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ABSTRACT

The appliance trap seal remains the primary defegeénst cross-contamination from
the foul air present within the building drainagstem. As an identified vector in the
spread of severe acute respiratory syndrome (SARSpng Kong in 2003, trap seal
failure has been confirmed as a significant, angemally fatal, risk to public health.

Prevention of trap seal failure depends upon botidglesign, to limit the air pressure
transients propagated within the system, and goadhtenance. However, current
maintenance regimes rely solely on visual inspestiarhich is time consuming and

often impractical to implement in large complex|8ings.

This thesis documents the development of a novptoggh to system maintenance
whereby the threat of cross-contamination of dise&s minimised by the remote
monitoring of trap seal status. This was approdctieough the application and
development of theeflected wave techniqu&hich is fundamentally based upon the

characteristic reflection coefficients of systenubdary conditions.

An extensive programme of laboratory experiments fegld trials were carried out to
collect transient pressure data which, togetherh wiesults from an existing
mathematical model (AIRNET), developed by the Dagm Research Group at Heriot-
Watt University, have been used to validate theopsed technique and to formulate a

practical methodology which may be applied to anyding drainage system.

Automatic system diagnosis, which would in the fatallow the proposed technique to
be integrated as an automated system test, wasdpdoby the development of the
trap condition evaluatad (TRACER) program by this author. Incorporatingime
series change detection algorithm, the TRACER pmogaccurately detects and locates

a depleted trap seal by automatically identifying teturn time of the trap’s reflection.

The reflected wave techniqubas been demonstrated as a successful approach
depleted trap identification provided that the wavepagation speed is known and the
dampening influence of thginction effect(which can delay the observed reflection
return time) are taken into account. Tiedélected wave techniquaffers a remote and
non-invasive approach to maintaining the buildingimhge system and provides, for
the first time, a diagnostic tool to help prevertss-contamination.
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Chapter 1
Introduction and background

1.1 Background and motivation

The fundamental purpose of a building drainageesyss to rapidly remove appliance
discharge while simultaneously ensuring that foelwer gases from the drainage
network are prevented from entering the buildinge primary defence against cross-
contamination is provided by the water trap sealctvhprovided the water seal is
retained, prevents the ingress of sewer gases,odret airborne contamination, by
forming a physical barrier between the drainagevagk and the occupied space.
Retention of the water trap seal has dominatedévelopment of the building drainage
system since the end of theé™@ntury when it was first acknowledged that agssure
transient propagation - generated during appliafiseharge — could compromise the
integrity of the water trap seal and ultimatelydet trap depletion. Subsequent
research, aimed at understanding and controlliagettair pressure transients, prompted
the development and inclusion of ventilation pipesl active pressure control devices
including, since the 1980s, the air admittance &8/AV) and the positive air pressure
attenuator (PAPA) - to alleviate the effects of piessure transient propagation, and
thus protect the integrity of the water trap seal.

The protection provided by these control measuaesiat, however, be guaranteed due
to the inherently unsteady flow regime that exveithin the building drainage system as
a result of the normal, yet random, appliance disgh. When coupled with additional
extraneous influences such as improper system rdemigl construction, excessive
pressure excursions due to sewer surcharge, pesfisctuations due to wind shear, and
evaporation due to lack of use; the unsteady natitiee conditions existing within the

building drainage system ensures that trap se&ttiep remains a major concern.

The consequence of trap seal depletion gainedniatienal attention in 2003 following
the outbreak of severe acute respiratory syndrd@@®dRS) — a highly contagious viral

disease capable of airborne transmission. Thee lagmmunity outbreak at Amoy

1



Chapter 1 - Introduction and background

Gardens, Hong Kong has since been attributed, ity fia depleted water trap seals
which facilitated the transmission of virus-ladesrasols, which had been introduced
into the drainage system following faecal virusdshierg by an infected resident (WHO,
2003; Hong Kong SAR Government — SARS Expert Cone®jt2003). Had there been
an adequate maintenance regime in place at Amoge@sy which allowed depleted
trap seals to be quickly identified and replenishbdn it is reasonable to assume that
the severity of the outbreak would have been sicantly reduced and many lives may
have been saved. This urgent requirement for aistobnd reliable method for
monitoring and maintaining the building drainageteyn provides the motivation for

the following research.

1.2 Identification of depleted trap seals

The severity of the SARS outbreak at Amoy Gardeighlights the importance of
adequate system maintenance so that, when trapdsphgdtion does occur, it can be
quickly identified and rectified to ensure thatssecontamination is minimised.

1.2.1 Current method

Maintenance methods currently available to buildopgrators and facilities managers
are inadequate, relying solely on visual inspectiérine trap seal which is not only
labour-intensive but impractical and effectivelypiossible to sustain in large buildings.
There is, therefore, a continuing and urgent neatktelop a novel technique whereby
the conditions of all the trap seals can be detathiquickly and easily. This has led
the author to investigate a transient-based metbedcgribed as theeflected wave
technique to provide a means whereby depleted trap sealsfoa the first time, be

detected and located using a remote and non-irvaséthodology.

1.2.2 Proposed approach

Pressure transients occur within the drainage systdowing rapid changes in flow
conditions as a result of appliance discharge ardnarmally considered a problem
because they are a potential cause of trap sedttep However, since transient
pressure waves propagate back and forth in theemysit the appropriate wave
propagation speed and, at the same time, are edfeoy the presence of each
component in the system, such transients carry itapbinformation about the features

of the network boundaries - each of which displagharacteristic transient reflection

2
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coefficient (Swaffield and Galowin, 1992; CovasP2R The reflection coefficients of
common system boundaries will be discussed in ndetail in Chapter 2, however,

some examples include:

I. a closed-end pipe, such as one terminated withimmadmittance valve
(AAV) or fully primed trap seal, generates a pagtireflection (equal in
magnitude and sign to the incident wave), demotstyaa +1 reflection

coefficient;

ii. an open-end pipe, such as an open stack terminatiardepleted trap seal,
generates a negative reflection (equal in magnitugeopposite in sign to

the incident wave), demonstrating a -1 reflectioafficient;

iii. a junction both reflects and transmits the incideate, the proportion of
which is dependant upon the area ratio of the uarppes connecting at the

junction (Swaffield and Galowin, 1992).

Recognition of these features and their effecth@nresultant pressure response allows
their identification within the system — providdetwave propagation speed is known —

thus providing a potential tool for the detectiomddocation of depleted trap seals.

The application of the reflected wave technique toe detection and location of

depleted trap seals requires the comparison ofyeem response to an applied low-
amplitude pressure transient with a predetermingefett free” system response in
order to determine the arrival time of the firstieeted wave returned by the changed
boundary condition. This approach relies on: (i¢ #bility of the reflected wave,

induced by the depleted trap, to sufficiently altke system response in order to
identify its location within the system, and (ifjet accurate determination of the wave

propagation speed.

Previous applications of the reflected wave techaigqclude leak detection in water
supply systems (Jonsson, 1995; Covas and Ramo8; B&®none and Ferrante, 2001,
2004); valve status determination in water suppyworks (Stephenst al., 2004;
Arbon et al, 2008); and blockage detection in natural gas lsygpes (Adewumekt al,
2000; Adewumiet al. 2003). This research aims to develop this methdter for the

detection and location of depleted trap sealshoilling drainage system.

3
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1.3 Historical developments

The natural abhorrence of foul odours emitted fimuman waste — together with the
belief that they were responsible for causing aayaof diseases — has been the main
driver responsible for the evolution of what we wntoday as the building drainage
system. Although today our understanding of disdesnsmission is somewhat more
advanced, this early connection between dirt arsgadie encouraged public health
reforms and cleanliness. The preoccupation ofptwtg building occupants from these
noxious fumes heralded the development of moreciefft sanitary systems and

improved domestic hygiene.

1.3.1 Pre 1800

The problem of tackling odour ingress can be traaethr back as medieval times when
it was, quite surprisingly, a matter of concernreigning monarchs. Johnson (1978) in
his depiction of the sanitary systems at CastelMi@hte (built around 1240), shows

evidence that Henry 11l had attempted to allevtageproblem by ordering that:

“the privy was placed as far away as possible, oocant of the smell, at the end
of a passage in the thickness of the wall, witteasdo the chamber by means of a
right-hand turn. Sometimes, as at Woodstock, Hdhgrdered double doors to

reduce the smell further.” (Johnson, 1978)

Although positioning the sanitary system away fritv@ main rooms did provide some
alleviation from the foul odours, it did nothing taddress the unpleasant and

unavoidable smell suffered by those using the syste

It was centuries later, in 1596, that Sir John kigton, an Elizabethan poet, first
addressed this problem by designing the first water closet (wc) — so called as it used
water not only to clean the bowl and to help in o&mg the waste, but also to suppress
the foul odours. Described in his bodke Metamorphosis of Ajakl596) as an
odourless toilet, Harington’s wc incorporated h# tmain features that we expect to see
in a wc today; a cistern with lever and overflowh@wl, a flushing pipe, a plug outlet

valve, and a seat, s€egure 1.1
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Figure 1.1 Sir John Harington’'s 16th Century water closet the ‘Ajax’
(Billington and Roberts, 1982)

A plate at the base of the bowl held six inchewater which acted as a barrier between
the room and the drain and this prevented the doladurs from entering the room —
instead keeping them contained within the draifterAuse, the content of the bowl was
deposited to the drain by removing the plate. ktfan installed one wc at his home in
Bath and another in Richmond Palace for his goderpttQueen Elizabeth I.
Unfortunately, however, Harington’s water closetswaever really taken seriously,
partly because there were few drains or sewersatsulbecause water supplies were
limited and over the next two centuries the inwamtiwas virtually ignored and
forgotten. Preference instead turned to the champdbe(Billington and Roberts, 1982,
Stoke-on-Trent Council, 2006).

In 1775, however, a patent was taken out by a B®imdet watchmaker, Alexander
Cummings, for an improved version of Harington’santion which incorporated one
very significant development — the use of a watap seal to isolate the bowl from the
drain, providing improved protection from the inias of foul odour, Figure 1.2
Further developments were made by Joseph Bramehbiaet maker, who registered
his patent in 1778 incorporating a hinged outldve/aand a connection directly to a
cesspool in the basement or under the garden (YWdg§BO0).



Chapter 1 - Introduction and background

Figure 1.2 Alexander Cummings’ patented water clogeof 1775 incorporating a
water trap seal

1.3.2 1800 to 1899

By the beginning of the nineteenth century the peniy of the wc was on the rise.
However, when coupled with an ever-increasing pagoan, this created new problems
regarding the issue of waste disposal. Cesspoals wonsidered the proper receptacle
for domestic waste (Cook, 2001), however, the iasireg volumes of discharging waste
would often cause the cesspools to overflow (Hayjd1999) and the accumulating
guantities of stagnant waste would often give offadfensive foul odour and, it was
believed, disease (Allen, 2002).

Until the mid-nineteenth century it was generalktgepted that disease was caused by
miasma— a noxious mist containing particles of decompgsnatter capable of causing
illness and which could be identified by a nastyl femell. Sanitary reformers, such as
Sir Edwin Chadwick, were avid supporters of the sma& theory of disease
transmission as it explained why disease were apdé the undrained, filthy and
stinking areas inhabited by the poor. Quoted iM6l8iving evidence to a
Parliamentary Committee considering the problemLohdon’s waste, Chadwick

suggests:

“All smell is, if it be intense, immediate acutesehse.” (Parliamentary Papers,
1846, vol. 10, p. 6951
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In 1847, a contemporary of Chadwick and fellow caigper for sanitary reform,

William Farr, the chief statistician for the Officé the Registrar-General, estimated in
his Tenth Annual Report, that at least 38 peopdel @very day in London as a result of
poor living conditions believing the cause to be,part, due the miasma emanating

from the sewage system:

“This disease mist, arising from...cesspools...is comlly kept up and
undergoing changes; in one season it was pervage@Hhwlera, in another by
Influenza; at one time it bears Smallpox, Measksarlatina and Whooping
Cough among your children; at another it carriedsde on its wings. Like an
angel of death it has hovered for centuries ovendan”. (Tenth Annual Report
of the Registrar-General, 1847, p. xvii.).

Chadwick’s activism, through the publication of Hi842 Report on the Sanitary
Condition of the Labouring Population of Great Biit, helped shape the important
body of sanitary legislation passed in 1848, inglgdthe Public Health Act, the
Nuisances Removal and Disease Prevention Act, lendietropolitan and City Sewers
Act, which brought revolutionary changes in the itsap practice of London’s
inhabitants who, for the first time, were legallyliged to discharge domestic waste into
the city’s rapidly expanding network of sewers gl 2002). Within a few years more
than 30,000 cesspools were systematically abolighedeference for the sewer system
(Cook, 2001).

However, the fear of emanations produced by stagmaste was not eradicated by the
connection to the sewer system. Instead, the senwated a new foe: sewer gas. Built
only to accommodate surface water, the city’s piisteg sewers were unable to cope
with the increased flow of household waste and aheumulation of waste was a
common occurrence. The noxious vapours genergtdltelse deposits tended to escape
through any available outlet, usually into houséth wonnecting drains (Allen, 2002).
The anxiety surrounding the emanating sewer gassisawn clearly in a text by Booth
opposing a plan for a main sewer development byMbagopolitan Board of Works in
the early 1850s:

“It therefore becomes a point of the utmost impoce that the seeds of disease
should at once be arrested: that they should notdreied from house to house,

from street to street, from unhealthy parts to bahwus districts, by the
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construction of monster sewers, impregnating wite feculent matter of each
locality.” Booth (1853)

The literal connection that the sewer created betwevery household was seen as a
path for disease transmission; allowing foul smelliand disease-conveying sewer
gases to escape into houses through connectingsdraln addition to the health
anxieties surrounding sewer gas, the sewer systksmnceeated social anxieties. Such
sewer systems, in effect, permitted the movemenbgious emanations fronmbuse to
housé or, more specifically, from disease-infested hesméthe poor to clean homes of
the wealthy (An, 2005). In a time when social leasr were fastidiously enforced, the
sewer began to erode the class divide and thréla¢eimtegrity of the bourgeoisie. This
realisation heightened the fear of sewer gas asw “threatened the health and
stability of the social order it was designed tdala’ (Allen, 2002)

The threat of epidemic diseases in the nineteesriucy also increased the perceived
danger of sewer gas. Cholera epidemics raged mddwo in 1831-32, 1848-49 and
1853-54. During the last of these Farr served amember of theCommittee for
Scientific Enquiry into the Recent Cholera Epidemim undertook a detailed study of
an outbreak of the disease on Broad Street. [esgient evidence, published in 1849,
by Dr John Snow in his pap@&n the Mode of Communication of Choleénawhich he
suggested that drinking water contaminated withagmamight be the method by which

cholera was transmitted, the Committee concluded:

“We cannot help thinking that the outbreak arosarirthe multitude of untrapped
and imperfectly trapped gullies and ventilation fhaconstantly emitting an
immense amount of noxious, health-destroying, degtroying exhalations”.
(Parliamentary Papers, 1854-5).

Despite the compelling evidence, the conclusionh@efCommittee clearly demonstrate
the strength of the miasmic theory and the inhefesant of sewer gas at the time. In her
classic textNotes on Nursingpublished in 1860, Florence Nightingale (herself

miasmatist) stated:

“No house with any untrapped unventilated drain eipommunicating
immediately with an unventilated sewer, whethdyeitfrom a water closet, sink,
or gully-grate, can ever be healthy. An untrapg@tk may at any time spread

fever or pyaemia among the inmates of a palaceigtfhihgale, 1860)

8
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She went further to criticise the practice of laytrains beneath houses, suggesting that
sewer gas would escape from them, penetrate thdlimyvand cause epidemics of

scarlet fever, measles and smallpox.

The anxiety surrounding sewer gases focused patiknition not only on the dangers,
but also on the prevention of sewer gas emanatiénsumber of publications appeared
at the end of the nineteenth century, includBewer Gas, and how to keep it out of
housesby Osborne Reynolds (1872)jnts on drains, traps, closets, sewer gases and
sewageby Peter Bird (1877) an®angers to health: A pictorial guide to domestic
sanitary defectby Teale (1881). Teale provides an effectivestilation showing the
perceived threat of the emanating sewer gaseghetbomefFigure 1.3 The drawing
provides a cutaway view of a house showing a nurmbéthe most common sanitary
faults of ordinary houses These include untrapped appliances and drgwespiaid
under the house and shows the conditions thateekisten towards the end of thé"19
century. The spread of the sewer gas is indiclayea series of arrows and is shown to

contaminate every room.

jracicd

e )
t

Figure 1.3 House with every sanitary arrangement falty (Teale, 1881)

9
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Two modes of action were promoted by these pulddioat to help combat the
emanation of sewer gases and communicable disedgedrain trapping - Reynolds
assures his reader thaar efficient trap...will completely cut off the housem the
sewer”; (ii) system surveillance and monitoring - Relgwadvises: the first thing for
the anxious householder to do is to get clear cptice of what the drains in his house
are for, and whereabouts he may expect to find thefreale (1881) hopes that his
pictorial guide will serve the householder withstivery task: aided by the diagrams,
he may test every sanitary point, one by one, andeagoes round book in hand, may

catechise his plumber, his mason, or his joiher

By the end of the 19 century, sanitation techniques and designs werergly
recognisable against modern practice. The impoetaf the water trap seal, and its
role in preventing the ingress of foul sewer gasés buildings, was well understood,

as was the necessity for regular system maintenance

1.3.3 1900 to present

The rise of microbiology at the end of the nineteegentury provided a new
understanding of disease. The germ theory of desgansmission was becoming more
generally accepted (Cook, 2001). In addition,akploration of the nature of sewer gas
reached new standards and bacteriological invegtigaby prominent scientists, such
as Jacobi (1894) and Winslow (1909), claimed thatdir from sewers contained fewer
numbers of pathogenic microorganisms than ambiert @daiming that the putrefaction
process in the sewers destroyed specific germgl-alo that the two were similar in
composition. These findings began to debunk the earliereti®s over sewer gas and
there became a rapid shift towards the belief¢bhater gas was in fact harmless.

This change in attitude continued throughout thddhei of the twentieth century and is
evident from an extract from a report by the Amaniéublic Health Association (1951)
which states'...the air of a properly constructed sewer or houwd@in differs from
outdoor air only in having a musty odour. ahd in a prominent text of drainage system
design by Wise who writes..evidence shows that the purpose of the [trap]l s240
exclude smell, as distinct from the lethal gas Whias once thought to occupy the
pipework...” (Wise, 1957).

! The chemical composition of sewer gas is now betteerstood and is known to contain hydrogen
sulphide (HS) — a by-product of the bacterial breakdown ofoig waste material — which can cause
sudden death at levels > 600ppm (Yalamanchili andt 2008)

10
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Further advances in microbiology, however, offeremlv techniques to analyse the
modes of disease transmission. Scientists su¢futshison (1956), Darlow and Bale
(1959) and Gebrat al. (1975) conducted experiments that revealed thttoganic

microorganisms could be transmitted in airborneos@s. These important findings
revealed that instead of being the perpetrator iséase, sewer gas could, in fact,

facilitate the spread of disease by mediating tbgeament of pathogen-rich aerosols.

A great number of viruses (i.e. adenoviruses, @strs, enteroviruses, hepatovirus,
norovirus, reoviruses and rotavirus) and bacteria. (Escherichia coli E. coli),
Legionella pneumophila, Salmonella and Shigellagspd in the excreta of infected
individuals have been found not only to exist wittine building drainage system but
are also amenable to airborne transmission witbrsolised water particles (Feachem
et al. 1983). Aside from coughing and sneezing, aerogeiserated during toilet
flushing have been identified as the most likelyrse of potentially disease-causing
aerosols (Hutchinson, 1956; Darlow and Bale, 1@&%hraet al, 1975).

Once aerosolised, these infective pathogens mdnereibe deposited on surfaces,
leading to self-inoculation through hand-to-moutintact (Hendleyet al, 1973), or
remain airborne (Coucét al, 1966) and thus spread the disease further athetadigh
ingestion or inhalation by uninfected victims. WBarne transmission, through the
transfer of infectious droplets and aerosols, res#ne most important mechanism of
uncontrollable dissemination of disease and studiage shown that aerosolized
pathogens can travel up to 1.5 km from source @atkal, 1977; Cronholm, 1980)

The risk of infection by inhaling aerosolized pajbos depends on factors such as the
quantity inhaled, infective load and the aerosatige size (Feachenet al, 1983).
Research has shown that aerosols generated dwileg flushing are particularly
hazardous in this regard. Such aerosols contaichngreater concentrations of
pathogens than the water from which they came. prasence of the pathogen reduces
the surface tension at the air to water interfaog 0 when the water is agitated the
aerosols are created where the surface tensione&kest (i.e. where the greatest
concentration of pathogens are present) and soa#nesols contain concentrated
quantities of the pathogen. Studies by Baylor {d%hd Bayloet al. (1977) found the
pathogen concentration in aerosols was betweem&@30 times higher than the water

from which they were generated.

11
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Additionally, the risk of infection is dependamnt,part, upon the ability of the aerosol to
penetrate deep into the lungs. Lung penetratiorespecially important in the
establishment of respiratory infections. Aeroshbt penetrate best are those which are
less than 5 or 6 microns in diameter (Dratal. 1953; May and Druett, 1953; Druett
al., 1956). Although only small aerosols are likadypenetrate to the lower respiratory
tract, it is probable that bacteria and virusedamger aerosols caught in the upper
respiratory tract may subsequently be swalloweepdred aerosol sizes from sewage
sources vary considerably but, in general, smakeosols predominate as distance from
the source increases because larger particles $ettled. Darlow and Bale (1959)
found that a toilet flush produces aerosols withean diameter of 2.3 microns, 87% of
them being less than 4 microns and capable of neguthe lower respiratory tract.

Despite evidence to the contrary, the popular viemughout the twentieth century
continued to consider sewer gas as harmless. t€amid the ingress of sewer gas was
generally only a concern to avoid its offensive mdoHowever, the true consequences
of the cross-contamination of this foul air waslisgal at the beginning of the twenty-
first century when it was identified as a vectarttoe transmission of the SARS virus at

Amoy Gardens which will be discussed in more deta8ection 2.4,

1.4 Current design code

In the UK, the building drainage system must bagiesl, installed and maintained in
accordance with the current British Standard, BS E2056: 2000. This document
recognises the importance of trap seal retentiehsats out strict system performance
requirements giving guidelines for the selectiorppfe diameters, trap diameters, trap
seal depths, branch to stack connections, pipeHengipe material and vent sizing; all
aimed at limiting the maximum allowable pressurgateon to + 38 mm water gauge;
this limit being the pressure that would retain appliance trap seal of 25 mm, the
generally accepted minimum retention to avoid theger of evaporative trap seal loss.
This limit is aimed at maintaining the minimum mgien level of the wc trap whose
non-uniform shape makes it more susceptible to nmeg pressure transients,
corresponding typically to a loss of approximat®p-thirds of the applied water gauge
pressure. Acting on a trap seal depth of 50 mm Would leave only the minimum
accepted retention level. In uniform bore trapghsa maximum pressure fluctuation
would give a trap seal loss of 19 mm (half of thatav gauge pressure) and with a
12



Chapter 1 - Introduction and background

normal depth of 50 mm and 75 mm, these traps wailin a minimum seal of 31 mm
and 56 mm respectively (Swaffield and Galowin, 1,98k, 1997).

The code goes further to detail how pressure teatsi(both positive and negative) are
generated within the system, and describes thewsamethods by which an appliance
trap seal can be depleted and thereby providesiésgner with an insight into the

operation of the system.

Little guidance is given in the Standard for systeraintenance; instead the onus is
firmly on the system designers to ensure adequaactty. The little advice that is
provided focuses on the cleaning of the pipeworid a particular, the removal of
grease, lime scale and soap residues, which conpéde the efficiency of the system.
Very little information is provided on the necegdbr monitoring trap seal status; only

going as far to advise periodic system inspection.

1.5 Aims and objectives of this research

The aim of this research focuses mainly on the ldpweent and validation of a

systematic method of remotely monitoring trap s&akus as a regular and routine
preventative tool against the transmission of itidecand disease from the building
drainage system. Provision of such a methodologylavthereby provide an automatic

and periodic system maintenance regime.

The primary objective of the research is to deteamihe potential application of a
transient-based defect identification method - rigriee reflected wave technique — for
the detection and location of depleted trap seaalbuilding drainage systems and to
provide guidance to allow its implementation in gogt of complex building Facilities

Management. To evaluate the concept and to prampeeational guidance, the research
combines laboratory transient measurements witketaildd consideration of network

simulation as well as extensive site testing toleata the practical operation of the
methodology. A further objective will be to genteraconfidence in the proposed
methodology, which for the first time introducee thise of automatically imposed low
amplitude air pressure transient propagation aseansy of identifying depleted trap

seals as part of the reflected wave technique.

13



Chapter 1 - Introduction and background

The research objectives were:

Identify by laboratory testing a suitable transieggnerator to deliver an

appropriate low amplitude transient into the netwand utilise this to develop

the proposed transient-based method within a aedity designed to represent a
multi-storey building drainage system. Defectiraptseals were introduced and
the monitored system response evaluated to comifienability to locate changed

boundary conditions.

The numerical model (AIRNET) developed at HeriotftWdniversity under
previous EPSRC awards, was enhanced in order tov ghiedicted system
responses to be compared with those measured dimenizboratory tests and
field trials. The software was extended to inclutie addition of a new

boundary condition to represent the pressure gahgienerator.

Site testing followed from the laboratory confirmoat of the practicality of this
transient-based method. To minimise the effectanolbient system noise these
site tests took place either in an unoccupied mgldr during quiescent periods
- typically during the night. Full cooperation wabtained and suitable
buildings made available by the Sanctuary Housirggo&iation in Dundee,
Heriot-Watt Univeristy in Edinburgh, and the Rogdnk of Scotland Facilities
Management Group.

Develop the test methodology in a form readily asdse to facility managers
and building users and identify suitable monitoriaguipment capable of

withstanding field conditions over a prolonged pdri

1.6 This thesis

This thesis documents the developmental procedbeofapplication of the reflected

wave technique for the remote and non-invasive tifiestion of depleted appliance

trap seals within the building drainage system.

