same as for Non Kinetic Valves, is adversely affected, due to the restricted large orifice diameter.

Under Sizing

Kinetic Air valves are more susceptible to being undersized than other air valve designs. This is due to engineers concentrating on their discharge requirements, selecting valves to discharge at high differential pressures, and thereby  ignoring their vacuum requirements.

Valve selection based totally on discharge requirements is detrimental to the pipeline under vacuum conditions, as the valve may not fully protect the pipeline under these conditions. This is especially true for plastic pipes, and pipeline seals which cannot withstand very high differential negative pressures.

Venturi Phenomenon

The Venturi phenomenon described under Non Kinetic Valves is also applicable  to Kinetic Designs, even more so, on undersized valves.

Check Valves, Surge VESSELS & PRESSURE RELIEF VALVES
Check valves are often overlooked in surge and water hammer analysis. Surge vessels are at the opposite end of the spectrum, are often selected as the panacea to all surge and water hammer problems. Following is a brief comment on Check Valves, Surge Vessels and Pressure Relief Valves and their effects on pipeline dynamics.

Check Valves
Check valves are often selected without proper thought to their response under pump trip conditions i.e., when a separated column commence to rejoin. The phenomenon of check valve slam occurs due to the fact that very many check valve designs require the reversal of flow to close it. This means the column of water is already in motion and stops abruptly as the swing check valve closes, resulting in high transient pressures.

Pressures created in this manner are dependent on the valve design used, initial pumping velocities and the design head of the system. Figure 8 indicates the magnitude of pressure rise created on closure, by three different check valve designs under equal conditions.  




Fig. 8. Magnitude of  pressure rise on closure of three different check valve designs under identical operating conditions. 

It is obvious from figure 8 that  the check valve slam phenomenon can be greatly limited by utilising a quick acting, spring assisted design that will react in a very low milli second time span.

There are instances such as low head and small scale systems where simple, swing check valves are quite acceptable, it is unwise however to regard them as the automatic choice. It is important when selecting check valves that they should be appropriate for the system of which they are an integral part. Proper check valve selection is a factor that should not be ignored if a comprehensive surge analysis is to be conducted.




                Swing Check Valve
     Angle Seated Valve

Nozzle Type Valve

Fig. 9. Three different check valve designs, with the Swing Check Valve being the cause of Check  Valve Slam whilst the Angle Seated Valve reduces its occurrence slightly and the Nozzle Type Check Valve virtually prevents the occurrence of this phenomenon.

Surge Vessels
Surge vessels can be divided into  Air Vessels which require compressors to operate and Bladder Type Vessels which are pre-charged and require very little maintenance. 

Air Vessels

One of the most common devices used in the water industry for the suppression of water hammer, particularly in the instances of pump trip, is the air vessel.

The performance of the air vessel is dependent on the use of a compressor which may fail, resulting in damage to the pipeline despite the use of such a costly device. This is due to the reaction time of the air vessel being dramatically increased as the inertia of the water contained in it will be high if not assisted by the motivating force of the compressed air. 

Air Vessels are often oversized as the assumption when sizing these devices is that none of the air valves on the pipeline are operating upon pump trip. This may be true for conventional air valves as described earlier on but is not be applicable to the Vent-O-Mat Air Valve as described further on in this document.

Air Vessels, dependent on the check valves utilised on a pipeline, may induce water hammer of it’s own upon pump trip. This is due to the fact that when column separation occurs, the vessel will react before the check valve closes, slamming the check valve into it’s seat which creates very high transients.




Fig. 10. 
A typical arrangement for an Air Vessel

Bladder Type Surge Vessels
Bladder Type surge vessels were invented specifically to overcome the need for a compressor. 

Care must be taken when utilising these devices to ensure that the vessel is adequately sized for the application and that  a strong mesh is placed over the entrance of the vessel into the pipeline to prevent the bladder from being drawn into pipeline upon pump trip and column separation.