Chapter 1 has introduced the scope and backgro@irtleoproject, as well as the

proposed depleted trap detection method. The miais and objectives of this research

have also been summarised.

14
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Chapter 2 provides the main principles governing pinopagation of low amplitude
pressure transients within the building drainagstesy and relates these to the main
causes of trap seal depletion which continue ta peoblem for system designers. The
risks of trap seal depletion will be considered reyiewing both the mechanisms
contributing and the consequences arising from dhibreak of the SARS virus at

Amoy Gardens.

Chapter 3 covers the development of the modellihdow amplitude air pressure
transient propagation within the building drainaystem, giving a general summary of
the method of characteristics and the Heriot-Wattiversity developed computer
program, AIRNET. A new boundary condition to reg@et the pressure transient
generator is given together with a summary of thevipusly developed boundary

conditions.

Chapter 4 focuses on the description of the redtbetave technique. The numerous
approaches available for defect detection in flughsportation systems are reviewed.
The principles behind the reflected wave technigune its application to the detection
and location of depleted trap seals will be evadat A description of the automatic
trap condition evaluata (TRACER) program developed by this author, whidbves
the detection and location of depleted traps todétrmined automatically without
relying on user interrogation, will also be preseht

Chapter 5 describes the experimental programméedaout to evaluate the reflected
wave technique during a series of laboratory aeldl finvestigations. A description of
the apparatus and the test methodology is provitkepether with the practical
considerations required for the application of tleehnique to complex building

drainage systems.

Chapter 6 presents the results from the laborandyfield investigations and evaluates
the effect that a depleted trap seal has on thasuned system response. The sensitivity
of the proposed method will be evaluated with patér attention made to the effect of

system junctions and trap diameter.

Chapter 7 contains the main conclusions of thisaesh including a summary of the
developed work followed by the main achievements eonclusions of the research.
Finally, recommendations for future work are preésdn
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Chapter 2

Air pressure transients within the building drainage system

2.1 Introduction

Before air pressure transients can be utilisediémtify depleted trap seals within the
building drainage system it is important first tetermine the mechanisms that govern
transient generation and propagation and to urateisthe consequences that these
transients may have within the system. This chiamevides the theoretical
background and fundamental equations defining presdransient propagation
applicable to any fluid carrying system, includitigose expressions defining the
influential effect of the most important system bdaries. With specific attention to
the building drainage system, the mechanisms oieat generation and the effect that
these transients may have on system integrityjcpéatly trap seal retention, will be

discussed.

The harmful consequences of trap depletion andi#mgers of cross-contamination of
the foul air within the building drainage systemlwe explored by examining their role

as a transmission vector in the spread of the SHRSS.

2.2 Fundamental relationships

Air pressure transients are generated within anid fcarrying system as a natural
consequence of changes in flow conditions at soaiet pvithin the system, and are
effectively the means by which information regaglihis change is communicated to
all other points within the system (Swaffield andid@y, 1993). Although normally of a

much lower amplitude, the air pressure transieateated within the building drainage
system obey the same mechanisms of propagatioreasype transients in all other full

bore fluid carrying systems.
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Chapter 2 - Air pressure transients within the Hinf drainage system

Pressure transient analysis, or “waterhammer” as$t previously known, dates back to
1900 when Joukowsky, following an extensive progreavof experimental work at the
St Petersburg Water Works, first established arerstdnding of the phenomenon of
transient propagation. Through his research, Josky, established the fundamental

relationship between pressure change and velocépge:
Ap = —-pcAV (2.1)

wheredp, is pressure changdy, is velocity changeg, is the fluid density, andis the
wave propagation speed. The significance of thgative sign means that pressure
increases with a decrease of velocity, and viceaserThis expression establishes the
importance of wave propagation speed in the arglgkitransient propagation. The
wave propagation speed for low amplitude presswamesients travelling along a pipe
filled with air may be calculated by (Swaffield aBdldy, 1993):

c= [PV 2.2)
o)

wherep is the absolute pressuneis the ratio of specific heat apxis the fluid density.
This expression assumes isentropic flow and igntreseffect of pipe-wall elasticity
(an important factor in estimating the wave prop@gaspeed in liquids such as water)
which is acceptable due to the very small presdlugtuations and insignificant
temperature variations occurring during transieppgation within a pipe filled with
air only. The pipe walls can, therefore, be regdrds rigid (Swaffield and Galowin,
1992; Massey and Ward-Smith, 1998). For air &C2Equation (2.2) gives a wave
propagation speed of 343 mfs<{ 1.10913x10Pa,y= 1.4 ando = 1.32 kg n).

Therefore any change in system flow results ingbeeration of a pressure wave that
propagates within the pipe at the appropriate wavepagation speed until, as
Joukowsky discovered, it is reflected upon arratah system boundary, either internal
or terminal. Realising the significance of wavdée&ions within the pipe system,
Joukowsky introduced the concept of pipe perigdwhich is the time taken for a

generated wave to travel to a reflecting boundad,raturn to the source:

{ = (2.3)
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Chapter 2 - Air pressure transients within the Hirb drainage system
whereL is the pipe length andis the wave propagation speed. The pipe periodesl
to assess the nature of the change in flow comditiBor the application presented in
this work, if the change in flow condition occursléss than one pipe period then this is
considered a “rapid” change, while those takinggkmthan one pipe period are
considered a “slow” change. Equation (2.1) is ovayid for rapid changes in flow
condition. In the case of a slow change the peakspire generated does not reach the
maximum Joukowsky valugxVy, due to the interaction and superposition of boupndar

reflections which are returned prior to the complebf the change in flow condition.

2.2.1 Transient reflection and transmission
To explain the propagation of pressure transients their interaction with system
boundaries, Allievi (1903) applied a simplified s&m of the frictionless equations of

continuity and motion:
Equation of Continuity

op , OV
—+p0c°—=0 2.4
ot P 0x (24)

Equation of Motion
—+p—=0 (2.5)

which have a general solution and may be expreas¢8waffield and Boldy, 1993):

V-V, :—i[F(tJj— f(t—fﬂ (2.6)
0C C C

p—pO=F(t+§j+ f(t—ﬁj (2.7)

C C

The F() and f() functions are used to represent a pair of presauaree transients
propagated in thex and+x directions, respectively, as a result of a chandeundary
condition (wherx is measured in the initial flow direction). Thdse functions follow
the principle of superposition of pressure waveshdhat the pressure at a point in the
system at a timg following the generation of a pressure transieit,be given by the
summation of all th&() andf() that have propagated past that point up to the.ti
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Chapter 2 - Air pressure transients within the Hinf drainage system

2.2.2 Transient reflection at a closed-end pipe

In the case of a closed-end pipeégure 2.1(a) the fluid in contact with the dead end
must remain at rest, i.e. zero flow velocity. Tchiave this, the incoming pressure
transient must be reflected with the same magnitutksign — with the effect that the
local pressure at the dead end is doubled - thwsnieg the fluid in the pipe to its
original flow condition. IfF() is the incoming pressure transient &f)ds the reflected
transient, then assignin@/-\Vp) to zero in Equation (2.6) confirms the appropriate

reflection coefficient at a closed-end pipe as:
Cglosed = +1 (28)

2.2.3 Transient reflection at an open-end pipe

In the case of an open-end pigagure 2.1(b), the pressure at the boundary must
remain constant and, therefore, the incoming teantsnust be reflected with the same
magnitude but a sign reversal. This reflected qunes transient then propagates back
along the system, returning the fluid pressurehi@ pipe to its original condition.
Assigning(p-po) to zero in Equation (2.7) provides the appropriateection coefficient

at an open-end pipe as:

coren=-1 (2.9)
(a)

e 0“2,

Change of flow
condition
(transient generated)

(b)

M0 (oo

Change of flow
condition
(transient generated)

Figure 2.1 Pressure transient propagation, illustring the concept of transient
reflection at system boundaries for a pipe terminad with (a) a closed end; (b) an
open end
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Chapter 2 - Air pressure transients within the Hirb drainage system
2.2.4 Transient reflection at a junction
Transients arriving at a junctiorfigure 2.2, are both transmitted and reflected.
Equations (2.6) and (2.7) may be solved togetheh whe continuity of flow and
pressure to determine the reflection and transomssbpefficients at a junction of

number of pipes, where it is assumed that thera@separate losses at the junction:

Pipe 2

)))mar

Pie 1} ) )= F1 i D)—F ypipes

& s

Pipen

Figure 2.2 Pressure transient propagation, illustring concept of wave reflection
and transmission at a general pipe junction of n nenber pipes

Continuity of flow
Q=Q,+Q;+..+Q, (2.10)
and

AQ, = AQ, + AQ, +...+AQ,

Commonality of pressure

Pp=P, = Ps=...= P, (2.11)
and
Ap, = Ap, = Ap, = ...= Ap,
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Chapter 2 - Air pressure transients within the Hirb drainage system
Solution of Equations (2.6) and (2.7) with (2.1@d&2.11) for an incoming pressure
transient,F4, in pipe 1, and transmitted waves, in pipes 2-n and a reflected wafye
in pipe 1 provide a general expression for theeatitbn and transmission coefficients

respectively for the junction (Swaffield and Boldy@93):

A_A_A_ A
junction _ C1 CZ CS Cn
cl - 2.12
CUTALALAL LA 242
Cl C2 C3 Cn
and
2A
C_I!'unction - Cl (213)
A/ AL A
Cl CZ CS Cn

Note thatf,., may be put to zero in this solution as reflectians assumed not to have
arrived back at the junction. The coefficientsegivabove in Equations (2.12) and

(2.13) demonstrate several important points:

i. The reflection and transmission coefficients angethelant upon both the area of
each pipe and the wave propagation speed withim.thé herefore, factors
affecting wave propagation speed, such as piperrabaad pipe-wall thickness,
and changes in pipe area due to a change in dipmaiealso generate reflected

and transmitted transients.

ii. In systems where the wave propagation speed casdwened constant, such as
building drainage systems where only low amplitygtessure transients are
considered and the system pipework may be assugiddEquations (2.12) and

(2.13) can be reduced to area ratios by excludiagwave propagation speed.

iii. The transmission coefficient is identical for d&létreceiving pipes, however, this
value does depend upon which pipe carries the imgppressure transient (i.e.

the index pipe).
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Chapter 2 - Air pressure transients within the Hinf drainage system

2.3 Air pressure transients within the building drainage system

The air pressure transients generated during tleeatpn of the building drainage
system conform to the transient propagation theoegented. This section reviews the
mechanisms involved in the generation of air pnessransients within the building
drainage system and what effect these transienyshaae on the integrity of the trap
seal. Common methods employed within the buildinginage system to provide

transient suppression and control will also beeeed.

2.3.1 Traditionally accepted stack pressure profile

To understand the mechanisms leading to the gemeraft air pressure transients it is
first necessary to review the mechanisms that teatie accepted air pressure profile
within the building drainage system.

On entering the vertical stack from a horizontehniwh connection, the wastewater
travels across the diameter of the stack whemnpiriges onto the opposite pipe wall
before establishing a downward annular water floouad a central air core. Due to the
principal of “no slip” at the water/air interfacée descending annular water flow
entrains an airflow from the upper stack terminmatidnstead of falling exclusively as
an annulus, Campbell and MacLeod (1999) and MaclL@680) have demonstrated
that a proportion of the water is actually disttdnlias droplets across the diameter of
the stack. As a result, the shear force actintherair is a sum of the shear force at the
water/air interface and the shear force of the ldtep At the base of the stack, the
transition from vertical annual water flow to haigal free surface flow forms a

periodic water curtain through which the entraia@flow must pass.

In response to these flow conditions, the air pnessvithin the stack is altered from
atmospheric at its upper termination and the pressdistribution follows a
characteristic variation down the staéhkgure 2.3 shows the well-recognised pressure
response diagram for a simple single-stack systgmrating under steady state
conditions with an open termination. The top & ftackA, is at atmospheric pressure.
The pressure within the upper “dry” staé\B, falls due to pipe friction loss as the air
flow is drawn down the stack. A concentrated pues$oss occurs & due to the effect
of drawing air through the water curtain formedret discharging branch junction with
a further concentrated loss @tdue to the second discharging branch in this el@amp
Within the lower “wet” stackCD, the air pressure recovers to above atmospheedalu
the traction effect of the water annulus on theraénéd airflow before it is forced
22



Chapter 2 - Air pressure transients within the Hinf drainage system

through the water curtain at the base of the stddle entrained airflow is a function of
the total annular water downflow. The “no-slip”ndbtion provides the traction i6D
and the pressure recovery. B, the pressure may continue to fall or display vecyp
dependant upon the water flow in this stack sectrow water flow inBC will
display a pressure fall as the entrained airflogpedhdant on a higher water flow@b,

is drawn over the water film.

The distribution and magnitude of the pressures dbaur are important in relation to
water trap seal displacement. Pressures belowsatmeoic tend to draw the water trap
seal toward the system side so that water can diarito the branch; pressures above
atmospheric tend to push the water into the appéiaand may force potentially
contaminated sewer gas into the buildifgure 2.3

Patmosphere

Psystem< Patmosphere

Patmosphere

Psystem> Patmosphere

D
-ve4— Atmospheric—» +ve i 2

pressure pressure pressure

Figure 2.3 Pressure profile for a single stack sysin with two active branches
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2.3.2 Causes of air pressure transients

This steady state description of the expected spaeksure profile was developed
through international research undertaken in swaftres as the National Bureau of
Standards in the USA and the Building Researchbiistement in the UK (Wyly and
Eaton, 1961; Wise, 1973; Wise, 1979). However, phessure regime within the
building drainage system is, in reality, more aately defined as unsteady. Appliance
discharge to the system is inherently time dependad random and, therefore, the
water downflow and entrained airflows are both temafly and spatially varied, and

thus the entrained airflows, and the resultanpagssure variations, are also unsteady.

Changes in annular water downflow, due to the randscharge of system appliances,
and the corresponding changes in entrained airfeoe,communicated throughout the
building drainage system by the propagation of Ewplitude air pressure transients
whose magnitude is determined by the Joukowsky emgmn, Equation (2.1).

Increases in annular water flow lead to increase@rarainment which generates the
transmission of negative pressure transients wiloksal reductions in the entrained
airflow generate positive pressure transients (8gldfand Jack, 1998, 2004). These
low-amplitude air pressure transients, which angeddant upon the rate of change of
the system conditions, are transmitted and or cefte at all system boundaries

including every connected water trap seal.

2.3.3 The effect of air pressure transients propagation

While the pressure transients generated withirbthikling drainage system are of low
amplitude, they are, however, capable of destrottiegsystem protection provided by
the water trap seal against the ingress of con@eihsewer gas. By the very nature of
its simple design, the water column in the trap ¢sailar to a U-tube manometer)
moves in response to fluctuations in air pressue ia, therefore, vulnerable to any

low-amplitude pressure transient that may be praggbthroughout the system.

As mentioned in Section 1.5, the maximum allowglmessure excursions within the
building drainage system, as stated in the Briis@ndard, is £38 mm water gauge. An
instantaneous change in airflow velocity of onlynis would be sufficient to generate
low-amplitude pressure transients with a magnitugesater than this limit,

Equation (2.1), thus precipitating a possibly datgshic system failure due to trap seal
depletion. Depletion of the water trap seal catuoin a number of different ways and

these will be discussed in the following sections:
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2.3.3.1 Induced siphonage

Negative pressure transients are capable of degl¢tie water trap seal by induced
siphonage by creating a suction pressure withirpipe adjacent to the trabigure 2.4
This suction pressure may be caused either by ridrech discharge pipe to which the
trap is connected flowing at full bore, or, if thew conditions in the vertical stack are

sufficient to create a negative pressure, by thealrof a negative transient.

Entrained airflow
due to annular

Discharging water flow
appliance N
[ pp ] [ ] l [ ]
Negative—p+ Induced
@M @/ I;:s#gﬁgge pressure Siphonag&/
{ i ) region
Full bore L Negative
flow pressure region

Figure 2.4 Trap depletion due to induced siphonage

2.3.3.2 Self siphonage

Trap seal depletion due to self siphonage may oiéd¢bhe branch discharge pipe flows
at full bore and the water velocity is sufficientligh to cause the water column in the
branch to brealrigure 2.5 An air pocket forms which expands due to thetioomg
movement of the front plug of water which causedr@ in pressure and effectively

sucks the water seal out of the trap.

Negative pressur
in air pocket

_—
Full bore

flow

Air (bubble)
entrainmer

Figure 2.5 Trap depletion due to self siphonage
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2.3.3.3 Back pressure

The term “back pressure” is used to describe arsjtige pressure transients generated
within the system. Positive pressure transiergscapable of displacing the water trap
seal upwards towards the applian€gure 2.6. When the positive pressure transient is
of sufficient magnitude it is possible for the wate be completely displaced into the

appliance, leaving the trap either wholly or pdigtialepleted. In some cases, even
though the trap is not completely destroyed, abiibes (containing contaminated sewer
gas) can be forced through the water seal andtheoappliance. Cessation of the
positive pressure transient then causes the t@pwsger column to fall back into the

trap which may then be lost into the system dueselb siphonage. If the trap seal

survives this “bubble through” it may be impossitieletect a failure condition.

Y )
Trap displaced

with possible air

bubble release
[ ]

Trap oscillates

Positive pressun A, Air path w4 following
transient A\ closure cessation of

positive pressure

Figure 2.6 Trap depletion due to positive back presire

2.3.3.4 External air pressures

Pressure fluctuations from external sources cam géserate transients that propagate
throughout the drainage network. These imposegdrassure fluctuations include wind
shear over the stack termination at roof lef/gjure 2.7, and remote sewer surcharges.
These pressure fluctuations are capable of imgatscillations in the water trap seal

that can eventually lead to depletion of the trap.

Trap oscillates due
to fluctuations in
stack air pressure

(S Nt/
Figure 2.7 Trap depletion due to wind shear
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2.3.3.5 Evaporation

If an appliance remains unused for some time oh hemperatures exist within the
space served, then trap depletion may occur degaporation of the water seal. In the
UK, the rate of evaporation under normal ambiemdttions has been found to be in
the region of 3 mm per week (Wise, 1957; Wise amwaffield, 1995). It follows that
under these conditions, trap depletion would ocafter 17 weeks of un-use for a
50 mm trap, and 25 weeks for a 75 mm trap. Coreide higher rates of evaporation
will exist under higher temperatures. This was ezignced during the field
investigations described later when a 50 mm flagteg trap located within a boiler

room was found to completely evaporate over a 24 period.

2.3.4 Transient control and suppression

In order to avoid the occurrence of water trap siegletion, research has concentrated
on the provision of system venting so that presfluntuations at any trap seal are kept
within the prescribed limits to ensure water tragalsretention. Traditionally, this
protection was provided by the introduction of datied passive vent systems such as
in the one-pipe, two-pipe and the single stack ndigeé systems (Wise, 1979), all

terminating in open ended external vents.

More recently, active pressure transient supprasaimd control solutions have been
developed to alleviate the effect of transient pgaiion by providing localised relief to

protect trap seals from both positive and neggiressure excursions.

2.3.4.1 Control of negative transients

The air admittance valve (AAV)igure 2.8 provides a localiseshwardsrelief airflow
that contributes to the control of negative presdwansients. The AAV opens on the
arrival of a negative pressure transient allowielief airflow to enter the system. To
avoid the ingress of contaminated sewer gases A\ i& designed to remain closed
when not in use or in response to positive presstarsients (Swaffield, Jack,
Campbell, 2004). AAVs can be installed locallyttee appliance trap seal or at the

stack termination to avoid the need for a roof pextien.

2.3.4.2 Control of positive transients

The control and suppression of positive pressuaestents cannot, however, be simply

achieved by inclusion of aroutward relief valve as this would allow cross-

contamination of sewer gases into the buildingstdad, positive pressure transient

alleviation is provided by a positive air pressatéenuator (PAPA)Figure 2.9 —
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consisting of a flexible containment vessel — whidlverts and attenuates the
propagating positive pressure transient by progdihis alternative route and thus
reducing the rate of change of the airflow (SwadfiecCampbell and Gormley, 2005a,
2005b).

Negative pressure in the pipe The reduced pressure
communicates with the upper in the upper chamber
chamber via the ventilated lifts the diaphragm

axial support

Upper
chamber
/A
Relief
airflow

Figure 2.8 Method of operation of a typical air adnittance valve

~-———— Vented containment vessel

Flexible bag

Diverted airflow
attenuates transient

Incoming

transient

Figure 2.9 Method of operation of a typical positie air pressure attenuator
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2.4 Consequences of depleted appliance trap seals

The integrity of the water trap seal is continugusdsted due to the arrival of air
pressure transients propagated as a result ofnsygperation or external effects from
wind shear, sewer surcharge and evaporation (S3&ff2005). A depleted trap seal
permits airflow both into and out of the drainagestem depending upon the local
system air pressure. As discussed by SwaffieldJacét (2004), an open trap will not
only act as a main vent, contributing to the engdi airflow following appliance

discharge, but will also act as an outward rela{& to relieve the pressure by allowing

the sewer gases to exit the system and enter tiblke space, sddgure 2.1Q

Air
entrainment
A
AAV
Discharging Closed
appliance ﬁ
<.
|l A
Air (bubble)
ejection
Air Air release to
entrainment habitable space
5 < >
Depleted > Depleted
.Y trap <. trap
Y g
A | Sy
Air (bubble) Air (bubble)
entrainment ejection
A +ve sewer

v surge
\\ 3 (¢

Figure 2.10 Illustration of air entrainment and air release through a depleted trap
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Although engineers and researchers have endeavtusafeguard the integrity of the
trap seal through good design practice and by pwrating active pressure control
devices to combat the detrimental effects of pressansients, trap depletion remains a
major concern. Although there has been much debeatethe health risks from the foul
air that is present within the building drainageteyn (Section 1.3), realisation of its
harmful effects were finally confirmed in 2003 whemce again, public attention and
anxiety were drawn to the building drainage systeliowing its identification as the
transmission route of a novel coronavirus in theokr@ardens private residential estate
in the densely populated Kwun Tong District in Koah Bay, Hong Kong. This
coronavirus, the causative agent of severe acsf@ratory syndrome (SARS), quickly
became the first newly emergent communicable disegéidemic of the Zicentury
(Leung et al. 2004).

2.4.1 Outbreak of the SARS virus at Amoy Gardens and thke that the building
drainage system played in the transmission of theedse

The worldwide SARS epidemic reportedly infected 80@®ividuals, 774 of whom died

(WHO, 2003b). Hong Kong was the worst hit, witke thighest incidence rate (1755

cases in a population of 6.7 million) and a higbectatality rate of 17% (302 deaths)

(Leung et al. 2004). Throughout the epidemic, uauslusters of cases were reported.

2.4.1.1 Amoy Gardens

Home to approximately 20,000 residents and congisbf 19 tower blocks, the
outbreak of SARS at Amoy Gardens saw a total of Bfforted cases of infection
(almost 20% of all cases in Hong Kong), resultingl2 deaths (WHO, 2003b). The
majority of cases were concentrated in Block Eoanting for 41% of all cases and
home to the index patient. Further cases, appgéaier, occurred in Block C (15%),
Block B (13%) and Block D (13%). The remaining &as(18%) were spread
throughout 11 other blocks (Hong Kong Dept. of He&eport, 2003).

Each block was 33 stories high with 8 apartment®ach floor. Each neighbouring
apartment was separated by a common utility chanmelin depth which served as a
lightwell, a fresh air supply plenum for bathroomdamaster bedroom windows, an
exhaust plenum for window mounted bathroom anchkitcextract fans, and a services

riser housing the building drainage stacks,Fgere 2.11
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S. e bu
system is clearly visible as are the windows opermgronto the channel.
(image provided courtesy of Henry Hung, WPC Vice-Chirman)

2.4.1.2 Determining the cause of the outbreak

In response to the Amoy Gardens outbreak both thhegHKong Government and an
expert environmental team from the World Health @igation (WHO) undertook

independent investigations to determine the cafighi® large cluster of SARS cases
(Hong Kong Dept. of Health Report, 2003; WHO 2003mentification of a prominent

vertical pattern of distribution in Block E and theck of contact between affected
apartments led the investigators away from theairainpostulation that transmission
was facilitated by direct contact with contaminateddy secretions, and instead
suggested the possibility of airborne aerosol trassion. To isolate the mode of
transmission, investigators examined the rangengirenmental services provision to
the building - including the mechanical, electrieald public health systems - and
following further investigation identified the bdihg drainage system, facilitated by the
presence of depleted trap seals, as the conveydineotvirus. Both investigations

identified a number of individual contributory facs, summarised ifrigure 2.12

which culminated in the rapid spread of the virus:
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Wind current
carries
aerosols to _ _
adjacent
buildings

Aerosols rise
due to natural
buoyancy in
utility channel

Virus-laden
aerosols created
as waste is
flushed away

My

/

oJ

MY

contaminate upper apartment

|X| Virus-laden aerosols enter and

Extract Negative pressure due to (oversized)
fan extract fan draws foul air and aerosols
through depleted trap

Patient infected with
SARS introduces virus to
drainage system

Figure 2.12 Route of transmission of the SARS viruat Amoy Gardens

I. Vertical connection between apartments by a combndding drainage system

the normal approach to the provision of buildingidage, with its “network-

like” arrangement, provides a physical interconioectbetween adjacent

apartments connected to the same system.

ii. The presence of virus-laden aerosgistients infected with SARS were found

to suffer severe and frequent diarrhoea which cdinstudies found contained a

high viral load (Cheng et al, 2004). It is likelyat large quantities of the virus

would have been discharged into the drainage systeimfected patients. The
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drainage system would have accumulated large vadwheontaminated faecal
waste which would have been broken up into viraetaaerosols as it passed
through the drainage system.

Trap seal depletianThe prevention against the free flow of contartedaair
from the building drainage system into the occupgghce had, in some
instances, been compromised. The floor drain tvegre found, in many of the
apartments, not to have been regularly primed aad, therefore, become
depleted through evaporation of the water deglire 2.13 traps were found to
have been removed completely from some appliarieéggire 2.14 and the
build-up of foam in some vent pipes from dischaggivashing machines caused
the unexpected depletion of the trap seal in exenuently used appliances such
as showers. The loss of the water trap seal éstiall a pathway through which

virus-laden aerosols could enter and contamina&éntfoor environment.

Generation of a prevailing negative pressure witthie apartmentthe operation
of an oversized bathroom extract fan, found to haveapacity 6 to 10 times
higher than required, created a sub-atmospherisspre within the bathroom
which enhanced the transfer of contaminated air\ang-laden aerosols from
the drainage system into the bathroom. This camditvorsened when both the
bathroom door and window were closed as the extaactdeprived of make-up
air from any other source, drew large quantitiesaftaminated air through the
depleted trap seal. This transfer mechanism has berified by post-event
forensic analysis (WHO, 2003a) and by numericalusation of the system
operation (Jack, 2006). The ingress of contamthatehas also been shown to
occur following positive pressure fluctuations geed within the system as a

natural consequence of appliance discharge (Huat 2006).

Discharge of the contaminated air to atmosphdhe extracted bathroom air,
containing virus-laden aerosols, was subsequenthauested to the external
utility channels. The virus-laden aerosols werentltarried upward by the
natural buoyancy within the utility channel allogipotential contamination of

other apartments several floors away by enteringutgh an open window.

Dispersal to adjacent blocks by wind current efféiog prevailing wind currents
facilitated further contamination by exposing th&us-laden aerosols to
neighboring apartment blocks (Yu et al., 2004).
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Figure 2.13 Evaporation of the bathroom floor drainwater seal provided an open
path for cross-contamination (image supplied courtey of M. Y. Chan, Hong Kong
Polytechnic University)
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Figure 2.14 Unapproved system adaptation includingcompletely removing the
water trap seal provided an open path for cross-caamination (image supplied
courtesy of M. Y. Chan, Hong Kong Polytechnic Univesity)
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2.4.1.3 Maintenance of the building drainage system at Am@gprdens

What is clear from these post-event investigatieribat if a proper maintenance regime
had been in place and the water trap seals wergidnimg normally and had not

become depleted or, as in some cases, had notcbegietely removed and the virus-
laden aerosols, as a result, had been containddnvilie drainage system, then the
community outbreak of SARS at Amoy Gardens woult lreve occurred, or at least

would have been considerably reduced.

The series of unfortunate events that lead to tiibreak of SARS at Amoy Gardens,
and the regrettable morbidity and mortality rateat toccurred as a result, provide a
clear lesson: if the potential transmission of ¢tifen by the spread of aerosols through
depleted trap seals is to be reduced, then an wagranethod of monitoring and

maintaining the drainage system and, in particullbe, water trap seal is urgently

required to ensure that the unintentional transfénfectious aerosols is minimized.

2.5 Chapter summary

This chapter has introduced some of the theoryc#éseal with pressure transients
within fluid carrying systems to which the low antpile air pressure transients
experienced within the building drainage systenoibgl The mechanisms involved in
the generation and propagation of transients irbthieling drainage system have been
described and particular attention has been givethair effect at system boundaries,
and in particularly at the trap seal where theyehbeen shown to compromise seal

retention.

Finally, the consequences of trap seal depletiahthe harmful effects of the cross-
contamination have been discussed by reviewing thé& in the spread of the SARS
virus at Amoy Gardens. These fatal consequencedsapfdepletion have provided
further impetus for the development of an effectivenitoring and maintenance system
for the building drainage system.
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Chapter 3

Air pressure transient modelling using the method bcharacteristics

3.1 Introduction

It is essential, for the successful applicationtloé transient-based reflected wave
technique, that the complex interaction between slstem and fluid properties,
effectively responsible for the generation and vaditon of pressure transients, be
understood. This chapter details the theoretieaak@round to the existing numerical
model, AIRNET, which is capable of accurately siatulg transient generation and

propagation within general building drainage system

The AIRNET model, through the application of thethogl of characteristics solution to
the St Venant equations of continuity and momentomoyides an understanding of the
mechanisms by which transients propagate within aeywork and a means to
“decipher” the sometimes complex system presswsporese that follow the sequence
of events at any location within the network. Tarssures that the method developed
for the reflected wave technique is non-destrucive it does not itself threaten the
integrity of the water trap seals of which it wassidined to protect) and also identifies

the most efficient system monitoring point.

The general equations of continuity and momentunufsteady flow in conduits will
be developed, before they are applied to the chlavaamplitude air pressure transient
propagation in building drainage systems. The migalemethods available to solve the
continuity and momentum equations will then be pted. The reasons for choosing
the method of characteristics based numerical ndethlb be discussed before detailing
the main elements of the method of characteristis®d AIRNET model.
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Chapter 3 - Air pressure transient modelling usihg method of characteristics

3.2 Derivation of the St Venant equations

The St Venant equations of continuity and momenfoim the basis of all methods of
analysing unsteady flows in conduits. This sectolh show the development of the

general St Venant equations applicable to the @bany fluid in any type of conduit.

3.2.1 Continuity equation
The continuity equation is derived from the lawcohservation of mass for an element

of fluid flowing in a conduitFigure 3.1, and can be expressed as:

Fluid inflow — Fluid outflow = Rate of change of ssin the control volume
pAu-(u+a)(p+ d)A= 2 (pAs)

where A is the elemental cross-sectional area which caadsemed to be constant,

since the transient events are insufficient tootighe pipe wall.

X
Y p+dp
J Elemental volumg .5, pA |Elemental voll_Jm R p+5p)A
— = | storage possiblg — = — = | storage possiblg — =
p p+op
- T
‘Continuity ‘Momenturh

Figure 3.1 Development of the continuity and momenim equations demonstrated
by elemental volume of flow (Swaffield and Galowin1992).

Neglecting second order terms gives:

de+u5p+%pd<:O

Rearranging, the final form of the continuity eqoatbecomes:

oM 9P L9 (3.1)
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3.2.2 Momentum equation
The momentum equation is derived by consideringahges acting on a small element
of fluid within the conduit, seEigure 3.1, and can be expressed as:

Force = mass x acceleration
d
pA=(p+P)A-1Pd = (pAIKL)
where A is again the elemental cross sectional areaRatige wetted perimeter and

since:

d d d
— (oA ) = — (oADK ) + — | oA (% U2
dt(p ) p (o )+ax(p )

becomes:

— PA- TP&(Z%(pADﬁ(mH%(pA@(mZ)

Dividing by A Jgives:

_op__P_0
0x A ot

which by expansion gives:

op _P op  0p ou ou ou

-—-T—-u—+u —|-p——-ou—=0
ox A [ ot 0x ax} P ot A 0x

Incorporating Equation (3.1), it follows that:

_@_Z—E—p@—m%:o
ox A ot ox

Substituting for the shear stressat the conduit wall and the wetted perimeteyr,

where:

1
=_f 2
2,0U
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and where (for full bore air flow or for a centraik core induced by annular water

flow):

ol>

_D
4

which gives the final form of the momentum equation

o, 0u, ou 4pfdd

(3.2)
0x 0x ot 2D

wheref is the appropriate friction factor. Note thdt| has been substituted faf to

ensure that the frictional forces always opposeditextion of fluid flow.

Equations (3.1) and (3.2) respectively form the egah St Venant equations of
continuity and momentum and provide the mathemlabiasis for the study of unsteady
flow in conduits. This pair of quasi-linear hypelic partial differential equations can
be solved by the finite difference solution oncansformed via the method of

characteristics into total differential equations.

3.3 Application of the general St Venant equations tohte propagation of low
amplitude air pressure transients in the building dainage system

The air within the building drainage system is ¢desed to behave as a perfect gas,
conforming to Boyle’s Law whereby its internal egyeis dependant upon temperature.
Furthermore, any change in condition is assumdx tapid and reversible with no heat
transfer so that transient propagation may be reddyp assumed to be consistent with

isentropic flow conditions. Therefore, air pressanel density are related by:

p_py =K (3.3)

whereK is a constant angis the ratio of specific heat of the fluid at ctarg pressure

to that at constant volume.

The wave propagation speedpf a low-amplitude pressure transient can bergeted
by applying the continuity and momentum equatiooss the transient wave front

shown inFigure 3.2
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p+dp P p+dp p
—_—— | ——
du c c-du c
ptdp p ptdp p
— - | — - | —-.—
. . A . .
Moving transient Stationary transient
wave front wave front

Figure 3.2 Representation of an air pressure transint wave brought to rest by
superposition of an equal but opposite wave (Swadfid and Galowin, 1992).

From the momentum equation, when a transient wanrg has been brought to rest by
a wave front with an equal but opposite wave pragiag speed, the following

relationship can be derived:

(p+dp)A~ pA= cAo(~ (¢~ du)-(~c))

which, by rearranging and dividing By reduces to:

dp= pedu (3.4)

Applying the continuity equation to the same, naatienary, transient wave front

yields:
cAo = (c-du)A(p+dp)

which, when second order terms are neglecteddarnsl substituted from equation (3.4),

gives:

c? _dp (3.5)

Rearranging Equation (3.3) and differentiating phessure term with respectaqives:
® = ok (3.6)
do

Combining Equations (3.5) and (3.6) and substigiirfrom Equation (3.3) gives:
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(3.7)

NJES

This derivation of wave propagation speed is onppligable to inviscid flow.
However, previous experimental investigations bynsten and Fox (1972) and
Woodhead, Fox and Vardy (1976) have reported cémgeement between measured
values of pressure and wave propagation speed tivitbe predicted using Equation
(3.7). This approach is particularly applicable donditions within the building
drainage system as the ambient pressure is lovegdoatmospheric) and transient
pressure excursions are small (measured in mm vgatege). This simplification
allows the characteristic equations, derived frdme equations of continuity and

momentum, to be solved directly by the followingthoa.

The two equations of momentum and continuity aneallg solved for velocity and
pressure as density is taken as a constant. Howevdealing with air applications,
density and pressure are linked through the wagpawgation speed, Equation (3.7), so
that the St Venant equations must be recast inst&fnthe two dependant variables,
and u, and the two independent variablegsandt. This requires a modification to
Equations (3.1) and (3.2) and the introduction qoat solution equation to allow the

calculation of pressure.

Rearranging Equation (3.7) and substituting intaudimpn (3.3) and differentiating

with respect tq gives:

2cdc = K (y -1)p" ?0p

Substituting foK gives:
dp = (ijﬁac (3.8)

By differentiatingp with respect tgo in Equation (3.3), it may be shown that:
op = Ko "op

which, whendp andK are substituted, gives:
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op= (incac (3.9)
y-1
Substituting Equation (3.8) into Equation (3.1)oals the continuity equation to be

expressed as:

ox (y-1)c| ox ot

While substituting Equation (3.9) into Equation2)3allows the momentum equation to

be expressed as:

4
(Zj 0, p0u, 4auy (3.11)

— |pc— +
y-1 pcax 0x p ot 2D
These equations are generally derived in termseofltw velocity,u, at any point and
the wave propagation speeglat that location. The choice ofandc results from the
interdependence of air pressure and density. Aesalt, it is necessary to determine

pressure by combining Equations (3.3) and (3.7l skiat:

p{(;oy](c_lgj } (3.12)

where atmospheric pressure and density are expresse, and p, respectively.

Equation (3.12) demonstrates the dependency of prgagation speed on air pressure
and density. However, Appendix A shows that, & tontext of the low amplitude air
pressure transient excursions experienced withen lhilding drainage system, the
variations of wave propagation speed are smallesdrre fluctuations of between
-212.17 and +252.07 mm water gauge (which woulddresidered as extreme pressure
events) would generate variationsciof less than 0.65%. Such insignificant variations
permit the wave propagation speed to be empiricalfjarded as sensibly constant and
allow pipe periods to be adequately represented lmpnstant atmospheric pressure

wave propagation speed defined by the user.
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3.4 Applicable numerical methods

As stated previously, all methods of analysing eady flow in conduits are based on
the St Venant equations of continuity and momenti#aving no general mathematical
solution, this pair of quasi-liner hyperbolic palttidifferential equations requires
simplification and/or modification to allow solutie to be obtained. Wylie and Streeter
(1978) provide a good summary of the applicablehads within the context of

pressure surge which include the arithmetic methlgydphical techniques, and the

method of characteristics.

The arithmetic method (Allievi, 1903; Joukowsky, 496 based on simplified versions
of the St Venant equations which neglect frictionasistance and is based on the
principle of superposition of travelling pressureawss. However, even after
simplification of the governing equations, this hwd is time consuming and only

practical for the simplest systems.

Progress in the field during the first half of tteentieth century, most notably the
development of the graphical techniques (Schnyt#29; Bergeron, 1935), led to vast
improvements in analysis techniques. The graphicathod continued to employ
simplifying assumptions by neglecting frictional sigance in its theoretical

development, but utilized means to take it intooact by a correction. Although

particularly suited to free surface flows and opbannel fluid flow, this approach was
laborious and suffered from cumulative graphicabiesr (Campbell, 1992). However,
this method was the principle way of solving tr@nsiproblems from the early 1930s to
the early 1960s before the advent of digital coraput Again system complexity
limited the application of the graphical method.

Since the 1960s a large number of methods of gplthe St Venant equations have
been developed (Wylie and Streeter, 1978). The pmserful of these, both in terms
of accuracy and general applicability, are basedhencomputer supported numerical
solution of the full St Venant equations using asfea variety of finite difference
methods, such as the Lax-Wendroff explicit methbe, leap frog method, Amein’s
four point implicit method, the Ligget and Woolhis#x point implicit method, and the
method of characteristics. Fox (1977) providesaasessment of these methods and
concludes that although some of these methods pdamoieases int without
significant increases in error or stability, theefl mesh approach of the method of
characteristics is preferred to all others for weterhammer problem. Although some
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of the other methods have been found to be equeligble and convenient as the
method of characteristics, they sometimes relyhennhethod of characteristics to deal
with boundary conditions.

The method of characteristics is currently the mpspular and extensively used
technique for solving the St Venant equations usliregfinite difference approach. The
method of characteristics can actually be tracedaaack to 1900 when Massau
utilised the technique in the study of open chaffiogl, while Lamoen (1947) followed
by Gray (1953) were the first to apply the methoduid transient problems.

The method of characteristics has numerous advantabe simplicity of programming
and efficiency of computations, even for complestsgns with numerous boundary
conditions; and its particular suitability to amaltions where the event to be simulated
is of relatively short duration. Additionally, tireethod deals with networks in terms of
internal nodes and boundaries which, when linkeda tbrst order finite difference
scheme, only involves the simultaneous solutiotwaf equations at each internal pipe
node and, at boundaries, the solution of one ctematic per pipe and an equation
defining the boundary condition. This is a part@dtrength of the method as it allows
the development and solution of complex boundanydimns in isolation form the
calculation of all other boundaries and internadles This is a major advantage over
other numerical techniques based on, for exampéefihite difference method where

all conditions within the network are required ®known in order to proceed.

The method of characteristics transforms the St Keequations (themselves a pair of
guasi-linear hyperbolic partial differential equeis) into a pair of total differential
equations, termed the characteristic equationsclwlare then expressed in finite
difference form and solved, i.e. the finite diffece representations are based on the
characteristic forms of the St Venant equationsaffield and Boldy, 1993).

A considerable number of authors, most notablyhea USA, began to employ the
method of characteristics, coupled with finite ei#fnce techniques, for the numerical
modelling of unsteady fluid flows, in the majoriby cases basing their approach on the
significant work of Lister (1960) who detailed tfieite difference schemes which were
then utilised by Streeter and Lai (1962), Streated Wylie (1967) and Streeter (1969).
In the UK and Europe interest in the use of the oebtbf characteristics developed
rapidly with papers from Fox (1968), Evangelisti 29 Swaffield (1970) and Boldy
(1976). By the 1970s this technique was estaldishe the standard method for
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transient analysis and the development of compu#olnology in the 1970s and 1980s
improved the use and applicability of this tech@igund facilitated the development of

large and complex network models.

Subsequently, the method of characteristics hasrbedhe standard technique for the
analysis of pressure transient phenomena with naaniyors applying and modifying
the basic method to allow previously difficult tes@nt conditions to be treated and
system designs to be modified to prevent potegt@ddimaging transient propagation,
including gas release (Kranenberg, 1974), colunparsgion and vapour generation
(Doyle and Swaffield, 1972; Swaffield, 1972), mawhiinterface boundary problems
(Boldy, 1976), and the application of the methodhtcestigate related areas such as air
pressure transients in high speed train tunnelagble and Fox, 1972; Vardy, 1976) and
open channel and partially filled pipe flow tranmgse (Price, 1974; Song, 1976; Galowin
and Swaffield, 1989).

Since the method of characteristics approach ishasound the equations of continuity
and momentum, which are generally applicable, it ba used not only to examine
waterhammer and partially filled unsteady liquigeilows but also the propagation of
full bore low amplitude air pressure transients;hsas those present in the building

drainage system under consideration in this thesis.

3.5 Method of Characteristics

3.5.1 Conversion of partial to total derivative equations

The quasi-liner hyperbolic partial differential etjoas of continuity and momentum,
shown in Equations (3.10) and (3.11) respectiveiyst first be transformed to total
derivatives prior to solution by finite differentechniques by introducing limitations in
terms of the rate of change of distance with tilédt If Equations (3.11) and (3.10)

are equated to the terragandL, respectively, they may be linearly combined where:

=0 (3.13)

L = 2 oc, ou, @+4pfu|u|
' X ox ot 2D
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Ju 2 \p| dc oOc
L,=p—+|— |=|u—+—|=0 3.14
2= Pox (y—ljc[ X at} (3.14)
then if:
L=L +AL, =0

(where A is a linear multiplying factor) gives:

4f
L:_au()|+u)+a_u+ 2 @(Aﬂ+cj+i@ + uy = (3.15)
0x ot \y-1)|ox\ c c ot 2D

The partial derivatives in Equation (3.15) may halaeed by total derivatives using the

following two equations:

de_dedx, dc
dt oxdt ot
and

du_dudx ou
dt ox dt ot

which limit the rates of changewith t to give:

af
du, 2 de (4fud)_, (3.16)
dt y-1dt 2D

provided that:

dx =uz*c (3.17)

dt

In this total derivative form the combined equasioof continuity and momentum
describing the air pressure transients generatéueimuilding drainage system may be

solved by finite difference techniques.

3.5.2 Finite difference solution of fluid transient equatns
Figure 3.3 shows the rectangular grid upon which the solutdrthe air pressure
transient analysis by finite difference techniqie®ased. The grid is formed in two

dimensions representingndx. The conditions at any node one time step in wigré
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can be determined from the current conditions gcaht upstream and downstream
nodes and require definition of the conditional a&mqns defining the “characteristic”
slope,dx/dt The time step depends on both the wave speedmpgte to the fluid-

pipe combination and the length of the pipe seatitmsen as the internode distance.

Note: If c >>u, then points R and S tend to A and B

Figure 3.3 Grid showing characteristic lines as ulised in the Method of
Characteristics approach to air pressure  transient modelling,
(Swaffield and Galowin, 1992).

The choice of the internode distance depends omuingber of locations at which a
knowledge of the transient pressure would be usbkbwever, it cannot be greater than
the actual length of the pipe being consideredingeain upper limit on time step equal
to half the pipe period. As the characteristiqpsl of these lines are dependant upon
the flow conditions, which change with bdtlandx, they are not straight lines but are
instead curved, however, the small time step atligpermits the straight line

assumption to be made.

The solution of the St Venant equations is restuli@e they must fall upon these lines.
The line of communication formed by the “characterisslopes allows information

regarding air velocity and wave speed (and theeeforessure) to be transmitted
throughout the network and as demonstrated by kquél.17), the slope of these lines
is directly related to the speed of propagatiothefpressure wave. Thus the solution is
therefore capable of communicating changes in ¢omdi throughout the network.

Using the notation shown iRigure 3.3 R and S represent points where the current
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conditions are known by interpolation from knownpoeviously calculated values At
B, andC; andP represents the point one time step in the futuxehéch conditions are

unknown, but which may be determined utilising tharacteristic equations.

It can be seen that thé €haracteristic may be expressed as:

2 At
( U, —Ug +m(cp _CR)+4fRuR|uR|5 =0 (318)
C*{ when
Ka=uR+cR (3.19)

and the corresponding €haracteristic may be expressed as:

s 2 At
U, —Ug +m(cp _CS)+4fSuS|uS|E =0 (320)
C < when
dx
— =U.—C 3.21
o UG (3.21)

The sign convention of the characteristic lines, & and C, serve merely to
differentiate between the differences in sign ef gnadient of the slopes. The definition
of the C and C characteristic equations may be respectively redido a pair of first
order equations, linking flow velocity and wave pagation speed, to be solved

simultaneously:

u, = K1-K2L¢, (3.22)
and
u, = K3+K4Le, (3.23)
where:

2 At
K].: UR +HCR _4fRuR|uR|E (324)
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2

K2=K4=—" (3.25)
y-1

and
2 At

K3: US - mcs - 4fSuS|uS|E (326)

As mentioned previously, the slope of the charatterlines is directly related to both
the wave propagation speed, and the fluid velocityu, so thatR and S may lie
anywhere within onedx either side ofP. In such cases, linear interpolation (Lister,
1960) is necessary to evaluate the valueR ahdS at each time step. However, in the
case of building drainage systems, where the tyfncal air velocity is only a fraction
of the local wave propagation speed, such that u, changes in the slope of the
characteristics may be assumed as negligible swthtlie pointR and S tend to the
adjacent grid node& andB, Figure 3.3 and there appears no need for interpolation.
However, as mentioned in Section 3.4, the valugehef wave propagation speed is
dependant upon air pressure and density and, hdheeyalue of  + c) and
consequently, from Equation (3.27), the size oftihee step will change during the

passage of a transient.

For a rectangular grid, the lengtlx may be fixed, however, as bothandS must lie
within adjacent grid sections for a stable solutithre size of the time steft must not
exceed that given by the Courant stability criterfif@ourant and Fredrichs, 1948) which
may be expressed as:

A= (3.27)

where the maximum values ofandc present in the whole network at tirhare used to
calculate the size of the time step at each sueeetime step. The smallest time step
present in the whole network must therefore be ,usesllting in the need for only

minimum interpolation at certain nodes.
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3.6 Boundary conditions for the method of characteristts

3.6.1 Requirement for boundary conditions

As shown previously ifrigure 3.3the solution across each time step may be caézlilat
by simultaneously solving the Cand C characteristics that intersect at that node.
However, as illustrated iRigure 3.4, which shows a simple single pipe divided ihto
sections withN+1 nodes, this technique cannot be applied to nontestdd at element

boundaries as only one characteristic can exetay and similarly only one at exit.

n
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Figure 3.4 Shaded zone demonstrating area of calation without definition of
boundary conditions (Swaffield and Boldy, 1993).

The limit to the solution in this case is thus tgalar in shape over time steps, where
n =N/2, after which the solution stalls. In order foe analysis to progress further, it is
necessary to provide a second defining equati@aett boundaripcation, to be solved
simultaneously with the appropriate existing sin@le or C characteristic. This is
achieved by using theoretical or empirical relagiips to describe the physical
conditions at these terminations. Use of such tampg commonly referred to as
boundary conditions, allows the continuation of thedel into subsequent time steps.
It should be noted that, in addition to networkrigstand exits, boundary conditions are
also required for all internal boundaries wheth&tignary, e.g. pipe junctions; or

capable of interface movement, e.g. displacedwter columns or a piston interface.
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In order for the analysis to begin, conditions tigloout the network at time zero must
be defined and for the analysis to progress, bayndandition definition for the

network is required. It should be noted thereafiet the progression of a transient
through the system and the simulation dependsedntin the changes introduced at a

boundary — for example the forced interface motiba piston.

3.6.2 Establishment of initial conditions

For a method of characteristics based solutionetiny it is necessary to know the
conditions throughout the entire network at timeoze This may be achieved by

assuming that steady state conditions, upon whiehsubsequent unsteady flow is
superimposed, exist throughout the network. Wharsiclering the pressure transients
generated within the building drainage system,initeal steady state conditions can be
assumed to be representative of zero fluid flowaahospheric pressure. This
assumption provides the initial conditions, i.eegaure, fluid velocity and wave speed,
at all points in the network at time zero. Once thase conditions have been
established, the model can then calculate the pppte time step as discussed in
Section 3.4.2 and the transient analysis may ptbgeevided all network boundary

conditions have been defined.

3.6.3 Frictional representation

Normally, the modelling of low-amplitude air pressuransients in building drainage
systems requires a representation of the shearebatwhe applied appliance water
discharge flows and the entrained air within thetemy vertical stack. Jack (2000)
provides substitution equations for the frictiorctta terms,fr and fs, contained in
Equations (3.15) and (3.17) respectively, whichvallitve simulation of the traction
force exerted on the entrained air core by thentalannular water flow through the

application of a “pseudo friction factor” term.

However, in the application presented here, mauglthe appliance discharge water
flows and the consequent shear that generates thethentrained airflow and its
accompanying transients is unnecessary as it issaged that the reflected wave
technique would be programmed to take place duaingiescent period and, therefore,
the system response to the applied pressure trangaild take place when there was
no water flow in the network. This offers a consadde simplification to the model
that effectively becomes an air pressure transsemulation that can be based on
traditional surge prediction techniques. Thereftine, friction in the dry stack is fully
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represented by the expected application of standdadionships e.g., the Colebrook-

White friction formula.

When considering the prediction of trap seal oastdh, the rate of change of local
pressure at the trap seal interface is normallficsenmtly slow to allow the assumption
of quasi-steady frictional representation of thecés acting on the water column
(Swaffield, 2007). However, where there is a rapae of change in boundary
conditions it may be necessary to consider thelabdlai body of work on unsteady
friction. The application of unsteady friction repentation of trap seal oscillation will

be discussed in Section 3.6.6.3

3.6.4 Boundary Conditions in the building drainage systemodel

Only one characteristic is available at the terrtnamaof each constituent pipe and so in
order for these nodes to be solved and the caionléd progress, boundary conditions
compatible with a single ‘Cand C characteristic are required. It should be nobedx

is measured positive upwards from the base oftdek 0 that the entrained airflow has
a negative sign in the simulation. This conventiesults in the base of the stack being
regarded as the single entry (with adBDaracteristic available) and all other terminal

boundaries are therefore exits (with adharacteristic available).