The Bladder Type Vessel, like the air vessel may create surge and water hammer of it’s own if the selected check valve does not react fast enough.    

Bladder type vessels, similarly to air vessels are often oversized.

The shortcoming of surge vessels in general is that these devices cannot on their own protect  pipelines of vast lengths.

Pressure Relief Valves 

Pressure relief valves are used effectively to counter over pressures, but are incapable of handling negative pressures. The operation of this device is such that the positive wave reflects off the reservoir and returns to the device where it is dumped to atmosphere. However, a damaging negative pressure develops along the length of the pipeline which needs to be countered by the use of good air valves and/or a surge vessel  

Controlled Air Transfer Technology (CATT)
Inherent in all conventional air valves, is the creation of surge (mass oscillation) or water hammer on closure of the large orifice. This is regardless of whether the system on which the valves are employed is a gravity fed main or pumping system as these phenomena occur during initial filling as well as upon pump trip when separated liquid columns rejoin. There are additional problems associated with conventional air valves as outlined above.

Vent-O-Mat has been at the forefront of research into destructive phenomena associated with air and the shortcomings of conventional air valve designs. The company has in addition extended it’s research to the use of traditional surge alleviation equipment and other devices such as check valves. This has led to the development of Controlled Air Transfer Technology.

Controlled Air Transfer Technology is based primarily on the utilisation of the Vent-O-Mat “Anti-Shock” air valve design. This technology however extends to the analysis and comment of other devices such as surge vessels etc., with the ultimate aim of providing the consulting engineer and end user  with the most cost effective and efficient method of providing holistic pipeline protection.

Operation of Vent-O-Mat “Anti-Shock” Air Valves

It is imperative, since 60% of Controlled Air Transfer Technology (CATT) is dependent on the use of Vent-O-Mat “Anti-Shock” air valves, to understand how these devices operate.

The Vent-O-Mat Series RBX valve, under normal conditions, operates as a standard air valve with the exception that it does not have the drawbacks such as: restricted large orifice diameters, is not affected by phenomena such as the "Venturi Effect" or "Dynamic Closure" and does not induce surge and water hammer on closure of the large orifice.  

The valve reacts, in instances of rapid filling  or column separation as an effective surge alleviation mechanism, in that it automatically controls the rate of air discharge, thereby effectively dissipating the energy of the surge whilst decelerating the approaching water column. The operation of the valve under these conditions can be compared to a safety air bag in a motor vehicle.

Venting of a Filling Pipeline (Sub Critical Water Approach Velocity)




Air enters Orifice (3), travels through the annular space between the cylindrical floats (4), (5) and (6) and the Valve Chamber Barrel (2) and discharges from the Large Orifice (1) into atmosphere.

Venting of a Filling Pipeline (Excessive Water Approach Velocity)




In reaction to the increased air flow, Float (6) closes the Large Orifice (1) and air is forced through the "Anti-Shock" Orifice (8) resulting in the deceleration of the approaching water due to the resistance of the rising air pressure in the valve.

Pressurised Air Release from a Full Pipeline




Subsequent to the filling of a pipeline, liquid enters the valve Barrel Chamber (2) and the Float (4), (5) and (6) are buoyed so that the Large orifice (1) is closed by Float (6), the valve will then become internally pressurised. A minimal working pressure of < 0.5 bar acting on a relatively large area of the Orifice (1) will lock Floats (5) and (6) into a closed position across the Large Orifice (1).

Disentrained air rises through the liquid and accumulates in the valve chamber, when the volume of air is sufficient to displace the liquid, Float (4) will no longer be buoyant and will gravitate downwards thereby opening the Small Orifice (7) and allowing accumulated air to be discharged into atmosphere, as air is discharged the liquid raises Float (4) and reseals the Small Orifice (7) and prevents the escape of liquid.