The development of suitable boundary conditionstirejato the network model is an
important factor in determining the accuracy withieh transient propagation can be
modelled. It is the change in conditions at a loaup that initiates the transient to be

analysed. There are two groups into which boundanglitions may be categorised:

I. Passive boundary conditionwhich represent the physical attributes of the
system and in the case of a typical building drgensystem include junctions of
two or more pipes, open-ended pipes, closed-engssb,por changes in pipe
cross section. These boundary conditions are imalgpet of time and the local

unsteady flow regime (Swaffield and Campbell, 199292b).

ii. Active boundary conditionghich represent equipment connected to the system
and which have a direct influence on the resporighenosystem include water
trap seals, air admittance valves and positivgo@ssure attenuators or piston
interfaces used to introduce pressure waves irgmnétwork. These boundary
conditions are dependant on equipment operatidocat system conditions.
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Figure 3.5 shows a typical building drainage system and destnates some of the
common boundary conditions requiring definitiondgtger with the additional boundary
of the pressure transient generator used to apyelycontrol pressure transient for the
identification of depleted water trap seals. Thdindeon of suitable boundary
condition equations will normally link the flow mtor pressure within the system to
time. In some cases, the required boundary camdaguation will only be activated if
certain pre-determined conditions are met, for glarthe representation of an opening

air admittance valve.

Open end, N
\/

closed end or

| air admittance valv ' /|
| pipe termination

Positive air!
| C ~— CY" | pressure
X attenuator :
Water T ]
trap seal X ,j """"""""""""
—
X
>/
, 9’\ —~
Entry: T
stack base or X

pressure transient

generator T

Figure 3.5 Boundary conditions and available charaeristics for a typical building
drainage system with pressure transient generator
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The notation used in this discussion will assumé #wch pipe is divided into N
sections therefore havirid+1 nodes. Pipe nodes will be identified from nodat pipe
entry, defined ak = 0.0, to nodeN+1 at pipe exit, defined at = pipe length. The
variables will be defined as occurring at pipé dnd node |”, for example,u(i,j)

denotes the fluid velocity at th node of theth pipe.

3.6.5 Passive boundary conditions

3.6.5.1 Junction

Figure 3.5 demonstrates the number and sign convention oftchia@acteristic slope
equations required at a junction, i.e. one slopepjpe at the junction. Moving up from
the base of the stack, each pipe terminating ainatipn is represented by a’ C
characteristic while those originating at a junctaye represented by a €haracteristic.
Since the pressure and the wave propagation spgeadiform at the junction, then

based on the principle of flow continuity:
Y Inflows+ > Outflows=0

as outflows are assumed to adopt a negative signeotion. When applied to a
junction with ‘m” inflow pipes and 1’ outflow pipes and wherej™ represents the

inflow pipe and {7 an outflow pipe then the flow continuity may bepeessed as:

> u(iNG)+ AN ) + )+ X uiAiL) =0 (3.28)
where the inflow, based on thé €haracteristic may be expressed as:
u(i,N(i)+1) = Ka(j,N(j)+1) - K2(3,N(j) + L)e(j,N(j) +1) (3.29)
and the outflow, based on théharacteristic as:

uia) = k3(i2) + K4(i 2)c(i 1) (3.30)
With no loss coefficient, the pressure at the jiomcis common in all pipes where:
p(i,N(i)+1)= p(i1) (3.31)

At any junction of (+n) pipes, there are 2(+n) unknowns so 2Q+n) equations are
required which are represented by the flow contynand (m+n-1) pressure equality
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statements andr(+n) characteristics. Solving @(n) simultaneous equations yields

values foru, ¢ and themp.

3.6.5.2 Open-ended pipe

As shown inFigure 3.5 where a pipe is open to atmosphere or anothex abknown
pressure, whether it be a stack termination oretied water trap seal, the boundary
expression may be referred to as the network exitlition where the Tequation is
combined with the local loss equation:

Uy = K1y K2y cy (3.32)
and
Pnit = Prer — KO-5/1'|N+1|U|N+1 (3.33)

where prer IS the known pressure at the pipe exit, normadlkeh as atmospheric
pressure, ani is a loss coefficient dependant on the degredowf bbstruction at the

pipe termination and the suffiX+1 represents the pipe exit node. Note that dutieg t
numerical simulation of the SARS contamination eoat Amoy Gardens (Jack, 2006)
Pref Was set to the depressed bathroom pressure ci®athd operation of the oversized

extract fan.

3.6.5.3 Closed-ended pipe
In the case of a closed-ended pipe, the velocity i@ Equation (3.32) is zero and the
boundary is therefore defined by the expression:

K1,

NN 3.34
o (3.34)

CN+1 =
3.6.6 Active boundary conditions

3.6.6.1 Air admittance valve

Air admittance valves are installed in the buildiohgiinage system to relieve negative
pressure transients where the use of open-end®dihtgions is not feasible, e.g. where
roof penetrations are not possible. The valve degrh remains closed in response to
positive pressures, or a small threshold negatigegure. When the pressure, however,
falls below this threshold the diaphragm will lif.his allows air to enter the system to
alleviate the pressure differential across the evatiaphragm. Once the valve

diaphragm lifts it either rises to its maximum Heidfully open) or hovers at some

intermediate level (partially open), depending loa pressure within the system.
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Thus the three possible boundary condition equationde solved with the T
characteristic are:

Closed valve Uysy =0 (3.35)
Partially open valve p,,. — Py, = KO.50uZ,, (3.36)
FU"y Open patm - pN+1 = Kmino'sla"lﬁﬂ (337)

where K is the appropriate loss coefficient across thevevalhich decreases as the
diaphragm lifts in response to greater negativesqunes until the valve is fully open

and thereafter having a constant valu&gf, (Swaffield and Campbell 1992b).

The pressure is calculated as:

patm - pN+1 = K0'51£1'1N+1 (338)

uN+1
wherep,,, is determined using Equations (3.12).

3.6.6.2 Positive air pressure attenuator

The positive air pressure attenuator is a recevgldpment in building drainage system
design and is used to alleviate positive presswaesients. The boundary equation
(Swaffieldet al, 2005b) is formed by assuming that the bag isifytheld deflated by
the suction pressure in the stack and thereforeahasflow velocity of zero. Rising
pressure due to the arrival of a positive transetses the bag to open and partially
inflate. Once the bag begins to open it remaingstatospheric pressure until the
accumulated air inflow reaches its full capaci@nce fully inflated the bag acts as a
pressurised boundary obeying the Gas Laws. Theigtssible boundary condition

equations to be solved with thé Eharacteristic are:

Deflated bag: Uy, = O (3.39)
Inflating bag: p(bag) = p(atm) (3.40)
VOl(bag)t+At :VOI(bag)t +O'5Aentryjunction (Vt+At +Vt) (341)

. _ VOl(bag)t+At p(atm)
Full bag: plbag).» = Vol(Full bag)

(3.42)
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3.6.6.3 Water trap seal

Any water trap seal connected to the network welldisplaced in response to pressure
fluctuations at the air to water interface. It nieyshown that the response of the water
trap seal may be analysed by application of Nevgt@econd Law of Motion to the

liquid column (Swaffield and Galowin, 1992):

du,,

" (3.43)

A(p(j,N(j)+1)— p(ref))+,oWAg(Hl - Ho)_ToLP = puLA

whereA, L andP represent the trap cross-sectional area, liquidnmo length, which
may vary as the trap loses water, and the wettathpter respectively, sdégure 3.6.

APPLIANCE SIDE,
p(ref)

direction

SYSTEM SIDE, > D

p(i.N(j)+1) & — _
Positive $ $
velocity |11 Ho

Figure 3.6 Definition of water trap seal terminatian. Note trap diameter,D, water
column height,H, and trap seal water length.

H; andH, denote the water surface levels ap,N(j)+1) is the air pressure exerted
upon the trap fluid column at the system side pndf) is the air pressure exerted upon
the fluid column at the appliance side, both of akhimay initially be taken as

atmospheric.

Replacing the wall shear stress for the liquid fiowthe oscillating trap with the Darcy
equation for friction factor reduces Equation (3.48(Swaffield and Boldy, 1993):

L Ly (AU U] du, |
oiNG) )=o), ()[R adi o g

whereU,, is the liquid column velocity,f is the liquid column friction factor which is

normally based on the Colebrook-White steady dtatg8on expression, an® is the
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trap diameter. However, the flow conditions witlairwater trap seal are not steady as
the water column oscillates in response to systemrassure followed by a damped
oscillation once the transient pressure propagdtias cessed. A study of trap seal
response by Swaffield (2007) found that steadyedi@ttional representation severely
underestimated the frictional forces acting on anillating liquid column due to the
rapid reversal of flow direction inherent in seatitlation in response to rapid system
pressure excursions. Swaffield (2007) incorpor&benl unsteady frictional expressions
to better represent the observed conditions. Tise Was based on earlier work by
Carstens and Roller (1959) and was used to reprdsefrictional losses in the air flow
within the network:

U,
ot

f =f

unsteady —

+ 0.449U—D2 (3.45)

w

steady

The second was used to represent the liquid coluiction in the trap and was based
on earlier work by Zilke (1968):

_ fpLu, +16p|-i[uw(time— jat+At)-U, (time- jat - at)] wit (jat)) (3.46)

A
P 2D D* 5

where,M = time/(At-1), “tim€’ is the current calculation time, referred to tasAt and
W is a weighting factor. Both Equations (3.45) d846) include the steady state
frictional loss along with a term dependant onftbes local accelerations and the time
history of the flow.

The pressure term in Equation (3.46) is determirstdg the C characteristic term and

the wave propagation speed, Equation (3.7), where:

u(j,N(j)+2) = Ka(j,N(j)+1) - K 2(j,N(j) +2e(j,N(j) +2) (3.47)
and
u(j,N(j)+1=u,, (3.48)

In addition to predicted water trap seal displacetnthe developed boundary condition
can, by subtracting the water overflowing into fystem side, also predict the effect of
air pressure transients on trap seal retentionth@sir pressure falls in the network, the
water column in the trap is displaced so that tppliance side water level falls.

However, the system side level is governed by élrellof the branch entry connection

so that water is lost to the network.
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If the transient event is severe then the trap tmegome totally depleted allowing a

potential cross contamination route from the nekworhabitable space.

3.6.6.4 Pressure transient generator
The final boundary condition is that required t@resent the action of the pressure
transient generator used to create the incidensitat for application with the reflected

wave technique.

Preliminary evaluation of the reflected wave teguei was carried out using a single
positive pressure pulse transient generated byfdiveard movement of a flat plate
piston using a pneumatic ram. However, as wiltliseussed later in Chapter 5, the use
of a single positive pressure pulse transient datgencern over the protection of system
integrity as a single pressure pulse with a mageitwf Appusey Will cause a
corresponding trap displacement4i such thatdppuisey= 4H, for a uniform diameter

trap, sed-igure 3.7.

(b)
APy(sinusoidal)
§ { MN> _
A A
Hiy Ho

Figure 3.7 Trap response to a (a) single pressureulse; and (b) sinusoidal
waveform

For example, if a single pressure pulse of magrijlpuse) = 100 mm water gauge
arrived at the trap then this would instigate @ tlesplacement of 12100 mm which would

cause a catastrophic system failure due to trajeterp.

For the successful application of the reflected eviachnique it was imperative that the
incident transient would not itself pose a threasystem integrity. Kelly (2007) found
that trap displacement could be avoided, and systeygrity protected, by the
application of a 10 Hz sinusoidal transieffsinusoidaly Beattie (2007) confirmed and

quantified these findings by investigating the tssal response to various sinusoidal
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pressure frequencies for three trap depths (i.en®8 50 mm and 80 mmirigure 3.8
It can be seen that the ability for a transiertdose trap seal displacement is dependant
upon both the magnitude and duration of the tramsieting at the trap interface as well
as the mass and frictional characteristics of tagewcolumn. For all three trap depths
tested, the maximum observed trap displacemenespanse to a 10 Hz sinusoidal

transient was only + 1 mm.

35

—o—38mm trap depth
—8-50mm trap depth

301 80mm trap depth

N N
o [¢)]
| |

Trap seal displacement (mm)
[
;]

=
o
|

0.0 10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Excitation Frequency (Hz)

Figure 3.8 Recorded trap seal displacement in respee to a range of imposed
excitation frequencies (0.5 Hz to 10 Hz) adapteddm Beattie (2007)

At this frequency the positive and negative tramisigaves, generated by the forwards
and backward motion of the sinusoidal transientegaior, arriving in rapid succession
at the trap interface, were not capable of disptathe water column as the duration to
which the water column is subject to these incontiagsient waves is not sufficient to
overcome the inertia of the water, thus opposiegctimnge of direction and limiting the
movement of the water seal. At lower frequendiesyever, trap displacement of up to
+ 15 mm (total displacement of around 30 mm) webseoved. Swaffield (2007)

confirmed the capability of AIRNET to model thesieets of trap displacement in

response to various applied sinusoidal transieufuencies.

A pressure transient generator consisting of apilatte piston is used to generate both
types of transient with the only difference beihg tmethod of driving the piston, see
Figure 3.9
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As mentioned earlier, the single pressure pulsegeagrated by the forward motion of
the piston by a pneumatic ram, while the sinusoiglahsient was driven by an
electromagnetic exciter and frequency signal geéoeta move the piston forwards and
backwards (at the control frequency) in order todpice a sinusoidal pressure wave.
Both driving methods allow the motion of the pistorbe defined by:

_ (x(piston),, , — x(piston), )

U= 3.49
At (3.49)

Setting the pressure transient generator as tigéessiystem entry allows it to be solved
by the available Ccharacteristic to yield the pressure at the pisaoe. If the pressure

transient generator is not located at the basén@fstack then distance is no longer
measured from the bottom of the stack and thar@ Cat each internal node must be
altered to account for the new entry point, e.g. ltase of the stack would become an

exit termination.
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3.7 Chapter summary

This chapter has presented the mathematical b&gisecAIRNET numerical model

(developed at Heriot-Watt University under prevideBSRC funded research) which
employs the method of characteristics solutiorhto $t Venant equations of continuity
and momentum to allow air pressure transient praag within the building drainage

system to be modelled.

The general St Venant equations of continuity adnentum, applicable to the flow of
any fluid in any type of conduit, were derived arrhs of flow velocity,u, and wave
propagation speed, allowing pressure to be defined due to the irgpethdence of air
pressure and density. These general quasi-linggerbolic partial differential
equations were then transformed via the methodtafacteristics into total differential

relationships prior to solution by finite differemtechniques.

The importance of accurate boundary conditionshan development of the model to
provide complete network solutions was emphasisétdle method of characteristics
approach to the modelling of building drainage rmetwboundaries was illustrated by
describing the boundary conditions already incaafpemt into the existing AIRNET

model. It was shown that by using a combinationtlodoretical and empirical

relationships, in conjunction with the availableadcteristic, the air flow conditions at
boundaries can be calculated, hence allowing campietwork solutions to proceed.
The existing AIRNET model was shown to incorporddeundary conditions to

represent open-ended pipes, closed-ended pipestigns, air admittance valves,
positive air pressure attenuators and water trapsseThe new boundary condition
required to represent the pressure transient gemensas developed as part of this

current research.
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Chapter 4
The reflected wave technique

4.1 Introduction

This chapter focuses on the development of theeatftl wave technique for the

detection and location of depleted trap seals withe building drainage system. The
technique draws upon the pressure transient the@sented previously, particularly

the reflection and transmission of pressure wavesystem boundaries, which will be

applied in the context of defect detection. Fistreview of current pipe defect

detection methods used at present in the wategnailgas industries; as well as those
conceptually developed will be undertaken.

A trap condition evaluata (TRACER) program, developed as part of this redeao
perform automatic identification of depleted tragals, will be presented. A numerical
example using perfect data will be performed td tee accuracy of the TRACER

program and general conclusions will be drawn rdiggrparameter sensitivity.

4.2 Pipe defect detection and location

There are many different approaches available Heridentification of defects within
pipe systems. These methods have been developrgyththe need to identify leaks
and blockages, within water, oil and gas supplyegip Disruption to the operation of
such pipelines can lead to excessive economicdsessell as both environmental and
health hazards. These consequences have, thersfuneed the development of
methods for pipeline monitoring and defect detect{&mara-Shabailet al, 2002).
This section will review the defect detection methacurrently available as well as
those theoretically developed. This list is nohaxstive as only those considered

potentially applicable to depleted trap saéetection and location will be reviewed.
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4.2.1 Direct - Non-acoustic techniques

Visual observation

The traditional and simplest method to detect pipfects is by visual inspection of the
pipe system. This method relies on experiencedopeel making regular inspections
of the system, looking, smelling and listening &mrything unusual which may allude to
the presence of a defect. The effectiveness sft#ithnique depends on the individuals’
experience and the inspection frequency as weh@physical layout and accessibility
of the network. Currently this is the only methamdailable for monitoring the building

drainage system.

Video Inspection

This method involves inserting a remotely operatainera into the pipe, thus,

providing an internal pipe inspection system. Thenera can be combined with on-
board ultrasonic equipment for both corrosion aakldetection and it can also be used
to clean, monitor and, sometimes, repair crackpdgwithin the system. This method
is frequently used to determine the condition oage systems and relies on well-
trained staff to operate and analyse the videoafgmt However, this method is

intrusive and may require that the system is sbutrdprior to testing.

Ambient air monitoring or tracer injection

In this technique a tracer gas, such as heliumydrdgen, is injected into an isolated

section of the pipe system. The gas will escapedsfect in the pipe and the defect is
located by highly sensitive gas detectors whicH ®ither be at fixed locations along

the pipe or which can be carried to effectivelydistthe surface of the pipe. It can

often take some time to locate a defect and sucisesependant on atmospheric
conditions. The tracer gas must also be fully readdbefore the pipe system can again

be used
4.2.2 Direct - Acoustic techniques

Direct listening method

A common method used to detect defects in wateplgyppes, this method uses an
acoustic listening rod and ground microphone tatedeaks in underground pipes.
This equipment incorporates signal amplifiers aoda filters to sense leak induced
sound or vibration within the pipe. First, thddising rod is used to detect leak induced

sound by placing the rod in direct contact with fiiyge at convenient access sites (i.e.
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fire hydrants, valves and stop-taps). Next, theugd microphone is used to locate
leaks by listening directly above the pipe at geblgvel in order to pinpoint the leak
location (Hunaidi and Chu, 1999; Hunaidi and Wa2@)6). The effectiveness of this
method, which can be time consuming, depends onexgerience, background noise,

leak size and environmental conditions.

Acoustic correlator

This method uses the cross-correlation method topeoe the leak induced sound
signals measured at two locations on the pipe. méasured sound signals are analysed
to determine the position of a leak based on tine tielay of the signal arriving at two
measurement points along the pipe, the wave propagapeed and the distance
between the two measurement points. The time dmtayrs as a result of one of the
measurement points being closer to the leak thawttmer. If the leak is equally spaced
between the two measurement points then the timayds zero. The acoustic
correlator method shows a better efficiency anduemy and relies less on the
experience of the user than the direct listenintghoee (Hunaidi and Chu, 1999; Hunaidi
and Wang, 2006).

4.2.3 Inference methods

The inference methods are based on the measureherternal pipeline parameters

(pressure, flow and temperature) and the use ohgater model that detects the defect
based on the collected data. The accuracy of @nt&r methods depends on the
uncertainties associated with the system’s chaiatits, operating conditions, the

mathematical model and the collected data. A defeo only be detected based on a
particular measured parameter; if the defect carsecahis parameter to change more
than the uncertainties associated with the collectata it is possible to infer the

presence of a defect and determine its locatiomimwithe system through careful

analysis of the measured parameter.

Hydrostatic testing

The method is used to test the integrity of ste@pélmes and involves sealing and
pressurising a section of the pipeline (Hough, }98B requires the measurement of
pressure and temperature over a certain periogk pféssure change is compared with
temperature change and if there is a correlatiawdsn the two parameters within a

predetermined threshold, then the system is nortaak of correlation indicates a
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defect. Similar methods are used to test again&akage of new sewer pipe systems
(Gokhale and Graham, 2003).

Mass or volume balance method

If a difference occurs between upstream and dowastrflow measurements, and if the
difference is greater than an established toleraihem a leak can be assumed to have
occurred within the pipe system. The leak flower#& given by the mass-balance
between the upstream and downstream flows (But@82; Liou, 1998; Fukushimet

al., 2000). This method requires flow measurementso#tt ends of the pipe system
and is sensitive to measurement accuracy and éransvents. The test can be based on
flow difference alone which would generate a simplass or volume balance scheme
or on flow difference compensated by pressure/teatpee changes and inventory
fluctuations in a pipeline (Liou, 1993). The medrautomatically determines the defect
location in real-time; however, a defect can oné detected when its size exceeds

overall uncertainties (Liou, 1998).

Real-time transient model method

This method uses measured values of transient dlogvpressure to simulate the real-
time system operation using a transient modehoimal conditions, both the measured
and computed data would be ideally matched. Tloeiroence of a defect will cause a
discrepancy between the measured and computed Thtae types of transient model-
based defect detection methods are uled: discrepancyWade and Rachford, 1987),
pressure and flow discrepandKiuchi, 1993; Liou and Tian, 1995) amtlynamic
volume balancéThompson and Skogman, 1983; Nicholas, 1987).

The success of these methods rely on the avatiabilia mathematical model capable
of accurately simulating the transient behaviouthef pipe system together with reliable

pressure and flow measurement data.

Frequency response method
This method involves applying sinusoidal excitasidn the pipe system and analysing
the system response in the frequency domain. Teguéncy response can be
determined by either using a frequency sweepingnigcae (Chaudhry, 1987) where
sinusoidal oscillations at various frequencies ased to excite the system and the
response at every frequency determined, or by apply sufficiently wide bandwidth
input signal where the entire frequency responsebeaextracted from only a single
system excitation (Leet al, 2005). The presence of a defect within the sysiell
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cause the propagating sinusoidal transient signbetpartly reflected at a time specific
to the defect location. As the process of reftectiepeats, a series of travelling and
standing waves are generated in the system. Thaseswcan be used to detect and

locate a defect by analysing the frequency resp(®attar and Chaudhry, 2008).

There are a number of methods used to interprefrédgpiency response to find the
defect location. Leet al.(2005) proposed two numerical methods for leaka&in in
simple pipelines based on the system frequencyornsgpusing the relative sizes of
resonance peaks at various harmonic frequencigsan(iinverse resonance method,
which matches the modelled frequency responsebadsetobserved; and (ii) a peak-
sequencing method to determine the region in wthehleak is located by comparing
the relative sizes between peaks in the frequesgyanse diagram. Covesal. (2005)
proposed a method for leak detection based ontHmalisg wave difference method
which is often used for fault location in electticables and which uses the difference
between two consecutive resonant frequencies taifgdehe location of the leak within
the system. In addition to leak detection, the wo$edefect-dependant resonant
frequencies has also been applied to blockage tdeteio pipelines (Antonopoulous-
Domis, 1980; Qunli and Fricke, 1989, 1991; De Satid Oldham, 1999, 2001).

Currently, this technique has only been appliedvéoy simple pipe systems, often
consisting only of a single laboratory pipe withfided boundary conditions at each
end. Whilst it shows potential, many issues neellet addressed for the extension of
the technique to field applications. In any reatem, all physical singularities, such as
dead-ends, junctions and changes in pipe diametuld reflect the incident wave,
generating multiple resonance frequencies withie glystem making it difficult to

distinguish irrelevant resonance frequencies frioosé generated by a pipe defect.

Inverse transient analysis

The inverse transient analysis (ITA) method, fimsiposed by Liggett and Chen (1994),
takes the system response recorded in a real sydteing a transient event and

compares it with those generated by a numericaleinaidthe same system experiencing
the identical transient event. An optimisationaaithm is used to evaluate and adjust
the system parameters (i.e. defect location ane, sfaction coefficient, wave

propagation speed) to bring the predicted and nmedsesponses into agreement.

The ITA method has been widely tested using aidifidata (Ligget and Chen, 1994;
Covaset al, 1998, 1999; Nash and Karney, 1999; Vitkovskl, 2000), and has been
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validated, to some extent, using laboratory dataifiyet al, 2000; Covas and Ramos,
2001; Cova=t al, 2003, Vitkovsky at al., 2007). Yet, only a fewwld trials have been
conducted and these have been limited to only s&nple systems (Covas, 2003;
Covaset al, 2004; Stephenst al, 2005).

The efficiency of ITA is limited by the accuracy thfe numerical model and, of course,
the ability to fully define the boundary conditioasid system properties of the real
system. These issues partly limit ITA to numeriadl laboratory experiments or, at the
very least, to well-defined field systems (Jund &arney, 2008).

Reflected wave technique

When a transient event is induced within a pipestesy, every physical feature induces
a reflection which modifies the original profile ¢iie incident wave. This method

focuses on the time analysis of the first reflectede from the defect in response to an
applied control transient. The location of theed¢fis determined by the total time

taken for the incident wave to travel to the defact for the reflected wave to be

returned to the source.

The advantage of this method is that it providegsaal confirmation of any defect in

the form of a characteristic reflection which relgdaoth the identity and location of the
defect (Maloney, 1973). However, it requires anuagte measurement of the arrival
time of the reflected wave and knowledge of the eyaropagation speed.

The reflected wave technigque has been successtpplied to a wide range of defect
detection applications including leak detectiorwiater distribution systems (Jonsson,
1995; Covas, 1998, 2003; Covas and Ramos, 199%0Baiand Ferrante, 2001, 2004)
and wastewater outflow pipes (Brunone, 1999); dgekdetection in natural gas supply
pipes (Adewumet al, 2000; Adewumi et al 2003); valve status determmmain water
supply networks (Stephers$ al, 2004; Arboret al, 2008); and even fault detection in
electrical cables (Maloney, 1973; Liu and Lu, 2003Although showing excellent
potential, all of these previous studies have beeited to simple systems consisting of

only a small number of connected pipes and bounciamgitions.
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4.3 Selection of detection technique

The majority of defect detection techniques revigwre the literature consider single
pipelines and cannot be directly applied to muipepsystems (Misiunast al. 2005). If

a defect detection technique is to be successiisiy to detect and locate depleted trap
seals within building drainage systems (which oft@we a large and complex layout)
and if this technique is to be easy to implemert simple to understand for facility
managers and building users, then the method adlopbst be flexible and robust, yet

accurate and uncomplicated.

From the range of defect detection methods reviewlse most straightforward and
readily applicable technique to the identificatioihdepleted trap seals is the reflected
wave technique. Preliminary results have showntélecbnique to be an efficient and
accurate method for the detection of defects irumber of different piping systems
(Jonsson, 1995; Covas al. 1998; Covas and Ramos, 1999; Covas, 2003; Brunone,
1999; Brunone and Ferrante, 2001, 2004; Adeweinal, 2000; Adewumi et al 2003;
Stephenset al, 2004; Arbonet al, 2008). When compared to other methods, the
reflected wave technique offers a fast and relbtisanple method of defect detection
which generally requires less system informatioanttother more complex methods
(Covas, 2003).

The application of the reflected wave techniquedentify depleted trap seals in the
building drainage system offers a simplification ttee technique over its previous
application for leak detection in fluid-carryingpei systems for the reason that every
trap seal has a fixed position within the systeroyiaing every potential defect with a
fixed and known pipe period. Leaks, on the othemd) are generally unexpected and
can occur at any point within the system, thus gmésg a more unpredictable
challenge. Additionally, while leak investigatohgve the added complication of
estimating leak magnitude in order to assess thierisg of the pipe rupture (Covas,
2003), this is not necessary for the identificatdrepleted trap seals as it is important
only to determine, firstlyjf a depleted trap exists within the system and, raigp
where in the system this failure has occurred. Any sifedepleted trap seal will
provide a route for potential cross-contamination thereforedetectionand location
are the only two factors of concern. The reflecteave technique is, therefore,
particularly amenable to this current applicationidentify and locate depleted trap

seals and is therefore the method utilised inrdssarch.
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4.4 The reflected wave technique applied to the detectn and location of

depleted trap seals

The technique applied here is fundamentally basedhe mechanisms of pressure
transient propagation and, in particular, the wdiften and transmission of pressure
waves at system boundaries, which is common tofudlll bore piped systems as

discussed in Section 2.2. As a pressure tranfespiagates through the building

drainage system, every boundary condition (whethee a junction, an air admittance

valve or a trap seal) will induce a characteristitection which alters the normal shape
of the transient. The detection of these refletian the monitored system response
allows their identification and reveals their laoat The information carried in the

system response can, therefore, be used to deidbtb@ate depleted trap seals.

Consider, for simplicity, an instantaneous changeflow conditions, 4V, which
generates an instantaneously occurring pressurmsierd,Ap, given by the Joukowsky

formula (Equation 2.1 restated here for clarity):
Ap = —pcAV (4.1)

As the incident pressure transiedlp, propagates along the pipe, at every system
boundary, it will be partly transmitted forwardlpy, while the remainder will be
reflected backwarddpr. Neglecting energy losses along the pipeline ahdhe

boundary, the transmitted wave added to the reftestave equals the incident wave:
Ap, =Ap; +Apg

As discussed in Section 2.2, the reflection induoga trap seal is dependant upon the
status of the trap. A fully primed trap seal (agtgenerally as a closed ez 0) will
generate a +1 reflection and a depleted trap setihg as an open eng,= constant)
will generate a -1 reflection. The effect on theasured system response can be
explained by considering the simple example shawhigure 4.1 Responding to an
incoming positive transient, the +1 reflection gesed by a fully primed trap seal will
appear as pressure risghaving the same magnitude and sign as the incidawve) in
the system response, whereas the -1 reflectionrgieoeby a depleted trap seal will
appear as aressure droplhaving the same magnitude, but a reversal of, @ignthe

incident wave).
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Figure 4.1 Pressure transientdp, generated by a change in flow conditionglVv
showing (a) reflection+4pr from fully primed trap and (b) reflection -Apr from
depleted trap

The complete reversal in reflection coefficientvioetn a fully primed and depleted trap
seal is central to the detection technique outlihede. By analysing the system
response to an applied positive pressure tranglempresence of a depleted trap seal is
indicated by the arrival of a negative reflectiohielh shows as a pressure drop in the

system response.

Precision in locating the depleted trap seal $yrictepends on the accuracy in
evaluating the arrival times, at the measuremeiritpof both the incident transient
wave and the subsequent trap induced reflectioratsudon having a knowledge of the
wave propagation speed. Section 2.2 has alreadhdirced the concept of pipe period

which is the time taken for a pressure transientrawgel to a reflecting boundary and
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return to source. By rearranging Equation 2.3,Itlvation of a depleted trap seal can

be determined as:

(4.2)

where X, is the distance to the depleted trap seal fromnieasurement point, is

the pipe period of the depleted trap (i.e. the tiaken for the pressure transient to travel
from the monitoring point to the trap and for theluced reflection to be returned to the
measurement point), areds the wave propagation speed.

Due to the complexity of normal building drainagestems and the consequently large
amount of different system boundaries containetliwithem, the number of reflections
and re-reflections that occur within the system lgarmigh. The successful operation of
the reflected wave technique, therefore, relieshenability to distinguish the reflection
returned from a depleted trap seal from the noffieetiures that exist within the system

(e.g. junctions and open terminations).

By first obtaining a system response for the systecher normal defect free conditions
— which will include the effect of all reflectiomsduced by normal system boundaries —
and using this as a comparison for subsequentsiestém responses, any variation
between the two system respongesild be attributable to a change in the measured
test pressure due to the arrival of a new refleafjenerated by an unexpected change in
the system conditions, such as the depletion odmdeal. The time at which the two
system responsafiverge providedp which can then be used to derive the location of

the trap Xp, from Equation 4.2, onaeis known.

This approach of incorporating a defect free systesponse into the data analysis of
the reflected wave technique is central to the psed technique and avoids the
problem ofmisleading informatiorexperienced by some authors when applying the
technique to the identification of leaks in watapply pipes (Covas and Ramos, 1999;
Covaset al. 2000) who found that the reflections generatedth® normal system
boundary conditions interfered with the success tloé technique. In those
investigations the authors found it necessary terdene exactly the geometry and
layout of the system in order to reduce the nundfeunexpected reflections, thus

increasing both the test set-up time and the caxitglef the data analysis process.
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4.5 Automatic detection and location of a single depled trap seal

The success of the reflected wave technique inigiray the necessary protection
against potential cross-contamination from depletiegp seals requires the whole
building drainage system to be systematically nuwad. This requirement will be
assured by providing automatic test schedulingdatd analysis which is not reliant on
user interrogation. This section presents the Idpweent of the TRACER program for
the automatic detection and location of depleteap tseals which removes the
dependence on user interrogation and which provadéast and simple method for

automated system monitoring.

The TRACER program is a time series change detectidicator which is used to
identify a depleted trap seal from the arrival tiofethe trap-induced reflection. The
reflection arrival time is detected by calculatitige absolute difference between the

defect free and measured test system responses.

4.5.1 Automatic determination of trap status
4.5.1.1 Testset-up
Before the TRACER program can be used for the aaticndetection and location of

depleted trap seals, some important system infoomé first required.

As discussed in Section 4.4, a defect free sysemponse, to which all subsequent test
system responses can be compared, must first et Ensuring that all trap seals
are fully primed, the system response to the agplieident transient is recorded at one

or more measurement points within the system. #ltof N defect free system

responses are recorded from which the avedafgct free baseline!?jDF , Is calculated:

N P,+P,+.+P
PjDF :%Z Pj’i - jl J,ZN jN (43)

where | is the measurement point. To ensure that allesystesponses are exactly
aligned before calculatin@jDF, the transient wave arrival timg,, (taken as the time
when the pressure first becomes greater than atmadsp is set to time zerd,, see

Figure 4.2 To allow direct comparison with the defect freedim®e t, is set toty for
all subsequent test system responses.
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Figure 4.2 Setting the transient wave arrival timeto time zero using a generalised
system response as an example

To allow discrimination between natural variatiomshe measured test system response
— due to, for example, measurement errors andmystese — a system threshold level,
h, is determined which provides the expected sigaghtion for the defect free system.
The threshold level is set as the maximum discrepabserved between the defect free

baseline and each of thedefect free system responses used to derive it:
i=N
h=mafP™ -P [ (4.4)

All values belowh are ignored while those that exceed this leveliadéative of a
variation from the normal defect free baselifidne value of the applied threshold level
will undoubtedly influence the sensitivity of the(RACER program. Although low
values ofh will expand the range of detectable traps it aiflo increase the risk of false
alarms. For optimal performandeshould be determined specifically for a particular
system. As the test for depleted trap seals vaithrally take place during the night,
when the system is quiet, the system noise will nieimal thus improving the

performance and accuracy of the technique.

The final set of required information is the piparipd,tp, of each connected trap seal.
This can be obtained from the system geometry bgsoming the distance to each trap
from the measurement point, or by using the redl@avave technique as a probe to
determine the reflection return time for each togpsystematically removing the water

seal one at a time.
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Figure 4.3 presents a summary of the necessary steps faotleetion and assimilation

of the required system information.

pressure responses
v
Setty =1ty
v
Calculate defect free baselif",
using Equation 4.3

¥

Calculate threshold valub,
using equation 4.4

v
[ Establish pipe period for eac}]

[ RecordN defect free]

connected trap seal

Figure 4.3 System information required by the TRACHER program for the
automatic detection and location of depleted trapesals

45.1.2 Test procedure

Having acquired the necessary system informattma,TTRACER program is now ready
to perform automatic detection and location of degal trap seals. To determine if a
depleted trap induced reflection has occurred,targstimate its time of arrival, a time

series change detection test is carried out by eomyp the measured test system

response P, with the defect free baseling" .

Similar to the least squares minimisation testisgtd by Stephenst al. (2004) and

Vitkovsky et al. (2007) the absolute difference betwe®t" and P is used to

determine thgoodness-of-fibetween the two system responses.
D, =[P -P"| (4.5)

If D: > h, then issue alarm and recdgd
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whereD;x is the absolute difference at a tinhe For every sample of data, the change in

system response is then analysed. Difexceeds the threshold value, then the

discrepancy between the two traces is out withettpgected variation for a defect free

system response, the alarm is issued and timeanifgehy is recorded, seigure 4.4.

The timetp, identified as the reflection return time, is likgb occur after the actual

reflection arrive timetg, Figure 4.4(b) The discrepancy is due to the dependende on

but in practice the difference is found to be rgigle.

(@)

(b)

ok A
; a
8 \
o DF
o P
P-M
j tb = 1R
/' Sl ‘
To Lo tr tp
time time

Figure 4.4 The generalised traces of: (a) pressuie@ measurement point, and (b)
absolute difference

Misiunaset al. (2005) use a similar time series change deted¢gohnique to detect
burst-induced transients from the measured systesponse in water distribution
networks, however, they use a modified cumulatumn snethod which progressively
summates any part of the system response whictedsce drift parameter (expected
variation). This technique is more susceptibl¢hi effects of measurement error and

signal noise and hence requires additional noiedilpering.

4.5.2 Test calibration

Included in the TRACER program is a simple calilmmattest which is designed to
distinguish between eeliable system response and anreliable system response. A
reliable system response is that considered to have beesunegaunder similar system
conditions to which the defect free baseline haehbmeasured (i.e. when the system is
in a quiescent state) thus allowing direct comparibetween the two traces. An
unreliable system response is that considered to have beasumsel under different

system conditions (i.e. when there is a water flowother such influence, which will
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alter the pressure regime within the system) thosmost cases, making direct
comparison impossible and generating false alafins.calibration test is conducted by
analysingD; over the first section (calibration period) of thgstem response in which
no trap-induced reflection can occur as their gieeods occur after this calibration

section, se&igure 4.5

»
>

Test period

Calibration period Trap pipe periods

\PjDF

PM
)

Y

[}

Pressure

to

time
Figure 4.5 Calibration test for the reflected waveaechnique

If D; > h during the calibration period then the system@asp is consideraghreliable
and the system is retested. Otherwis®;ik h during the calibration period then the
system response is considered tardd@ble and the data analysis proceeds. Although
the proposed test method will take place duringriigét (i.e. when the system is most
likely to be quiescent) this simple calibrationtteafeguards against false alarms due
the unavoidable risk of system usage coincidingp whe test. The calibration test will

repeat until a reliable system response is obtained

A schematic view of the complete TRACER programoetgm for the detection and

location of depleted trap seals is presentdéignre 4.6
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Figure 4.6 Structure diagram of the TRACER program algorithm for the
automatic detection and location of depleted trapesals
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4.5.3 Dealing with multiple depleted trap seals

Multiple depleted trap seals may also be identifiesing the TRACER program,
however, as the TRACER program determines the pecesand location of a depleted
trap by performing a change detection test betveetst system response and a defect
free baseline, to identify more than one depletag the number of required baseline

traces is increased.

To identify two simultaneously depleted trap sebéseline traces must be obtained not
only for the defect free system, but also for epossible single defect.For three
simultaneously depleted trap seals, in additionthi® defect free and single defect
baselines, those for each combination of two deglétaps must also be obtained, and
so no. If the system contaihstrap seals of whicM may be depleted simultaneously,

then the number of baseline system responses eelgogcomes:

N!
(M -2) (N-(M -2))

(4.6)

In large building drainage systems, the numberoohected trap seals is typically large
and so the possible combinations of simultaneodspleted traps make it impractical
to have a full baseline database of every pernutatFor this reason, the methodology
adopted in this study is to use the reflected waohnique to check only for single
depleted trap seals during each test. Once thiedincountered trap has been detected,
located and replenished, the test would then beirgo determine if the system was
now defect free. If a second depleted trap exigtethe system then this would be
identified in the second test and the process woatdinue until the system has been
confirmed as defect free. This simplifies the &=t up and considerably reduces the
amounted of information required to carry out thet as only the defect free baseline is

required.

In reality, due to the very nature of the buildidgainage system, the number of trap
seals becoming simultaneously depleted is limit€ohce a trap seal is lost, it
immediately becomes a relief vent to the systemns,threducing the likelihood of further

trap seal loss.
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4.6 Numerical study using artificial data

4.6.1 Introduction

Both the reflected wave technique and the TRACERgm@m were tested using

artificial transient data simulated using AIRNEThe purpose of this exercise was to
verify whether the developed technique and datdysisaprogram were capable of
accurately detecting and locating depleted trapsse# sensitivity analysis to the

effects of signal noise was carried out to deteeriinthe accuracy of the proposed
method would be compromised when using data olddioen real systems which may

be affected by noise.

4.6.2 System configuration
The system used to test and evaluate both thectedlewave technique and the

TRACER program is shown iRigure 4.7.

_(_)pen All branches

26 m are 1 mlong

Y iy T14
—J T13
— T12
—y T11
—J T10
—J T9
L—y T8
Ly T7
Ly T6
Ly T5
L T4
— T3
Ly T2

YHFUTl1
59m

13x3.2m

* FO Measurement point
3.7m (VPT1)
T

Figure 4.7 System used in numerical study

The stack had a total height= 77.3 m and an internal diamef2r= 100 mm. A single
trap seal was connected at each floor level (sp&®2dn apart) via a 1 m branch
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connection. Both branch and trap have an intatr@heterD = 50 mm. The transient

generator, from which the controlled test transiesats applied to the system, was
located at the base of the stack. The boundargitton of the pressure transient
generator was based on that used in the real syatd®0 mm diameter piston moving
a distance of 200 mm in 0.38 seconds. The topefktack had an open termination to
atmosphere. The measurement point was locatdtearid of pipe 1 (3.7 m from the
stack base). The time step = 0.002 s (equivalent to a 500 Hz sampling ratte,

space-steplx = 0.1 m and the wave propagation speed343m/s.

4.6.3 Analysis using “perfect” numerical data

The test set-up procedure, described in Sectiod.4,5vas performed to determine the
required system data for the TRACER program. Tperfect” numerical data
generated by AIRNET provides a special case aanciudes no signal noise in the
simulated system response. Therefore, only onectiéfee system respondégure
4.8 is required to form the defect free baselinBigure 4.9 shows the defect free
baseline once the test set-up procedure has beepleted witht, set tot,. Only the
first 0.6 seconds after the arrival of the incideansient is shown as this covers the
pipe period of the whole system. The pipe peribcach trap is indicated by the

dashed vertical lines. In the absence of any sigoigke the threshold valule = 0.

200
150 4

100 +

i Yy
: YV

O
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-150 ~ M

-200
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Figure 4.8 Simulated system response using AIRNETorf the defect free system
recorded at the measurement point (VPT1)
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Figure 4.9 Defect free baseline following the teset-up procedure,h =0

Important system information can already be iderdifrom the defect free baseline due
to the characteristic reflections imposed by ev&ygtem boundary: (i) the series of

small reflections present within the initial risé the pressure wave indicates the

presence of the junctions at each floor level; iti¢ negative transmission at 0.38

seconds corresponds to the cessation of the pstoyement generating an equal and
negative transient; and (iii) the negative reflectat 0.43 seconds corresponds with the
location of the open stack termination 73.6 m fitbes measurement point.

System failures were simulated in AIRNET by sucoetg setting each of the
connected trap seals to the fully depleted comlitiBigure 4.10presents the graphical
output from the TRACER program for the example oflepleted trap seal at T11.
Figure 4.10(a)indicates the effect that the depleted trap hashensimulated system
response. A negative reflection can be seen te baen returned by the depleted trap
which corresponds closely to the pipe period ot tha@p. By using Equation 4.5 to
determine the closeness-of-fid;, between the defect free baseline and the testrays
responsefigure 4.10(b),and determining the time at whi€h > h, Figure 4.10(c) the
reflection arrival timetp, can be determined. In this exampige,= 0.232 seconds
which, from Equation 4.2, corresponds to an estchatepleted trap distances™™,

of 39.4 m from the measurement point (i.e. [(3438@)/2]). The true depleted trap
distanceX 5", was 38.9 m. The discrepancy betweeff ™ and X 5*° is 0.5 m, which

corresponds to a trap location error of just 0. 7%he total stack height.
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Figure 4.10 Graphical output from TRACER program for a depleted trap at T11,

h = 0: (a) comparison of the simulated defect free dseline and test system

response; (b) the absolute difference between thémulated defect free baseline

and test system response; (c) determination of degted trap location,D;> h
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Depleted trap locations, automatically determinathg the TRACER program, are
presented ifTable 4.1 (expressed in terms of distance from the measurepwant),
together with the trap location errar, The results show that in each case the depleted
trap is detected and the location can be accurptepointed by the TRACER program
to within 0.5 m of the true trap location (i< 0.7%) when using perfect simulated
data. Interestinglys appears to increase with trap distance. This gnemon will be

revisited in detail in Chapter 6.

Table 4.1 Estimate of depleted trap location usinthe TRACER program using
perfect data generated by AIRNET

Trap Xgue x gstlmate €
(m) (m)

T1 7.0 7.0 0.0%
T2 10.0 10.2 0.2%
T3 13.3 13.6 0.5%
T4 16.5 16.8 0.5%
T5 19.7 20.1 0.5%
T6 23.0 23.3 0.5%
T7 26.2 26.5 0.5%
T8 29.2 29.6 0.5%
T9 32.5 33.0 0.7%
T10 35.7 36.2 0.7%
T11 38.9 39.4 0.7%
T12 42.2 42.7 0.7%
T13 45.2 45.7 0.7%
T14 48.5 49.0 0.7%

A further source of error is attributable to theoicke of appropriate time step. If the
arrival of the depleted trap induced reflectionwschetween two successive time steps
thentp is taken as the greater of the two. In this cageen At = 0.002 seconds
(corresponding to a data sampling rate of 500 He) maximum time step error is
< 0.686 m, whert = 343 m/s. The importance of selecting an appatgtime step, on

the accuracy of the test, will be revisited lateChapter 5.

4.6.4 Analysis using numerical data with added random 1s&j noise

To simulate the effects of measurement interfereara system noise, which may be

present in real data, and to determine the likégcethese may have on the accuracy of
the TRACER program, increasing levels of randomalighoise were added to the
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“perfect” numerical datal, generated by the AIRNET model. The signal nogse,

S\, is described by the expression:
S =sin[fy G (4.7)

Where @ is the peak angular deviation in radiagisis a random phase with a uniform
distribution over the range 0 f2andd, is the peak amplitude multiplier corresponding

to the desired value of threshold valbe, The final system respond®, is given by:

Po =P +& (4.8)

The noise is randomly distributed and was set ¢aypce maximum threshold values of
5, 10, 15, and 20 mm water gauge when compareuetaefect free baseline. In each
case, the number of defect free system responssb tosdetermine the defect free
baseline and threshold values wds= 20. The graphical outputs are shown for each

case inFigures 4.11to 4.14respectively.

Table 4.2 presents the estimated depleted trap locationsngpadveen automatically
determined using the TRACER program. It candenghat for all cases the presence
of a depleted trap within the system is successfigitected, however, the accuracy of
determining the location of the trap decreases witheasing levels of signal noise.

While the maximum discrepancy betwe{"® and X &' was just 0.5 mg(= 0.7%)

whenh = 0, this increased to 1.5 ra € 2.0%) forh = 5. The maximum discrepancy
then increased further to 2.1 ;< 2.9%), 2.4 mg = 3.3%) and 2.8 me(= 3.8%) when
h=10,h = 15 andch = 20, respectively.

While the relative errors are small, due to thgdasverall height of the simulated stack,
the discrepancy betweeX$* and X £ indicate that high levels of signal noise may

significantly compromise the sensitivity and effeehess of the reflected wave
technique and the TRACER program, both of whicly @t a clear indication of the
arrival time of the trap induced reflection.

Signal noise has already been identified as a ncajocern in the estimation of leakage
location and the determination of valve settingsvater distribution networks (Beak
al. 2002; Stephenst al. 2004). However, the methodology discussed héferslifrom
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Figure 4.11 Graphical output from TRACER program for a depleted trap at T11,

h = 5: (a) comparison of the simulated defect free Is&line and test system
response; (b) the absolute difference between thémalated defect free baseline

and test system response; (c) determination of degted trap location,D;> h
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h = 10: (a) comparison of the simulated defect fredaseline and test system
response; (b) the absolute difference between thémalated defect free baseline

Figure 4.12 Graphical output from TRACER program for a depleted trap at T11,
and test system response; (c) determination of degted trap location,D;> h
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Figure 4.13 Graphical output from TRACER program for a depleted trap at T11,

h = 15: (a) comparison of the simulated defect fredaseline and test system
response; (b) the absolute difference between thémalated defect free baseline

and test system response; (c) determination of degted trap location,D;> h



Chapter 4 - The reflected wave technique
(a)

Time (seconds)
(b)

— Defect free baseline

100 4
5
-50

(abneb Jayem wiw) ainssaid

Time (seconds)
(€)

0.6

0.4

-150 ~
-200
200
150 -
100 4

T
o o
L0

-50

'q ‘aoualaylp 8INjosqy

86

Time (seconds)

Figure 4.14 Graphical output from TRACER program for a depleted trap at T11,h = 20

mm water gauge: (a) comparison of the simulated dett free baseline and test system
response; (b) the absolute difference between theémulated defect free baseline and test

system response; (c) determination of depleted trapcation, D;> h



Table 4.2 Estimate of depleted trap location usg the TRACER program for data generated

by AIRNET with increasing levels of signal noise

Trap h=0 h=5 h=10 h=15 h=20
characteristics
-ll-\ll"gp x gue x Sstlmate £ x Sstlmate € X gstlmate £ X gstlmate £ x Sstlmate €
(m) (m) (m) (m) (m) (m)
T1 7.0 7.0 0.0% 7.8 1.2% 7.1 0.3% 8.3 1.9% 7.1 0.3%
T2 10.0 10.2 0.2% 10.9 1.1% 10.9 1.1% 11.4 1.8% 11.4 1.8%
T3 13.3 13.6 0.5% 14.3 1.4% 14.3 1.4% 14.6 1.8% 15.6 3.1%
T4 16.5 16.8 0.5% 18.0 2.0% 18.5 2.7% 17.9 1.9% 18.7 3.0%
T5 19.7 20.1 0.5% 20.9 1.6% 21.1 1.9% 22.1 3.3% 21.8 2.9%
T6 23.0 23.3 0.5% 23.8 1.2% 25.0 2.9% 25.0 2.9% 25.0 2.9%
T7 26.2 26.5 0.5% 26.9 1.1% 28.1 2.7% 28.1 2.7% 275 1.9%
T8 29.2 29.6 0.5% 29.9 0.8% 30.4 1.5% 31.6 3.1% 30.4 1.5%
T9 32.5 33.0 0.7% 33.7 1.6% 33.7 1.6% 34.7 3.0% 34.7 3.0%
T10 35.7 36.2 0.7% 36.9 1.6% 37.6 2.6% 37.7 2.7% 38.1 3.3%
T11 38.9 394 0.7% 40.0 1.5% 40.8 2.6% 40.0 1.5% 41.7 3.8%
T12 42.2 42.7 0.7% 425 0.5% 435 1.9% 44.2 2.9% 43.2 1.5%
T13 45.2 45.7 0.7% 45.9 0.8% 47.3 2.7% 46.6 1.8% 47.9 3.5%
T14 48.5 49.0 0.7% 49.0 0.7% 50.0 2.0% 50.7 3.0% 51.2 3.7%
EMAX 0.7% EMAX 2.0% EMAX 2.9% EMAX 3.3% EMAX 3.8%

anbiuyoa) anem pajoayal ayl —  Jardeyd



Chapter 4 - The reflected wave technique

previous water network applications as the depleiegh detection test will be
performed in a quiescent system in which the systeme arising from pre-existing

flows will be avoided.

From experience, from both laboratory and fieldestigations, the actual level of
signal noise present in real system data shoulshawnbally exceed around 5 mm water
gauge which, from this numerical study, can be shoovprovide estimated depleted

trap locations within satisfactory limits (i.e. Wih 1.5 m).

The higher levels of signal noise are used in gigly for worst case comparative
analysis only. It is reassuring that even wheneaitio unrealistically high levels of
signal noise, the reflected wave technique, togetith the TRACER program, can
estimate the location of a depleted trap to withim and would therefore identify both

a floor and bathroom location of the defect if that exact trap.

4.7 Chapter summary

After reviewing the methods currently available titefect detection in pipe systems,
this chapter has introduced the reflected wavenigcie which has, for the first time,
been applied to the detection and location of degdlérap seals within the building
drainage system. The presence of a depleted éhas been shown to be detectable
by virtue of its influence on the overall systenspense and its location can be
determined from the arrival time of the consequeffiection. The condition of the
system can be systematically determined by comgpatite measured test system

response with the defect free baseline.