Vacuum Relief (Air Intake) of a Draining Pipeline




Simultaneous drainage of liquid from Valve Chamber (2) causes Floats (4), (5) and (6) to gravitate downwards onto the Baffle Plate (9), thereby allowing atmospheric air through the valve to rapidly displace draining liquid in the pipeline and prevent potentially damaging internal negative pressure.

Technical & Financial Benefits of Controlled Air Transfer Technology (CATT)

Now that the operation of the Vent-O-Mat “Anti-Shock” Valve is understood, the technical and financial benefits of this device and Controlled Air Transfer Technology as whole can be realised.
 Reduction in size or total elimination of conventional surge and water hammer alleviation equipment: Surge and water hammer are destructive phenomena and highly undesirable in a closed conduit. Surge vessels are the most common method employed in reducing surge and water hammer created by separated columns rejoining, subsequent to pump trip in a pumping main. These devices are however very costly and may create water hammer of their own as outlined in this document.

CATT provides a more cost effective and efficient solution since it uses the pipeline as an accumulator. Water hammer is prevented by the air drawn in under vacuum conditions, being released in a controlled manner. This has the effect of an air buffer occurring between the column interfaces, substantially reducing the impact of the water columns.

Quicker drainage and filling times: Conventional air valves either close prematurely during initial filling, creating restrictions in flow which lengthen filling times substantially or, close at high velocities creating water hammer , commonly known as air valve slam. It is therefore recommended that the filling velocities be as low as possible in order to prevent these phenomena occurring.

CATT automatically controls the velocity at which air is released allowing for the rapid filling times without the inducement of the destructive phenomena mentioned above.

More efficient flows: Reductions in pipeline flows are mainly caused by the inefficient release of air, which cause major restrictions in the pipeline. CATT allows for effective de-aeration of a pipeline regardless of flow velocities within a pipeline.

Avoiding construction of over engineered pipelines: Pipelines are often over specified to allow for unseen destructive phenomena, 60% of which are associated with air. CATT, in effectively controlling air into and discharge from a pipeline and by evaluating all automatic control devices employed on the unforeseen destructive phenomena occurring, preventing the to over-specify on pipeline thickness.

Upgrading existing pipelines: Flow can be increased by up to 20% or more through existing infrastructure and surge and water hammer and pipe leaks can be substantially reduced by applying CATT to existing pipelines.

Reducing Maintenance Requirements:  The CATT concept is virtually maintenance free. Reduced occurrence of pipeline bursts and leaks, reduces maintenance requirements which literally add up to hundreds of thousand of dollars savings in labour and material  

Application

The application of CATT to pipelines is straightforward since 60% of the technology is in the application of the Vent-O-Mat “Anti-Shock” Air Valve. It is positioned on a pipeline in exactly the same locations as conventional air valves. Vent-O-Mat in addition, provides the service free of charge to the consulting engineer, of analysing the pipeline and commenting on the need of other devices such as check valves and surge vessels etc.

Conclusion

It is evident that the selection of pipeline components have a major effect on pipeline dynamics. Air valves normally constitute only ½ to 1% of the total value of a pipeline but if incorrectly selected, could contribute to 60% of all pipeline problems.

Check valves if incorrectly selected contribute to surge and water hammer. Incorrect check valve selection also contribute to high power consumption due to the high headloss across conventional swing check valves and valves with counterweights.

Surge Vessels are not the panacea to all pipeline surge and water hammer problems. In addition, surge vessels can be dramatically reduced in size if coupled with the use of Vent-O-Mat air valves. 

Pressure relief valves whilst capable of handling overpressures, cannot counter negative pressures and have therefore to be used in conjunction with other devices such as air valves and/or surge vessels etc.

Controlled Air Transfer Technology provides a cost effective and holistic solution to pipeline complexities as it examines all pipeline components thoroughly utilising the latest available computer software and years of practical experience. 

It is the author’s wish that the information in this document help towards more effective design and efficient operation of hydraulic pipeline systems. 
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