The TRACER program has been introduced and develdpe allow automatic
determination of system conditions, removing thguneement for user interrogation.
The sensitivity of the TRACER program has beeretkstsing simulated data and has
demonstrated an acceptable degree of accuracyvelven high levels of signal noise

are present in the measured system response data.



Chapter 5
Experimental development of the reflected wave teciique for the

detection and location of depleted trap seals

5.1 Introduction

5.1.1 General

An extensive series of laboratory and field testgehbeen undertaken to gather system
response data to evaluate the performance and guppalevelopment of the reflected
wave technique for the detection and location gfleted trap seals. A total of five
experimental test programmes were carried out whibbwed the technique to be
assessed against a number of different buildingndge systems of different
configurations and sizes. The initial test evabratised a single positive pressure pulse
as the incident transient while subsequent testd asl0 Hz sinusoidal wave to ensure
the technique provides a non-invasive approachystesr monitoring. This chapter
outlines the development of the technique and desscboth the drainage systems used

and the test methodologies employed to gathenfsters response data.

5.1.2 Range of system configurations tested

A number of different drainage stacks were usedindurthese experimental
investigations — all of which were of the singlacit design (i.e. all appliances drain to
one main stack which also provides the system hatioih — a more detailed description
of drainage system design can be found in Swaffegld Galowin, 1992). For the
preliminary laboratory tests, an existing test-vigs extended to evaluate the test
parameters under controlled conditions. A secaboratory test-rig was designed and
constructed by this author to allow analysis of #ffect of various common system

boundaries.

To assess the practical application of the techaigata was collected from three sets
of field trials. The first set of field trials wercarried out on the drainage system of an
unoccupied residential building in Dundee just ptit being demolished. The second
set of field trials were conducted on the draingg&em within an academic building at
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Heriot-Watt University. The final set of field ats were performed on the drainage

system of an office building in Glasgow.

Each of the different drainage stacks will be diégcd in detail, howeverTable 5.1
summarises the most relevant information for eadhcan be seen that the stacks
selected cover a range of system complexity withrthmber of connected appliance

trap seals ranging from 5 to 112.

5.1.3 Test parameters

As discussed in Chapter 4, to achieve systemasitesymonitoring, the reflected wave

technique is used, in conjunction with the TRACERBgoam, to provide automated test
scheduling and data analysis for the automaticctiete and location of depleted trap

seals. The test procedure involves the estimatidhe arrival time of the trap induced

reflection using a time series change detectionligsomparing the defective system
response with a previously determined defect fraseline. The success of the
procedure relies on the ability to produce a regd@attest transient and to accurately
measure the system response to that transientoughout the development of the

technique four main factors were identified as ggumdamental to its success:

I. to generate and apply a suitable and repeataliledesient to which the system
response would be measured and which itself wooldpose a threat to the
integrity of the system.

ii. to determine the optimum location to introducettwsd transient into the system.

iii. to develop a means to accurately measure the systgonse to the applied test

transient.

Iv. to develop a knowledge and awareness of the effetifferent drainage system
components on the measured system response anctandetheir effect on the

accuracy of the reflected wave technique.

These four factors were addressed throughout theremental test programme and will
be discussed in the following sections.
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Stack Total Number of floors Total number of . .
) Stack X Incident transient
Test set diameter . number with connected connected )
material : . used for testing
(mm) of floors appliances appliances
HWU 1 .
(laboratory) 75 & 100 uPvC 14 14 14 Single pressure pu
Dundee inal |
(field) 150 Cast Iron 17 16 64 Single pressure pujse
HWU 2 . .
(laboratory) 100 uPVvC 5 5 5 10 Hz sinusoidal wavs
HWU Arrol 100 UPVC 5 3 21 10 Hz sinusoidal wale
(field)
Glasgow we 100 Cast Iron 8 7 28 10 Hz sinusoidal w4
(field)
Glas(?i(;\l/::/])WHB 100 Cast Iron 8 7 14 10 Hz sinusoidal w4
G'asgo(‘]fiverlg‘)“tmac" 100 | Castiron 8 7 112 10 Hz sinusoidal w

Table 5.1 Summarised details of the building draiage systems used for testing
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5.2 Experimental testing

5.2.1 General

The following section describes the different degje stacks used and the experimental
testing undertaken. The test procedure generplhjies to all five test sets, however,
where any differences in methodology occur for atipalar test set or where the
development of the technique has prompted advaoct® test method or equipment,

details and reasons will be provided.

5.2.2 Preliminary laboratory tests at Heriot-Watt Univetg

5.2.2.1 General

A preliminary evaluation of the reflected wave teicjue for the detection and location
of depleted trap seals was undertaken using antirexisexperimental test-rig
(HWU 1 (aboratory) system) constructed at Heriot-Watt University idgrprevious
EPSRC funded research.

These initial laboratory-based investigations useihgle positive pressure pulse as the
incident transient with the purpose of: (i) invgsating the effect of a depleted trap on
the measured system response; (ii) establishing depleted trap can be detected
through the analysis of the system response;d@termining the level of accuracy in

locating a depleted trap; (iv) preparing for futfiedd trial data collection.

5.2.2.2 Experimental test-rig

The test-rig was designed to replicate a 14-stenegle stack building drainage system
with a single trap connected on each flddonfiguration I(Figure 5.1). Due to height
limitations within the laboratory the test-rig wesnstructed in a looped configuration
using pipes made from unplasticised polyvinyl cider(uPVC). Looping the system in
this way provided the opportunity to simulate aimlige system many times larger than
would normally have been possible within the caists of the laboratory and was
made possible by the fact that the proposed mamgdechnique is designed to be used
during system quiescence when no water flow wo@dghkesent within the stack thus
allowing an air-only test-rig. The effect of theoped bends on the system response
was negligible (Wood and Chao, 1971).
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Due to limited resources at the time of constructithe test-rig was assembled using
both 100 mm and 75 mm diameter uPVC pipes to coctstine main stack with 50 mm

diameter uPVC traps connected to the stack via B0diameter uPVC branch pipes.
The pipework was supported from a scaffold framegipipe clamps, 2 m spaced, to

fix the pipe in place and to restrain it from anguyement or vibrations during testing.

5.2.2.3 Generation of the test transient

The single positive pressure pulse, used as thdentctransient, was generated by a
pneumatic piston connected at the base of the .stébk piston consisted of a 150 mm
diameter uPVC cylinder and disc which was drivenabgneumatic ram with a stroke

length of 200 mm.

The displacement of the piston was measured usidigear variable differential
transformer (LVDT). The LVDT consists of a cylinckl array of three coils (one
primary coil and two secondary coils) though wharh armature core is passed. The
primary coil is excited with an AC current and tivement of the armature core is
detected by a differential change in output betwientwo secondary coils. With the
core in the central position, the coupling from firenary to each secondary is equal
and opposite and therefore cancel out, thus thalta@$ output voltage is zero.
Movement of the core from this position in eith@edtion causes a proportional change
to the voltage output and therefore indicates disgrhent and direction from the central

Zero position.

5.2.2.4 LVDT calibration

The LVDT was calibrated before use by measuringvitieage output from a known
displacement of the core. The calibration data dedved calibration equation are
shown inFigure 5.2 The results show a linear relationship for the variables in the

form:

Displacement = m x (voltage) + ¢

where m is the gradient of the line fit and chis y-axis intercept.
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Figure 5.2 LVDT calibration data and calibration equations

5.2.2.5 System response measurement and data acquisition

The system used to measure the pressure respomsested of two pressure
transducers, a data acquisition board and a canwaltoring computer. Two pressure
transducers (VPT1 and VPT2) were located on the siaick at the positions indicated
on Figure 5.1 and were connected into the stack via screwedirtgppand small
diameter PVC tubing. Measuring the system respatdbese two locations would
allow the wave propagation speed to be later caled|

The pressure transducers selected were voltagautoptpssure/vacuum transducers
(Sensor Technics, model 113LP25D-PCB) with a veltagtput range of 1 to 6 volts
and a pressure range of £250 mm water gauge (aippeitex non-linearity of + 0.25%)
as these allowed both positive and negative pressorbe monitored and were suitable
for the magnitude of pressures that would be egpedad during testing. The data
acquisition board (Keithley, model KPCI-3116) ha?l @halogue input channels and a
maximum sampling rate of 250 kHz.
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5.2.2.6 Transducer calibration

Each pressure transducer was calibrated beforebysmeasuring the variation in
voltage output corresponding to a change of knoypplied water pressure. The
calibration data and derived calibration equatiéms each transducer are shown in
Figure 5.3

300
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OVPT2 (measured)
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@
S 100 |
(o]
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e 0 ‘
£ 1 2 7
g
3>
[9]
@ -100
a

-200
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Transducer Output (Volts)
Calibration Equations, VPTL1: Pressure = 102.62att&ge) + 348.25

(R = 0.9998)

VPT2: Pressure = 102.74 x (voltage) + 350.52
(R = 0.9999)

Figure 5.3 Transducer calibration data and calibraton equations

The results gave a linear relationship for the wapnables in the form:
Pressure = m x (voltage) + ¢

where m is the gradient of the line fit and che -axis intercept. To allow for any
changes in atmospheric conditions the differencevatiage between that recorded
during testing and that recorded during atmosphmiditions just prior to testing was

used to calculate pressure, where:
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A Voltage = Test Voltage — Atmospheric Voltage

Thus ensuring that the calculated pressure valaede attributed only to the imposed
transient event. From the voltage difference r@edrduring testing, it was therefore
possible, to calculate the change in pressure ubmgradient of the calibration line as

the conversion factor, since:

A Pressure = [ m x (voltagg) + ¢ ] - [ m X (voltag&mospherip + C |
which gives:

A Pressure = m X (voltage— voltag@mospheri}

This relationship was then used to convert all sgbent transducer output voltage data

into pressure.

5.2.2.7 Simulation of a depleted trap seal

At this initial stage of investigation the trapsr@enot primed with water but instead
were capped off using a rubber stopper. The stop@es removed to simulate a
defective trap and then replaced to simulate g fulimed trap.

5.2.2.8 Data Collection

The test set-up process, described in Section.4,50ks used to determine the system
information required by the TRACER program. A sé&t20 system responses were
recorded in order to calculate the defect free Ibsse With all traps capped off the
system response was measured (using a data samgikngf 500 Hz) in response to the

applied incident transient generated by activatibtihe piston.

A typical defect free system response is preseiteBigure 5.4 which shows the
system response measured at both VPT1 and VPT2e difference between the
transient arrival time measured at VPT1 and VPTR Ivé used to estimate the wave
propagation speed in Section 6.3 in Chapter &art be seen that the piston travels a
forward distance of 200 mm in 0.39 secondscivigenerates a positive pressure
pulse which attains a peak magnitude of 100 mmmgatege (VPT1). The coincidence
of the piston stopping (which generates a negataesient equal in magnitude to the
incident transient) and the arrival and re-refl@ctwith a +1 reflection coefficient at the
stationary piston of the negative reflection indiid®y the open termination (which is
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also equal in magnitude to the incident transibat)e the combined effect of reducing
the pressure by 300 mm to around -200 mm wateregauigis these transients which
are then propagated back and forth within the systetil they eventually attenuate due

to pipe frictional effects.
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Figure 5.4 Typical defect free system response measd at VPT1 and VPT2 in
response to a single positive pressure pulse f@onfiguration I. Detail A shows the
system response between 0.9 and 1.5 seconds anduihes the piston displacement
as measured by the LVDT

Once all 20 traces were collected, and the trahsigive time,t;, set to time zeray,

the defect free baselineI?jDF, and the threshold valudy, were calculated using

Equations (4.3) and (4.4), respectivdfjgure 5.5 In this caselh = 6 mm water gauge,

thus providing the expected signal variation fa tlefect free system.

Once all of the required system information hadnbaeguired, the system response was

measured for each failure condition by opening egeaghin turn.
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5.2.3 Experimental field trials in a residential buildingn Dundee

5.2.3.1 General

Access to test the drainage system of an unoccupdestorey residential building in
Dundee was granted by the Sanctuary Scotland Hpusssociation and allowed the
practical assessment of the reflected wave teckniging the single positive pressure
pulse as the incident transient. Constructed atdl®65 the building was awaiting
demolition as part of the City of Dundee’s regetieraproject, thus allowing full and
unrestricted access for testing. The building wlasgded into three blocks each
containing six flats per floor. The ground floavused a double height internal clothes
drying area and so the flats were located on Flados17 only.

5.2.3.2 System description

The building drainage system consisted of multgilegle stacks, each collecting the
waste from a single flat on each floor, and eachitgating through the roof with an
open end penetration. Just below this terminati@ne was a branch connection into

the stack from the roof rainwater collection drain.

For the purposes of this investigation one stack selected for testing and this was
chosen by its ease of access. Prior to testifigl] and exhaustive survey of the stack
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was carried out to determine the system configomatnd dimensions.Figure 5.6

provides a summary of the results together witkbheemsatic of the system showing the
branch connection arrangement at each floor. Ik @ seen that the stack has a
diameter of 150mm and collects the waste from tbewash-hand-basin, sink and bath

from each flat.

5.2.3.3 Generation of the test transient

The pneumatic piston was used to generate a sipgétive pressure pulse. To
minimise disruption to the system and to facilitatasy installation of the test
equipment, the piston was connected onto the steckan existing 75 mm diameter
access panel. A connector was manufactured tovdhe piston branch to be bolted
into place using the original access panel screleshdhus facilitating a secure and

airtight connection to the stack, deigure 5.7.

5.2.3.4 System response measurement and data acquisition

The data acquisition system was the same as tleakt fos the HWU 1 laboratory)
system tests, consisting of a pressure/vacuum duaes (Sensor Technics, model
113LP25D-PCB, with a pressure range of +250 mm mgdege and non-linearity of +
0.25%), a data acquisition board (Keithley, mod®I(H-3116, with 32 analogue input
channels and a maximum sampling rate of 250 kHd)aacentral monitoring computer.
The pressure transducer, VPT1, was located orrdhsiént inlet branch.

5.2.3.5 Standardisation of the stack

Although the layout of each flat was the same thex@ been some minor alterations
made to the drainage system in a number of the.flalThese alterations mainly

consisted of additional connections for washing Imrae drains or a second connection
for a double basin kitchen sink. All of these reifaneous connections were removed

and capped.

The original stack termination on the roof wasefittwith a cone-shaped cover to
prevent debris from entering the drainage systétowever, a fully open termination
was preferred as to act as a clear indicator otdpeof the stack and so this cover was
removed. As the tests were being conducted dutliey summer months and as
conditions were regularly monitored during testitige risk of debris entering the
system during testing was considered to be smBdl. prevent confusion between the
true stack termination and the rainwater collectioain, the rainwater collection drain
was sealed using a foam plug and sealing compoundgdtesting.
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Figure 5.6 Schenlatic %\fvaegr;ram of the stack selectddr testing at the residential
building in Dundee: Dundee Field) system
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Figure 5.7 Method used to connect the pneumatic pgen to the drainage stack via
an existing access panel

5.2.3.6 Simulation of a depleted trap seal

The wc traps were selected to simulate the depletgsd as these were the easiest to
access. As many of the flats had been empty forestime it was likely that the water
would have evaporated from the traps and so eastchecked and replenished prior to
testing. A depleted trap was created by removiegwater seal from one wc trap per
test using a hand suction pump. All other trapsewegularly monitored and kept fully

primed throughout testing.

5.2.3.7 Transient entry point

Assessment of the optimum transient entry point imaestigated by introducing the
incident transient at three different stack loaagtoFloor 9 Configuration 1), Ground
Floor (Configuration II), and Floor 17 Qonfiguration I\j were all selected to
investigate introducing the transient to the middb®ttom and top of the stack,

respectively, seEigure 5.8
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5.2.3.8 Data Collection

Floor 9 was selected to house the central datairigggystem as this provided the

logistical benefit of being mid-way up the buildi{end, therefore, provided best access
to all other floors during testing) as well as #mnomic benefit of reducing the cable

length required to connect to the pressure traresdocated at the piston.

With the central data logging system at Floor yas convenient to begin testing at this
floor also and so the piston was connected onto slaek via the access panel

connection piece at this floor.

The test procedure was the same as that outlinBédtion 5.2.2.7 where the test set-up
process was used to determine the system informagquired by the TRACER
program. System responses of the defect free mystere measured (using a data

sampling rate of 500 Hz) in order that the defeeefbaseline,PjDF, and threshold

value,h, could be determined.

On checking the defect free system response anpented and sudden pressure drop
was observed which occurred almost immediatelyr afte arrival of the incident
transient at the measurement pokgure 5.9(a)

To find the cause of the pressure drop, attentiocused on the geometry and
configuration of the transient entry pipework asstls the only parameter that had

changed from the laboratory tests.

The transient entry pipework, shown previouslyFigure 5.7, consisted of a 150 mm
diameter piston which reduced to a 75 mm diamet&st ibranch to facilitate the
connection to the 75 mm diameter access panel@stttk, which itself was 150 mm
diameter. From the transient theory presented hap&r 2 it is known that
discontinuities such as changes in pipe diameter @pe junctions will induce a
reflection and transmission process which can #tiersystem responsé&igure 5.9(b)
provides a simplified examination of the discontii®s present within the transient
entry pipework and, using Equations (2.12) and3R.iHentifies the resultant reflection
and transmission coefficients. It can be seenttfethange in pipe diameter from 150
mm to 75 mm generates a reflection coefficient @6+and transmission coefficient of
+1.6. The three pipe junction created by the 75 dmeimeter inlet branch and the 150
mm diameter stack generates a further reflecti@ifictent of -0.78 and a transmission
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coefficient of +0.22. Therefore, to remove thesgrge drop from the system response

these discontinuities would need to be removed.

First, the discontinuity created by the pipe dieanehange was removed by increasing
the inlet branch diameter to 150 mm to match thahe piston. Figure 5.10(a)shows
that although the system response is improved sspre drop can still be observed
which is attributed to the entry to the three pjpection created between the inlet
branch and the stack which generates a reflectefficient of -0.33 and a transmission
coefficient of +0.66Figure 5.10(b) Note that although the transient must still gass

orifice created by the 75 mm access panel, itsémite is considered to be negligible.

To remove the discontinuity created by the thrgee punction the lower section of the
stack was closed off using an inflatable balloomdwhich effectively created a two
pipe junction of equal diameteiigure 5.11(a)shows that the pressure drop has now
been removed as the reflection coefficient tend=eto and the transmission coefficient
tends to +1, thus permitting total through fldwgure 5.11(b)

Now that the pressure response had been improvkd@m resembled a full pressure
pulse it was possible to proceed with testing. réfuge, during these tests at Floor 9,
and the subsequent tests at Ground Floor and Elbar 150 mm diameter inlet branch
was used in conjunction with closing off a sectafrthe stack (either above or below
the inlet branch, depending on which section waddotested). As a result, all
subsequent analysis will focus on the tests cawigdusingConfigurations li(b), li(c),
[11(b) and IV(b)

Figures 5.12to 5.15show the calculated defect free baseliRg , and threshold value,

h, for each configuration respectively.
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Figure 5.9 System response measured at VPT1 @onfiguration ll(a) in response
to a single positive pressure pulse; (a) shows tlarival of the incident transient
followed by a sudden pressure drop; (b) provides aimplified examination of the
reflection and transmission coefficients at each dcontinuity at the transient entry
pipework — namely a pipe diameter change and thregipe junction
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5.2.3.9 Test Observations

These initial field trials provided valuable insigimto the practical implications of

performing the reflected wave technique in a regliding drainage system. Three main

observations were made which were used later teldp\the test methodology:

As discussed in the previous section, any extramaeflections which may
adversely affect the system response should bevesinioom the transient entry
pipework. In particular, the entry of the transiamo the stack must be controlled
on order to avoid reflections from the three pipection created with the inlet

branch and stack;

While no trap was ever depleted as a result obdhtcing the single positive
pressure pulse into the system, oscillations insiiméace of the water seal were
observed on a number of occasions which raised ernacregarding the

potentially destructive consequence of applyingafessure pulse into the system;

Performing the tests at the three transient endigitp (i.e. at the top, middle and
bottom of the stack) it became apparent that inicody the transient into the top
of the stack (i.e. within the dry stack section)uldbbe the most practical option
for the following two reasons: (a) the internal @igurface of the dry stack would
be cleaner, as it is above any waste dischargethemedfore more hygienic; (b) if
the system were to be used during testing thenwaasge discharge would enter
the system below the transient entry point and solavnot interfere with the test

equipment.

These observations prompted the development ofwatrasient entry device which

would provide a combined solution to each of thacesns raised during these field

trials. The development of this device will beadissed in the following section.

5.2.4 Development of the transient entry device

Developed to address each of the three concersedran the previous section, the

transient entry device, shown fiigure 5.1 consists of a sinusoidal piston exciter, an

automated 3-port valve with integrated pressunesttacer, and an inlet branch. Each

component will be discussed in turn:
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(a) (b)
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Figure 5.16 The new transient entry device showinthe system under (a) normal
mode “stack open” and (b) test mode “stack closed”

Sinusoidal piston_exciter. As discussed in Section 3.6.6.4, initial investigns by

Kelly (2007) provided evidence that the applicatmna 10 Hz sinusoidal transient
offered a non-destructive alternative to the sirggsitive pressure pulse by protecting
the integrity of the trap seal by limiting the ingp&f the transient on the water surface.
This was later confirmed by experimental investmatby Beattie (2007) while
Swaffield (2007) confirmed that AIRNET was capabfesimulating these effects.

The pneumatic piston was replaced with a frequenljystable piston exciter connected
to a frequency generator and amplifier. The pigeeiter (LDS Shaker, model V406/8)
consisted of a permanent magnet which houses gbgs the drive coil which itself
is formed from copper wire. Movement of the pisexeiter is generated once a current
is passed through the copper drive coil. The feegy of the movement is the same as
the frequency of the applied current which is deieed by the frequency generator via
the amplifier (LDS amplifier, model PA 100E). Taxcitation frequency was generated
using a widely available audio media software paogne calledAudacitywhich was

installed onto the central computer. The freqyemas set to 10 Hz.
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Automated 3-port valve and integrated pressure trasducer. The automated 3-port

ball valve provides directional control over theopagation of the test transient as it
enters the stack. Designed to be installed with& upper dry stack (i.e. above all
discharging appliances), the 3-port valve would aenin the “stack open” position

during normal conditions and would be switchedhe tstack closed” position during

test conditions which closes off the top sectiorthef stack, effectively removing the
three pipe junction, and directs the test transtlentn the stack in the direction of all

the connected appliances. The valve is contrdiked relay controlled actuator which

has a failsafe reset function which returns theresab the “stack open” position in the
event of a power failure. During these investigadi the actuator was switched
manually between the “stack open” and “stack clogeition, however, this can be

timer controlled as part of a scheduled system t&ste operational control method is
shown inFigure 5.17. The test duration is relatively short, with # fest cycle lasting

less than 30 seconds.

Normal Mode
(Stack open)

A\ 4

Test Mode
(Stack Closed)

v

Start data collection

A\ 4

Activate piston exciter to
apply incident transient for
set duration

v

Stop data collection

Figure 5.17 Operational control method for the transient entry device
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A number of different transducer locations wereestigated during the equipment
development. These included the inlet branchsthek, and the 3-port valve. No one
location provided any significant improvements e imeasured system response and
S0, in order to consolidate the test equipmentsamgblify its installation, it was decided

to locate the transducer on the 3-port valve.

Transient inlet branch. The inlet branch diameter, together with thathef piston,

was designed to achieve the optimum system respoAH#RNET offered the easiest
and quickest method of investigating different déen combinations without the need
for extensive laboratory experiments. A simpletasyswas designed and simulated

consisting only of the piston, inlet branch anaktas shown ifrigure 5.18

<+— Pipe 3 -
terminated with
closed end to

e represent closed
Pipe 2 - 3-port valve
Inlet branch
Pipe 4 -
Drainage stack
Pipe 1 - ¥

Piston Excitel

Pipe| Length (m)| Diameter (mm)
1 0.1 100, 150, 200
2 0.4 50, 75, 100
3 0.1 100
4 50 100

Figure 5.18 System simulated by AIRNET to assess d@heffect of piston, inlet
branch and stack diameter combination on the meased system response
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First, the influence of the piston diameter wasestigated. Piston diameters of
100 mm, 150 mm and 200 mm were simulated whilartle branch was set at 75 mm.
Figure 5.19shows the simulated system response to the apfliedz sinusoidal wave
for each piston diameter. While the peak prespuoduced by the 100 mm diameter
piston was 14.9 mm water gauge, this increased3té &m water gauge for the
150 mm diameter piston. Increasing the piston diamagain to 200 mm water gauge
produced a peak pressure of 59.8 mm water gaugpereTis a clear increase in peak
pressure and this is directly related to the ineeea surface area of the piston plate as a
result of the diameter increase. As the largeak peessure would be least affected by
system noise by helping to reduce the signal/nmasie the 200 mm diameter piston
was selected. However, preliminary laboratorystegtowed that it was difficult to
obtain a repeatable system response due to vibsatgenerated by the piston.
Reducing to a 150 mm diameter piston, however, rgé@@ no noticeable vibration and,
thus, provided an improved system response. It thasefore, decided to proceed with
a 150 mm diameter piston.
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Figure 5.19 Results from an AIRNET simulation showng effect of piston diameter
on the system response to an applied 10 Hz sinusalexcitation
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The effect of different inlet branch diameters wlasn investigated and the results are
shown inFigure 5.2Q The peak pressure is found to increase frod3BBim water
gauge to 33.58 mm water gauge and then to 33.99mat@r gauge for inlet diameter
branches of 100 mm, 75 mm and 50 mm respectivAlfhough the peak pressure is
increased by reducing the diameter of the inlehd@inadue the to the amplification
effects that a diameter reduction imposes, theeas® is very small and provides no
great benefit. Therefore, as the spigot connedaiiothe valve is already 75 mm, it was

decided to proceed with a 75 mm diameter inlet ¢ran
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Figure 5.20 Results from AIRNET simulation showingeffect of inlet branch
diameter on the system response to an applied 10 Hinusoidal excitation

Installation of the transient entry device is faated by the use of standard pipe sizes
which allow it to be slotted into any new or exigfistack. As the transient entry device
is intended to be installed within the dry staggucing the stack diameter locally to
accept a 100 mm diameter 3-port valve would notabproblem in normal stack
operation if the stack was a greater diameter.erAétively, the 3-port valve could be

made available in a range of sizes compatible allthommon stack diameters.
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5.2.5 Experimental field trials at Heriot-Watt University

5.25.1 General

An appraisal of the new transient entry device easied out during field trials on the
drainage system within the Arrol Building at Heridatt University (HWU Arrol
(field) system). These tests aimed to: (i) evaluateudeeof a sinusoidal wave as the
incident transient for the reflected wave technjgaed (ii) optimise the reliability,
repeatability and accuracy of the test method kbeorto provide confidence in the

technique as a long term option for building drgmanaintenance.

5.2.5.2 System description

A schematic of the HWU Arrol figld) system, Configuration V is shown in
Figure 5.21 The stack was 100 mm in diameter and spannetbrgys before
terminating through the roof with an open end pettien. Appliances were located
only on the top 3 floors, with a number of wcshais, wash-hand-basins and showers

connected at Floor 3 and 4, and only a floor gatlgnected at Floor 5.

The transient entry device was installed into thes@ction at the top of the stack. The
stack was exposed within the boiler room at thedbihe building thus providing ease
of access and facilitating installation. The centmr@onitoring computer and data
acquisition system were located directly beneaghbibiler room in a storage cupboard
on Floor 4 and the power and data cables werelmgugh an existing services hole

between the two floors.

In addition to the pressure transducer locatedhertriansient entry device (i.e. VPT1),
additional transducers were located at the hora@ddmtnch on both Floor 3 and Floor 4
(i.,e. VPTL3 and VPTLA4, respectively). These twstdbuted pressure transducers were
required to distinguish between equidistant trapsuing on Floor 3 and Floor 4 and
also to improve the clarity of the reflection retdime from a depleted trap located near

the end of each branch. These issues will beisssd in more detail in Chapter 6.

5.2.5.3 Simulation of a depleted trap seal

When required, a depleted trap was created by remdhie water seal from the trap
using a hand suction pump. All other traps weraitooed regularly during testing to

ensure they remained fully primed. The trap seythe urinals and showers were not
used to create depleted traps as they were gendéoalhd to be inaccessible. They

were, however, kept fully primed throughout testing
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Figure 5.21 Schematic of the HWA Arrol (field) sysem, Configuration V
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5.2.5.4 Data collection

The test set-up process, described in Section.4,5Mas used in conjunction with the
operational control method shown figure 5.17to determine the system information
required by the TRACER program. First, the systems set tdest modeoy switching
the 3-port valve to thetack closedoosition. The data collection system was then
started and the sinusoidal exciter activated tméhice the incident transient into the
system. After 5 seconds the exciter was haltedth@dliata collection system stopped
before switching the 3-port valve to thck operposition, thus reverting the system to
normal mode The test procedure lasted around 20 secondgeserwhen taking
account of the valve motion and data collectiorigeewhich is a practical time frame
when testing in real building situations. A set20fsystem responses were recorded in

order to calculate the defect free baseIIFrJ%,, and threshold valué, A typical defect

free system response measured at VPT1 is preserfeglire 5.22

150
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/_ frequency and driving
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(o]
o
g
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5
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o
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achieved
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Figure 5.22 Typical defect free system response nsaed at VPT1 during the
HWU Arrol ( field) system testsConfiguration V

The application of the 10 Hz sinusoidal wave presia very different system response
to those observed earlier in response to the spugéive pressure pulse. The resultant
system response is the product of two main harmaeiments: (i) the natural resonance
of the system; and (ii) the 10 Hz sinusoidal dryvirequency. The sudden start of the
piston excites the natural resonance of the sysibith is dependant upon the physical

geometry of the system. The 10 Hz sinusoidal dgvirequency combines with the
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natural resonance frequency and the resultant mysésponse is a superposition of
these two frequencies. The natural frequency enadlgt attenuates and the pressure
response settles to steady-state.

It is worth mentioning that although resonance drties have been used in various
pipeline leak and blockage detection methods, ssudsed in Chapter 4 (Covetsal.,
2005; Leeet al, 2005; Sattar and Chaudhry, 2008; Antonopoulousisp1980; Qunli
and Fricke, 1989, 1991; De Salis and Oldham, 128@1), these have had limited
success in this application for monitoring depletegp seals within the building
drainage system (Kellgt al, 2008).

Figure 5.23 5.24and5.25 show the defect free baselin,”, and threshold valué,

measured at VPT1, VPTL3 and VPTL4, respectivelyd ahow only the first
0.12 seconds, 0.08 seconds and 0.05 seconds, tresfyedollowing the arrival of the
transient at the measurement point. Before thisrmmation could be successfully
obtained, it was necessary to make a number oft@nts and improvements to the
test method in order to give confidence in theatslity, repeatability and accuracy of
the technique for successful application within fieédd. The steps taken to achieve

these improvements will be discussed in the folit@nsection.
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Figure 5.23 Calculated defect free baselinerDF, and threshold value, h, for
Configuration V measured at VPT1,h = 6 mm water gauge
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Figure 5.25 Calculated defect free baselinerDF, and threshold value, h, for

Configuration V measured at VPTL4, h = 3 mm water gauge
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5.2.5.5 Problems encountered during data collection

5.2.5.5.1 Data sampling rate

As detailed in Chapter 4, the TRACER program autarally detects and locates
depleted trap seals by comparing the test systeponse with the defect free baseline.
If the absolute difference between the two trasesithin the threshold value (i.B; <

h) then the system is deemed defect free, but ifatbsolute difference exceeds the
threshold value (i.eD; > h) then this indicates the presence of a depletgul dnd the
time at which the exceedance occuiss,is recorded and used to locate the defect using
Equation (4.2).

The reliability of the technique is dependant uploe successful alignment of the two
traces. The TRACER program automatically aligres titaces by setting the transient
wave arrival timef,, to time zerofo, (i.e th = ty = P; > atmospheric pressure). tif
occurs between data points thgris set to the succeeding data point in the timese
Using a data scan rate of 500 Hz the time step deriveach data point is only 0.002
seconds, however, this has been found on occasialfotv a misalignment between the

two tracesFigure 5.26
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Figure 5.26 Example showing the misalignment of théest system response with
the defect free baseline using a data sampling raté 500 Hz

If misalignment were to occur during calculationtbé defect free baseline then this
would increase the threshold value and thus rethesensitivity of the technique. On

the other hand, if misalignment were to occur dytesting then this would potentially
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generate a false alarm, indicating the presenca dépleted trap when, in fact, the

system was defect free.

To improve the test reliability a series of teswrevconducted using higher data scan
rates (i.e. 1,000 Hz, 2,000 Hz, 3,000 Hz, 4,000aHd 5,000 Hz) with the expectation
that with more data points being recorded per sdbe potential or extent of the
misalignment would be reduced. A total of 70 defee system responses were
recorded at each scan rate and the defect fredirnsasnd threshold values were
calculated using Equations (4.3) and (4.4), respalgt Figure 5.27 shows that as the
scan rate increases the threshold value decrahsssndicating an improvement to the
successful alignment of the pressure responsesexample, at 500 HHh = 11.65 mm
water gauge, while for 5000 Hh = 4.22 mm water gauge, constituting a 64%
reduction. It shows that the higher the data sargphte, the better the alignment and,
therefore, the more reliable the test will be. Thasequences of using a high data scan
rate, however, are larger file sizes and increasedputer processing times. A balance
must be made between the accuracy of the techmigdiehe practicality of performing
the test. Therefore, a compromise has been madssibg a scan rate of 2,000 Hz.
This provides a 51% reduction in threshold valuélevtill producing manageable file

sizes and tolerable processing times.
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Figure 5.27 Threshold values calculated for diffenet data scan rates
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5.2.5.5.2 Signal repeatability

It is essential to the success of the techniqueth®aincident transient, to which every
system response is measured, is repeatable. Fhespecially important for the

automatic detection and location of a depleted trsipg the TRACER program as this
uses a time series change detection test to estithatarrival time of a depleted trap
induced reflection by comparing the measured testem response with the defect free
baseline. Any variation to the incident transienil alter the system response, thus
making a direct comparison impossible and wouldepially cause false alarms or

incorrect system diagnosis.

This requirement was highlighted during these itigaions as the test system response
was sometimes found to have varied from the ddéfeetbaseline despite the conditions
within the system remaining unchanged. Take ttzamgste shown irFigure 5.28 The
test system response appears to match with thetdeée baseline until around 0.01
seconds when it can be seen to deviate from thelibas This deviation could be
mistaken as the influence of a reflection returfrech a depleted trap at a distance of
1.72 m (i.e. (0.01 x 343)/2). However, with thesdst appliance located 5.4 m away

this was clearly not possible.
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Figure 5.28 Comparison of a test system responsecorded while the system was
defect free, with the defect free baseline. The twraces are unmatched as the test
system response is seen to be of a lower magnitutteis causing an incorrect
system diagnosis
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A series of tests were conducted to determine these of the variation. It was
discovered that the output from the piston exciess susceptible to external
temperature changes and, therefore, the appligdeinictransient was not consistent
throughout the tests.Figure 5.29(a) clearly illustrates the effect of changing the
external temperature by comparing the thresholduevalor maximum deviation)
calculated between the test system response andleteet free baseline with the
external temperature recorded at the time of tgstirer a 16 day period. The threshold
value can be seen to fluctuate in direct respamsleet natural variation of daily external
temperature. On the days when the external temyeravas low, the threshold value
was high, thus confirming a variation in the tegéitem response (i.e. on 24-Oct, the
external temperature was 2@ and the threshold value was 23.8 mm water gaege,
Figure 5.29(b). Conversely, on days when the external tempenas high, the
threshold value was low, thus confirming a closécmaetween the defect free baseline
and the test system response (i.e. on 02-Nov,xtegral temperature was 146 and
the threshold value was only 4.8 mm water gaugefgpire 5.29(c).

It should be noted that the relationship betweeeraal temperature and the resultant
threshold value is dependant upon the conditiotiseatime the defect free baseline was
measured. Had it been measured on a day whenxtiiema temperature was low then
the effect on the threshold value would be reversed

To evaluate the influence that changing temperataceon the output from the piston
exciter and to determine its effect on the resulianident transient and measured
system response, a series of temperature-contridlsatatory tests were conducted.
The transient entry device and data acquisitiontesyswere placed within an
environmental chamber and a simple 5-storey sisglek test-rig was extended to
connect to the 3-port valve on the transient edéyice,Figure 5.3Q0 The temperature
within the environmental chamber was varied betwg&@ and 35°C in increments of
5°. The system response was measured at each emremce the temperature at the
piston exciter had stabilised. The temperatuttha@ipiston exciter was measured using
a simple thermocouple (Temperature Control LtdpeliK) with a temperature range of
-40°C to 375°C, a resolution of 0.9C, and a tolerance of +1°6.
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Figure 5.31compares the system response measured at eackrédane. Note that the

response measured at 2D (representing nominal ambient conditions) has s as

the defect free baseline to provide a benchmarlcdonparison. The magnitude of the

measured system response clearly varies with teaafyer The magnitude increases

with increasing temperature.
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The threshold value calculated for each temperasupéotted inFigure 5.32 Note that
those calculated from the system responses meabaled 20°C have been plotted as
negative values to indicate the direction of vac&afrom the defect free baseline.
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Figure 5.32 Maximum Deviation of the initial test gstem responses against
temperature

The relationship between threshold value and teatpe¥ is clearly linear. It is
assumed from these results that the likely causthisflinear variation is due to the
changing resistance of the copper drive coil usetbntrol the movement of the piston
exciter. It is known that the resistance of coppex linear function of temperature. As
temperature increases, the resistance of the capiewill also increase resulting in a
larger power output. This coincides with the res@ilom bothFigure 5.31and5.32
which show the magnitude of the incident transaamd the threshold values increasing

with rising temperature.

Therefore, to improve test repeatability it wasessary to ensure that the piston exciter
was maintained at a stable temperature. This wliewed by using a 3.0 kW electric
warm air heater to control the local ambient terapge at the exciter.

It must be emphasised that the effect of exteeraberature fluctuations was worsened
in this case by the close proximity of the pistowiter to an external air louvre within

the boiler room. The susceptibility of the pisterciter to changes in external
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temperature and the effect that this had on théexpmcident transient is a function of
the exciter used in these investigations and ndurmlamental problem with the
technique. Subsequent tests on the Glasdid) system, Section 5.2.6, did not
require additional temperature control as the pistas located in an internal plantroom

where the temperature was stable.

5.2.5.6 General observations

During the initial system survey the boiler roordit gully was found to be completely
dry and filled with debriskigure 5.33 The gully trap was cleaned, the debris removed,
and the trap was primed with water in preparatarédsting.

Figure 5.33 The boiler room floor gully was found & be completely dry and was
filled with debris

The purpose of the floor gulley was to collect cemgate from the six boilers, however,
due to insufficient volumes of condensate generdigdthe boilers and the high
temperatures within the boiler room, the water semd found to evaporate on a daily
basis. Recurring problems such as this would Isdyei@entified by the maintenance
technique proposed in this thesis, allowing neagssgstem alterations to be made. In
this case, the existing water sealing floor gultyld be replaced with a waterless trap
which would not be affected by the high temperatwvehin the boiler room.
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5.2.6 Experimental field trials in a 7-storey insuranceuilding in Glasgow

5.2.6.1 General

The final set of field trials combines the knowledgnd practical experience gained
from the previous investigations to apply the retkel wave technique for the
identification of depleted trap seals in the matack drainage system of a fully
operational commercial building which was not undbke direct control of the

investigators.

Permission to test the drainage system of the Diree Insurance building at Atlantic
Quay in Glasgow was granted by the Royal Bank aftl8cd. This 7-storey building

was constructed in 2001 and is currently used byotnk as a call centre.

To avoid disruption to the business, the tests werelucted out of hours (i.e. between

10pm and 5am).

5.2.6.2 System description

Before testing commenced, a full survey was caroigidto determine the configuration
and geometry of the building drainage system. Glasgow field) system consisted of
multiple single-stacks which collected the wastenfrthe staff toilets on Floor 1 to
Floor 7,Figure 5.34 There were six 100 mm diameter stacks in towad, collecting
the waste from wcs only and four collecting wastef wash-hand-basins only. Each
stack connected to a horizontal drain pipe locateligh level in the basement before
exiting the building to connect to the main sewé&mach stack was terminated with an
AAV within the plantroom on Floor 8. The majority the system was constructed in

cast iron, only changing to uPVC at each of theatinaconnections on each floor.

Three sets of tests were conducted. The firsedeshly one wc stack (Stack 2),
Configuration VIin Figure 5.35 the second tested only one wash-hand-basin stack
(Stack 3), Configuration VII in Figure 5.35 and the third tested all six stacks,
Configuration VIllin Figure 5.36

For the tests conducted on only the single stafl@anfiguration VIand VII) the

transient entry device was installed at the togadh stack in turn. Installation was
straightforward as the device slotted easily orte éxisting stack using standard
connections. The AAV was re-connected to the st@cknination to ensure usual

operation duringnormal mode
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For the multi-stack test<Configuration VII) the transient entry device was located on
Stack 3 and distributed pressure transducers vee@dd on each of the remaining
stacks at Floor 3. The decision to install disttdal pressure transducers was taken
following the experience at the HWU Arrdldld) system tests where it was found that
when relying solely on one measurement point atrdngsient entry device, the arrival
time of reflections returned from distant traps evaometimes difficult to measure
accurately due to dissipation of the returningeeibn caused by the effects of the

system junctions.

The optimum location for the distributed measurenpaints was would have been the
base of each stack. However, due to problems otssility the distributed
measurement points had to be installed at Floostad, thus allowing only those traps

on Floors 4 to 7 to be monitored.

¥AAV  2AAV ¥ AAV Stair Core.  xAAV  $AAV ¥AAV
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Figure 5.34 Schematic of the Glasgowiéld) system
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Figure 5.35 Schematics of (afonfiguration VI; and (b) Configuration VII
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Figure 5.36 Schematic oConfiguration VIII

5.2.6.3 Simulation of a depleted trap seal

Depleted traps were created by removing the waak fsom each trap in turn using a
hand suction pump. All other traps were monitoregularly during testing to ensure
they remained fully primed.

5.2.6.4 Data Collection

The test set-up procedure outlined in Section %2.2n conjunction with the
operational control method shown kiigure 5.17, was used to determine the relevant
system information required by the TRACER prografBach set of tests began by
switching the transient entry devicetest modeéefore the transient was introduced and
the resultant system response was measufgdure 5.37 5.38 and 5.39 show the
defect free baseline and threshold value measune@dnfiguration V| VIl andVIIl,

respectively.
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Figure 5.37 Calculated defect free baselinerDF, and threshold value, h, for
Configuration VI measured at VPT1,h = 4 mm water gauge
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Figure 5.38 Calculated defect free baselinerDF, and threshold value, h, for
Configuration VIl measured at VPT1,h =5 mm water gauge
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Figure 5.39 Calculated defect free baseline}?jDF , and threshold value h, for

Configuration VIII measured at VPT2: (a) stack 1h = 2 mm water gauge; (b)
stack 2,h = 2 mm water gauge; (c) stack 4) = 2 mm water gauge
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Figure 5.39 cont. Calculated defect free baselim%,izjDF , and threshold value h, for

Configuration VIII measured at VPT2: (d) stack 5h = 3 mm water gauge; (e)
stack 6,h = 3 mm water gauge

5.3 Laboratory tests at Heriot-Watt University to investigate the influence of

different system boundaries

As detailed in Chapter 4 every boundary that asieamt encounters will induce a
characteristic reflection while the remainder of thave is transmitted forwards. This
reflection and transmission process modifies thapslof the propagating transient and
ultimately alters the resultant system responss.thds boundary mechanism underpins
the basis of the reflected wave technique it ism$al that the influence of each
boundary is understood. This not only enables anaacurate interpretation of the
information contained within the system responseatso determines how the presence

136



Chapter 5 — Experimental development

of a specific boundary condition within the systemay influence the success of the

technigue to accurately identify depleted trapseal

The effect of three system boundaries will be exaahithrough a series of laboratory

investigations. The boundaries include: brancp/tiameter, an AAV and a PAPA.

5.3.1 Experimental test-rig

For these investigations a second experimentatiggstas designed and constructed at
Heriot-Watt University by this author: the HWU Rl§oratory) system. Simulating a 5-
storey single stack system, the test-rig was coostd using uPVC pipes and was
designed to be easily adjustable allowing differdiatmeter branches and AAVs and
PAPAs to be added and removed when required. Jipeespigots were connected at
each floor level (Spaced at 3.2 m intervals) whatbwed a single branch of either 32
mm, 40 mm, 50 mm, 75 mm or 100 mm diameter to Is¢éalled onto the 100 mm
diameter stack. Each branch was 1.2 m long. pijes were secured to a scaffolding
rig using pipe clamps, spaced at 2 m intertalsestrain the pipe from movement or
vibration. The transient entry device was conredte the top of the stack (i.e. the

section representing the dry stack).

5.3.2 Data collection
To determine the effect of each boundary conditinsystem response was measured
for the system both with and without the test bargdnstalled, thus allowing the effect

of each boundary to be easily identified by dil@anparison of the two traces.

To allow the effect of each boundary to be checkgainst the accuracy of the reflected
wave technique the relevant system informationireguy the TRACER program was
collected by following the test set-up process dbed in Section 4.5.1.1 in conjunction
with the operational control method shownFRigure 5.17 The system without the

boundary installed was used as the defect fredibase

The effect of branch/trap diameter was investigatessthg Configuration 1X(a-f)
Figure 5.4Q First, the defect free baseline was determirsdgConfiguration IX(a)-

the single stack with no branches connected. Vh&m response was then measured
for each branch location and for each branch diametingConfiguration 1X(b-f) The
system response was first measured while the ti@p fully primed so that only the
effect of the new junction could be analysed. Néxt system response was measured

while the trap was depleted so that the effectrahbh/trap diameter could be analysed.

137



Chapter 5 — Experimental development

VPT 1 VPT 1 VPT 1 VPT 1 VPT 1 VPT 1
> > > > > >

— U T1®
— U T2®
— U TS
— U T4
— U TS5
IX(a) IX(b) IX(c) IX(d) IX(€) IX(f)
VPT 1 VPT 1 VPT 1
-G ~Y-® NG
E PAPA X AAV
— U T1* T T
— VU T2 — VU T2* — VU T2
— U T3* — U T3* — U T3*
— U T4 —VU T4 —\ T4
— U T5* — U T5* — U T5
X(a) X(b) X(c)

Notes
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3. All branches are 1.2 m long and are spaced at I@mners

4. 3 pranch/trap diameters of 32 mm, 40 mm, 50 mm, #and 100 mm
investigated at each location.

5. * branch/trap diameter of 100 mm.

Figure 5.40 The HWU 2 [aboratory) system showing each configuration tested
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Configuration X(a-c) Figure 5.4Q was used to determine the influence of both the
PAPA and AAV. First, the defect free baseline wasasured usinGonfiguration X(a)
without either the PAPA or AAV installed. The syst response for each depleted trap
was then measured in order to provide a benchnoankhich the effect of installing the
PAPA or AAV on the accuracy of the reflected waeehnique could be compared.
Next the system response was measure@dmfiguration X(b)and thenConfiguration
X(c) to determine the effect of the PAPA and AAV, redpely. With each new

boundary installed the system response for eacletejtrap was measured.

Figures 5.41 presents the defect free baseline and thresholde véor both
Configuration IX(a)andX(a).
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Figure 5.41 Calculated defect free baseline!?jDF , and threshold value h, for (a)

Configuration 1X(a), h = 4 mm water gauge; (bXonfiguration X(a), h =2 mm
water gauge
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5.4 Errors and accuracy

The accuracy of the reflected wave technique rdlesvily on the equipment used to
gather all of the required data. The successfpliegtion of the technique for the
detection and location of depleted trap seals requhe accurate measurement of the
system response together with a detailed knowledigiee pipe lengths and distances to
each trap which are all subject to experimental etiamties, or errors, due to

instrumental, physical and human limitations.

The experimental uncertainties associated withtrdmesient data collected during these

investigations have been quantified and summaiisédble 5.2below.

Parameter Logger Uncertainty Uncertainty
(%) (SI units)
Pressure + 0.25% of full range {
Pressure Transducer (x 250 mm water gauge) * 1.25 mm water gaug
Piston * 0.5% of full range
stroke LVDT (= 300 mm) +3 mm
Pipe diameter Measured Not perfectly circular +1.5mm
Measured Human error +2.0mm

Acquisition board
(sampling rate)
Acquisition board
(scan rate)
Acquisition board
(scan rate)

250 kHz and c~343 m/s 0.00137 m 4x = c/f)

Pipe

length 500 Hz and c~343 m/s 0.69 m @x = cff)

2,000 Hz and c~343 mfs  0.17 m @x = c/f)

Table 5.2 Summary of data errors

As the reflected wave technique is used ultimatelydetermine the distance to the
depleted trap seal, the errors affecting pipe kenmgeasurement are of most interest
here. The maximum error can be estimated by sumnie likely uncertainty
associated with each source of error. For a sa@naf 2,000 Hz, the maximum error
will be 0.17337 m (0.002 m + 0.00137 m + 0.17 nihe significance of this error on
the accuracy of the reflected wave technique caestiemated by determining its effect
on both the largest system (i@onfiguration | 77 m high) and the smallest system (i.e.
Configuration V 15 m high) tested during these investigationbe maximum relative
error, while using a scan rate of 2,000 Hz, assediaith experimental uncertainty is,

therefore, 0.2% fo€onfiguration land 1.2% foConfiguration V

The associated experimental uncertainties can.efibver, be assumed to have a

negligible influence over the accuracy of the tegbe.
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Chapter 5 — Experimental development

5.5 Summary and Conclusions

Extensive experimental investigations were condlcateder both controlled laboratory
conditions and field conditions. Many transiergtsewere carried out by measuring the
system response to an applied incident transietit and without simulated depleted

trap seals.

Several problems were encountered during the ddlection phase, requiring various
changes and developments to be made to the tdstigqee, including: design of a
controllable transient entry device; applicationaohon-destructive incident transient;
ensuring accurate alignment of the test systemorespwith the defect free baseline;
improving test repeatability and reliability. Mddations were made during the
development of the technique to either resolve itigate these problems.

Despite the difficulties faced, much reliable datas collected and used to validate the
reflected wave technique as a potential methodnfonitoring the building drainage
system against the threat of cross-contaminatiom fdepleted trap seals. The ability
of the TRACER program to effectively detect andaleca depleted trap within the
system by automatically analysing the test systesponse and its potential as a

systematic maintenance tool will be reviewed.

Finally, the accuracy of the equipment used toeotldata and the methods used to
determine system dimensions were quantified andnsamsed. These experimental
uncertainties were found to have a negligible imfice over the accuracy of the

technique.
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Chapter 6

Test results and analysis

6.1 Introduction

This chapter presents the results of the investigatoutlined in Chapter 5. Using
physical data collected during both controlled labory conditions (HWU 1 and HWU
2) and field conditions (Dundee, HWU Arrol and Gjaw), the analysis aims to both
evaluate the reflected wave technique as a meamstetting and locating depleted trap
seals within the building drainage system, and yagathe effect that some system
components can have on the accuracy of the technidinis chapter is organised into
the following parts:

i. the trap location error, used as a performancecatdi for the proposed

technique, is derived,

ii. the reflected wave technique is applied and see$jtianalysis is carried out to
assess the effectiveness of the proposed techmaietecting depleted traps,

iii. the influence of some common system components hall analysed to

determine their effect on the accuracy of the tega

6.2 Depleted trap location performance indicator

To evaluate the effectiveness of the proposed tquknin estimating the location of

depleted trap seals, and to enable comparisonsbatthe different data sets acquired
during these investigations, a performance indicatoequired. This is defined by the

relative errorbetween the true trap location and the predictgullbcation as follows:

X true __ X predicted
g=" : > (6.1)
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Chapter 6 - Test results and analysis

in which ¢ is the trap location erroX 3**andX 2°““** are the true trap location and the

predicated trap location, respectively, ahdis the total stack height (from the
measurement point to the stack termination). e similar performance indicator as
that used by Covas (2003) and Hah al. (2004) to evaluate, respectively, the
performance of pipe leak and cable fault detedgchniques.

Brunone and Ferrante (2001) use a modified versiothis equation to evaluate the
performance of a leak detection technique by dedinihe leak location error with
respect to the distance from the leak to the measemt section (i.e.

£= \xg“e — X predeted /X tvey - Although mathematically correct, this definitidepends

on the location of the defect from the measurempoint so, for the same

\xgue - X,‘;S“ma‘j , £ can be significantly large or relatively smallpéading on whether

the defect is very close or far from the measureénpemt. This definition cannot,

therefore, be used as a consistent performanceaitadito evaluate the reflected wave
technique. The trap location error (or performaimckcator) defined above in Equation
(6.1) represents the efficiency of the techniquéerms of the total stack height and

allows assessment of the technique in applicabany building drainage system.

6.3 Initial evaluation of the reflected wave technique

The results of the preliminary laboratory investigia are analysed in this section. The
AIRNET model is then used to simulate the systerarder to evaluate the correlation

between the measured and simulated data.

6.3.1 Preliminary laboratory investigation

Data collected using the HWU 1laloratory) system,Configuration | (Figure 6.1),
using the single positive pressure pulse as thelent transient, were first used to
evaluate the reflected wave technique as a potem@hod for the identification of

depleted trap seals within the building drainageey.

Four trap locations (T1, T3, T4 and T12) were delddor comparison anéigure 6.2

shows the effect of the depleted trap locationhenmheasured system response.
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Figure 6.2 Measured pressure response at transducerPT1 for a selection of
depleted trap seals using the HWU llgboratory) system,Configuration |

It can be seen that each depleted trap inducegaive reflection in response to the
applied single positive pressure pulse which alteesmeasured system response at a
time specific to that trap (i.e. the trap pipe pd)i The success of the reflected wave
technique relies on the accurate detection of theah time of this negative reflection.
However, before the location of the depleted trap loe assessed, the wave propagation
speedc must first be determined. An accurate estimatitefwave propagation speed
will allow the depleted trap location to be predattmore precisely. Three different
methods were used to estimate the wave propagspeed for the system, the results of

which are presented ifable 6.1

* Method | is the theoretical wave speed formula (i.e. Equafi.2).c was calculated

considering air at 26C (p = 1.10913x10Pa, )= 1.4 ando = 1.32 kg ).

* Method Il is based on the travelling times between transgupesitioned at
different locations on the stack (i@= L/(tvpt2— typr1) Wheretyprs andtypre are the
arrival times of the transient pressure waveratssure transducer andpressure

transducer 2respectively).

* Method Il is based on frequency analysis of the transiesgégure response using
Fast Fourier Transform (FFT) (i.e = 4Lf, whereL = total stack height and
f = dominant frequency of the transient pressurpaese obtained by FFT analysis).
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Table 6.1 Estimation of wave propagation speed irhe building drainage system

Theoretical Measurement Frequency
formula between analysis
transducers
Method | Method I Method IlI
c c f c
(m/s) (m/s) (Hz) (m/s)
343 333 1.163 327

The wave propagation speed calculated usiteghod | (i.e. 343 m/s) is 3% and 5%
higher than those calculated Method Il (i.e. 333 m/s) anéethod IlI (i.e. 327 m/s)
respectively. The arrival time of the negativdeetion is determined by the TRACER

program using the time series change detectiordiestissed in Section 4.5.1 where the

measured reflection return time&)**"* is taken as the time when the absolute

difference between thdefect free baselinerDF and themeasured system response

PjM exceeds the threshold valbé€i.e whenD; > h), Figure 6.3 The measured depleted

trap locationsX [**""** determined using Equation (4.2) for each of thieghmethods is

presented iTable 6.2together with the trap location err@s

Table 6.2 Assessment of the depleted trap locatidny the reflected wave technique

. Measurement
Theoretical b vsi
Trap Measured formula etween Frequency analysis
characteristics system transducers
response Method | Method I Method 11l
(c =343 m/s) (c=333 m/s) (c =327 m/s)
d d d d
Trap | Koo | T Xooy | & | Xoan | & | Xoan) | &m
(m) (s) (m) (m) (m)
T1 9.1 0.056 9.6 0.6% 9.3 0.3% 9.2 0.1%
T3 15.3 0.096 16.5 1.6% 16.0 0.9% 15.7 0.5%
T4 19.6 0.124 21.3 2.2% 20.6 1.3% 20.3 0.9%
T12 46.6 0.290 49.7 4.0% 48.3 2.2% 47.4 1.0%
X measured __ X true X measured __ X true X measured __ X true
_|”Mp(1n) D _|7¥p(m) D |y D
g(”)_ ‘9(||)— 5(||)‘
L L L

When L = 77.0 m (the total stack height)
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Figure 6.3 Using the TRACER program to identify tT**""® for a depleted trap at
(@) trap T1; (b) trap T3; (c) trap T4; and (d) trap T12
147



Chapter 6 - Test results and analysis

The following conclusions can be made:

It can be seen fronkigure 6.3 that the TRACER program is capable of
automatically identifying the measured reflecti@turn timetJ**""® with good
accuracy. tI**" corresponds well with the point of divergence tesw the

defect free baseline and measured system response.

Trap location errors decreases with the decrease of wave propagaticedspe
Table 6.2 For the highest value of wave propagation sgeedviethod I= 343
m/s) the location errof varies between 0.6% and 4.0%, whereas for thedbwe
value of wave propagation speed (Mgethod Il = 327 m/s).c varies between
0.1% and 1.0%.

Trap location errok increases with the increase of trap distance \{fith an
increasing value ofX "), Table 6.2 Whilst £ varies across each of the three
methods between 0.1% and 0.6% for trap T1 (K& = 9.1 m), it increases to

between 1.0% and 4.0% for trap T12 (X" = 46.6 m).

The wave propagation speed estimated Mgthod IIl is the most accurate in

determining the measured depleted trap locatiodswever, as will be discussed in
Section 6.4 botiMethod Il and Method Il are affected by thgunction effectwhich

wrongly suggests a lower wave propagation speadithactually present.

Therefore, the theoretical wave propagation spetichated usingMethod | which is

unaffected by thgunction effect will instead be used throughout the following adat

analysis. It has already been shown in Chapterd3Appendix A that any variation in

wave propagation speed, due to its dependencyrgoressure, is insignificant within

the limits of the pressure excursions experiencedinvthe building drainage system.

Wave propagation speed will, therefore, be assutmdusk sensibly constant within the

context of these test parameters.
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6.3.2 Preliminary AIRNET investigations
The HWU 1 (aboratory) system,Configuration | (Figure 6.1), was modelled using
AIRNET. The time step used wak = 0.002 seconds (equivalent to the 500 Hz data
scan rate used during the preliminary laboratowestigations) and the space step was
Ax = 0.1 m. The piston displacement data measurdternaboratory by the LVDT
(Figure 5.4) was used to characterise the piston boundaryiwomdn the form of time-
distance pairs. Figure 6.4 compares the simulated defect free baseline widt t
determined from the real data measured in the #bor. It can be seen that the

simulated data correlates extremely well with @ system data.

125

75 A

25 A

0.1 0.2 0.3 0.4 \/\,\

-25 A

Pressure (mm water gauge)

-75 A

— Defect free baseline REAL
— Defect free baseline AIRNET

-125

Time (seconds)

Figure 6.4 Comparison of the measured and AIRNET siulated system response
applied as the defect free baseline

The same four depleted trap locations as those useéde laboratory experiments
(.,e. T1, T3, T4 and T12) were then simulated fomparison,Figure 6.5  Each
depleted trap is shown to return a negative refladn response to the imposed single
positive pressure pulse, matching that of the sgalem data. The TRACER program
was used to identify the reflection return timesnirthe simulated data. Note that the
threshold valuen determined from the laboratory data (le= 6 mm water gauge,
Figure 5.5 was used in the TRACER program to determine #fieation return time

from the simulated data.

149



Chapter 6 - Test results and analysis

125 1
(a)
@ 751
2 +0.5
[
(=)
[J] B
N )
= ‘ A e 0o A
£ a
E 0 t OWW 0.2 W 0.4
(0]
3 toeeel= 0,055 s
g _75 | |— Defect free baseline 05
— Depleted trap at T1
Dt>h AIRNET
-125 -1
Time (seconds)
125 1
(b)
@ 751
2 + 05
©
(2]
3] ,
g /7 s
M
E T T A 0 D/,\_,
E 5 0.1 2 3
o
2 d
» measured _ 1
& .75 | |—Defect free baseline [ =0.098 s 0.5
— Depleted trap at T3
Dt >h AIRNET
-125 -1
Time (seconds)
125 1
(©)
@ 751
2 +0.5
©
(=)
(4] B
g 2 N\\ =
= r 0 A
g T T T T 6
E 50 0.1 0.2 0. 0.
o
>
2 measured + -0.5
g _75 | |— Defect free baseline tD =0.127 s -
— Depleted trap at T4
D> h AIRNET
-125 -1
Time (seconds)
125 1
(d)
@ 751
2 + 05
©
(2]
3] ,
2 25 -
: ‘ ‘ ‘ ‘ 0o A
a
E 5 0.1 0.2 t0.3 0.4
o d
5 tp e "*=0.293 s
1
& .75 | |— Defect free baseline 105
— Depleted trap at T12
Dt>h AIRNET
-125 -1

Time (seconds)

Figure 6.5 Using the TRACER program to identify t7***"* for a depleted trap at
(@) trap T1; (b) trap T3; (c) trap T4, (d) trap T12 using AIRNET simulated data
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While the analysis of the real system data requibedwave propagation speed to be
determined, this is not necessary for the AIRNETWation as the base value of the

wave propagation speedhase is user defined (i.echase = 343 m/s which is based on

theoretical formula oMethod ). Measured depleted trap locatioXg**" calculated

by Equation (4.2) by using the measured reflectagarn timetJ**"** (determined by

the TRACER program from the AIRNET predictionSigure 6.3 and the wave
propagation speecl= 343 m/s are presentedTiable 6.3together with the trap location

eIrorsé.

Table 6.3 Assessment of the depleted trap locationsing the reflected wave
technique to analyse AIRNET simulated data

Trap AIRNET Theoretical
characteristics system formula
response Equation (4.2)
Trap X ItDrue tgeasured X IfDneaSUfed e*
(m) (s) (m)
T1 9.1 0.055 9.4 0.4%
T3 15.3 0.095 16.3 1.3%
T4 19.6 0.127 21.8 2.8%
T12 46.6 0.289 49.6 3.8%

X measured __ X true
D D
L
When L = 77.0 m (the total stack height)

*£=

Comparing Table 6.2 and Table 6.3 it can be seen that the measured trap
locationX °**"** derived from the real system data matches weli wiat derived from

the AIRNET simulation. For example, the measurag tocation for T12 derived from
the real system data is 49.7 m, while that derifreth the simulated data is 49.6 m.

The simulated data shows a similar increase intréipelocation erroe with the increase
of trap distance (i.e. with an increasing valuexgf*®). For trap T1 (i.eX;* = 9.1 m),

£ is 0.4% which corresponds to a trap locatiomestion error of 0.3 m, however, for
trap T12 (i.e. X" = 46.6 m), £ is 3.8% giving a trap location estimation err6i3d

m. In each case, the measured trap locakdf;>", is overestimated when compared
with the true trap locationX;*. This implies that AIRNET is accurately modelling

whatever is causing the laboratory data overestiroftrap location.
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6.4 Identifying the cause of overestimating the depletktrap location

The results from the preliminary laboratory invgations and AIRNET simulation,
Section 6.3.1 and 6.3.2, respectively, have shawmerease in the trap location error

with trap distance (i.e. asX " increases) which corresponds to an increasing

overestimatiorof the measured trap location**""*’. At the time of testing, no cause
of this discrepancy was apparent so to allow furtheestigation the AIRNET model,

which has been shown in Section 6.3 to be capdldeaurately simulating the system
response to an applied pressure transient, wastoseahulate a simple drainage system

to allow a more thorough consideration of potertealses.

The physical characteristics of the simple systBmure 6.6(a) remained similar to
Configuration | However, the system was simplified by settingthé pipes and
branches, including the piston, to a single intediameterD = 100 mm to avoid any
influence from changes in pipe diameter. In additithe distance between floor levels
was increased to 4 m and the branch lengths inedetas3 m in the attempt to allow the
pressure response to be more easily analysed witqerposition of information

caused by the reflection and transmission of tkeegure wave at system boundaries.

Further simplification was introduced by using astantaneous positive pressure pulse
as the incident transient, generated by simulaimgpid piston movement of 1 m/s for
0.2 seconds, thus providing a simple square waresignt. A dry stack height of 20 m
was used to ensure that the reflection generatdidoppen termination to atmosphere
could not interfere with that from any of the trapad so could be discounted from the
analysis. The time step was agin= 0.002 s (equivalent to a 500 Hz sampling rate)
and the space-step wdg = 0.5 m. Once these simulations were complete, Werg
repeated after changing the branch diamet& t032 mm, while the stack remained at
D =100 mm.

Measured depleted trap locationX,[**""* calculated by Equation (4.2) using the
defined wave propagation speed= 343 m/s and a measured reflection return time,

toeeued determined by the TRACER program are presentd&thivle 6.4together with

the trap location errors
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Figure 6.6 Schematic of the (ayvhole systemand (b) the junctionless systemused in
the AIRNET investigation into the effect of systemunctions

In both cases, the results show a similar incréadbe trap location errog with an
increase of trap distanc& ;" as observed in the results of both the preliminary
laboratory investigations and AIRNET simulation oged earlier inTable 6.2 and
Table 6.3 respectively, which corresponds to an overestonatf X J****. It can be
seen, however, tha becomes progressively greater for the 100 mm bra@dhmm
stack configuration asX " increases than for the 32 mm branch/100 mm stack

configuration. For example, for T14;00) = 18.2% whilegzz) = 3.2%.
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Table 6.4 Assessment of the depleted trap locationsing the reflected wave
technique to analyse data simulated by AIRNET for lhe whole systenshown in
Figure 6.6 having both 100 mm and 32 mm diameter lanches

100 mm branch/100 mm stack 32 mm branch/100 mm stacl
Trap AIRNET Theoretical AIRNET Theoretical
characteristic§ system formula system formula

response| Equation (4.2) | response| Equation (4.2)

Trap| X6 | oo | Xotn | €aoo | i | Xo | €
(m) (s) (m) (s) (m)
T1 8.5 0.050 8.5 0.0% 0.050 8.5 0.0%
T2 | 125 0.073 12.6 0.1% 0.075 12.7 0.2%
T3 | 16.5 0.098 16.8 0.3% 0.099 16.7 0.3%
T4 | 20.5 0.123 21.1 0.7% 0.123 20.9 0.5%
T5 | 245 0.163 27.9 4.1% 0.148 25.2 0.9%
T6 | 28.5 0.188 32.3 4.9% 0.172 29.2 1.0%
T7 | 325 0.214 36.7 5.4% 0.197 33.4 1.2%
T8 | 36.5 0.253 43.4 9.0% 0.222 37.7 1.5%
T9 | 405 0.279 47.9 9.5% 0.246 41.7 1.6%
T10 | 445 0.307 52.7 10.6%]| 0.271 46.0 1.9%
T11 | 485 0.344 59.0 13.5%]| 0.295 50.2 2.1%
T12 | 525 0.371 63.6 14.3%| 0.320 54.4 2.5%
T13 | 56.5 0.395 67.8 16.8%]| 0.345 58.6 2.7%
T14 | 60.5 0.435 74.6 18.2%] 0.371 63.0 3.2%
‘oo X Ir)neasured_ XItDrue

L
When L = 77.5 m (the total stack height)

Inspection of the results found thgj**"* was being affected by the reflection and
transmission process occurring at each of the sygiactions, such that thgerceived
arrival time of the trap induced reflection was elegant upon both theumberand
geometry( i.e. the branch to stack area ratio) of eacthefjunctions traversed by the

propagating wave.

The most straight forward method of demonstratihg tnfluence of the system
junctions ontJ**""*’is to compare the pressure response of the systtimjunctions
(i.e. thewhole systenfrigure 6.6(a) with that of a systemvithout junctions (i.e. the
junctionless systerRigure 6.6(b). To allow comparison of the two systems, a @ngl
junction - that serving trap T14 - was retainedlomjunctionlesssystem The AIRNET
simulation permitted this comparison relativelyigaand quickly, without having to

rely on costly and time consuming laboratory inigzgtons.
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Figure 6.7(a) compares the simulated pressure response at VPTHe qunctionless
system(seeFigure 6.6(b) with a depleted trap at T14 with that of the deferee
baseline. The simulated reflection return time barseen to correspond well with the
predicted reflection return time (the trap pipeiper calculated using Equation (4.2))
indicated by the dashed vertical lin€&igure 6.7(b) shows the same information but for
thewhole systenfseeFigure 6.6(a). There is a clearly visible delay in the simatht
reflection return time which occurs some time after predicted reflection return time.
A reasonable explanation can be found by consigdhe reflection and transmission
process which takes place at each junction andoadkdging the effect that each

junction has on the propagating transient.

As the transient wave propagates throughout theesyseach junction will cause part of
the wave to be reflected back along the index pipgle the remainder will be

transmitted forwards equally into the receiving gsp Equations (2.12) and (2.13)
respectively determine what proportion of an inamgnitransient is reflected and
transmitted based on the area ratios of the comgegipes. This reflection and
transmission process takes place at every junctieth the result that the original

incident pressure transient is effectively dividedo many smaller reflected and

transmitted parts as it moves through the system.

The magnitude of the transient’s leading edfp, is thus proportional to the number of
junctions traversedy, and the junction transmission coefficie@"""", which itself is

dependant upon the branch to stack area ratio:

— X( junction>< junction>< % junction)
Ap, =Ap, x\Cy. C.,

n

(6.2)

where 4p, is the initial incident pressure transient. Fdernitical junctions, with

identical transmission coefficients, this becomes:
Ap, = Ap, x (cereion)! 6.3)

The identical three pipe junctions (consisting 60 Imm diameter pipes) used in the

AIRNET simulation each have a reflection coeffigiesf C}""" = -0.33 and a

transmission coefficient o€*"*" = +0.67 of the incident transient, Equations (.12

and (2.13) respectively. Therefore, from Equaii6:3), having encountered a total of
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14 junctions along the way, the magnitude of thedient leading edge arriving at trap
T14 is only 0.4% of the incident transient, haviveen progressively “eroded” by each

junction encountered.
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Figure 6.7 Comparison of the AIRNET simulated defecfree baseline and the test
system response measured for a depleted trap at T1dr (a) the junctionless
systemand (b) thewhole system
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This is clearly illustrated ifrigure 6.8 which compares the pressure response predicted
at VPT2 (at the start of the branch connected ) Tdr both thewhole systenand the
junctionless systemFor thejunctionless systenthe transient arrives sharply at 0.157
seconds (i.eT = L/c) and almost immediately attains peak pressurete Nuwat the
transient is no longer a perfect square wave a®w shows the reflection from the
junction as it passes into the branch towards Ta$¢. For thewhole systemby the
time the transient arrives at VPT2 the magnitudthefleading edge has been dampened
by the junctions and is now so small (i.e. 0.4%hefincident transient) that it makes no
impact on the system response. It is some tines,lat 0.179 seconds, that it first
registers on the pressure response. It contimuésiitd gradually until, it too attains
peak pressure at 0.258 seconds, some 0.079 sdaterds

This demonstrates that although the magnitude etrimsient leading edge arriving at
trap T14 is only 0.4% of the incident transiente tremaining 99.6% is not lost.
Although divided and dispersed into smaller andllEmeeflected and transmitted parts
by each junction, these continue to be re-refleched re-transmitted such that
eventually they too arrive at trap T14 and the waveffectivelyreconstructed In
practice, if the junction is not restrained from tmao it is possible that small
movements of the pipework may exacerbate this etigcattenuating the incident
transient (Wood and Chao, 1971).
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Incident transient arrives Peak pressure is eventually

607 clearly at 0.157 seconds attalned at 0.258 seconds
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-20 Arrlval of the incident transient is
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Figure 6.8 Comparison of the defect free baselimaeasured at VPT2 for both the
whole systenand junctionless system

157



Chapter 6 - Test results and analysis

6.5 Overcoming the junction effect

It has been demonstrated experimentally and theallgt that thejunction effect

measured

induces a delay in the perceived arrival time & trap induced reflectionty .

This results in an overestimation of the measurag focation, X 7", and an
underestimation of the wave propagation speeds observed earlier in Section 6.3.1.

Equation (4.2), which allows the true trap pipei@ert;*®, to be calculated for a

known trap locationX " and wave propagation speeg,takes no account of this

junction effect Accurately predicting the location of a depleteap is, therefore, not
possible by relying solely on Equation (4.2). Gamsently, three methods for
predicting the actual trap pipe period will be cargul:

¢ Method Auses Equation (4.2) to calculate the theoretiegl pipe period;* from

true

the true trap locationX; ™, (measured from the physical system), and the wave

propagation speed calculated frofethod I(i.e.c = 343 m/s).

« Method Buses AIRNET to predict the simulated trap pipe qutis™ =" from the

system response of the simulated system. The atetutrap distancexX ;™"*", and

the base value of the wave propagation spgge, are known as they are both user

defined (i.e Cpase= 343 M/s).

* Method Cuses the reflected wave technique as a probe &ndiee the perceived

trap pipe periodt2®®. The method requires all depleted trap seal ctsdse

robe

sequentially simulated experimentally. Neith¢f™ or c need to be known prior

to using this method a$"" is measured directly from the physical system.

These three methods will be used in the followiegtions to evaluate the reflected
wave technique through the analysis of the datéeceld during the experimental
investigations discussed in Chapter 5. Particateantion will be paid to determine if
the junction effectis evident in the experimental data and whichhef three methods

(i.,e. Method A, B and C) provides the greatest eaxy

Note: to aid cross-reference between differentesygiests, the following data analysis
is presented in a repetitive format covering afitgein the following order: Dundee
(field) systemConfiguration li(b) li(c), lli(b) andIV(b); HWU Arrol (field) system
Configuration V Glasgow field) systemConfiguration V] VII, andVIII.
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6.6 Application to the Dundee f{ield) system

Data collected from the Dundeke(d) system allowed the reflected wave technique to
be validated for the first time under field condits. This section presents the results
from the four test setSonfiguration Il(b), li(c), lli(b)andIV(b), seeFigure 6.9

i . . /r:
. v v Bung ]
blocking

] I d termination]
Bung i i I

«— blocking u- ! -
upper

v| stacl v v v

v v U] U

U v U U]

v U‘.‘\ v v

' v U] U]

Bung
v v1 blocking iy v
lower

v Y1 stacl Y] v

vl ] L U]

v v v v

v v Bung V7 v

- blocking"_
] sewe I
. \\ \\b\- \\

[1(b) ll(c) II(b) IV(b)

Figure 6.9 System configurations used in the Dundefield) system tests shown
previously in Figure 5.8 but repeated here for conenience. Configuration I
(transient applied to Floor 9), Configuration Il (transient applied to Ground
Floor), Configuration IV (transient applied to Floor 17). For simplicity amly the wc
branches are shown here.

6.6.1 Dundee(field) system Configuration 1l(b)

Figure 6.10 shows the measured system response for the sé¢pbéted trap seals
(i.e. T2 to T9) forConfiguration ll(b) Figure 6.9 The negative reflection, induced by
each depleted trap in response to the appliedespagitive pressure pulse can be seen
to alter the measured system response by genemtingesponding pressure drop at a

time specific to the location of that trap.
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Predicted depleted trap locations, estimated byttee methods (i.eMethod A, Band
C) are presented iffable 6.5 together with the trap location erroes Figure 6.11
compares the measured depleted trap location hathpredicted by each method. The

following conclusions can be made:

I. Trap location errog, for Method A increases with the increase of trap distance
(i.e. as X' increases). For trap T9 (%" = 3.5 m)&is only 0.2% which

corresponds to a trap location estimation errardy 0.1 m.

However, the trap location errore increases untl, for trap T2

(i.e. X" =21.0 m),cis 4.1% giving a trap location estimation erro2dj m.

ii. In comparison, the trap location erréor Methods BandC, each demonstrate
considerably better accuracy (i.e.= 0.2% to 0.8% and = 0.6% to 0.8%,

respectively) as both of these methods take acathejunction effect

Figure 6.11 shows the excellent correlation oX;™ " and X~ with

X pe*ted The maximum trap location estimation error f¢ethod BandC is

0.4 m.

iii. The trap location error fdvlethod Cis a function of the low data scan rate (i.e.

500 Hz) used during these tests which gives a sitep between data points of

0.002 seconds and provides the maximum differertedent 7°*"**andt £,

The depleted trap location can be accurately estisnby bothMethods BandC (¢ <
1%). Method Ais shown to be influenced by thenction effectwhich causes to

increase with increasing trap distance.
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Figure 6.10 Measured system response at VPT1 shogithe effect of depleted trap
Note: for clarity each pressure trace has been

distance for Configuration I1l(b).

discontinued shortly after its deviation from the defect free baseline.

Table 6.5 Assessment of the depleted trap locatidny the reflected wave technique
for Configuration 1l(b)

Measured trap True trap location | AIRNET simulated trap | Probed trap location
characteristics from and pipe period location and pipe period and pipe period
system response Method A Method B Method C
No tgeasured X IBneasured ttDrue X ItDrue SA tSIRNET X DAIRNET eB t[;))robe X I:p))robe £C
(s) (m) (s) | (m) (s) (m) (s) (m)
T2| 0.134 23.0 0.122| 21.0 |4.1%| 0.134 229 |0.2%| 0.132 22.6 [0.8%
T3| 0.118 20.2 0.108| 18.5 |3.5%| 0.120 20.5 |0.6%| 0.120 20.6 [0.8%
T4| 0.100 17.2 0.093| 16.0 |2.4%| 0.101 17.3 |0.2%| 0.102 17.5 |0.6%
T5| 0.084 14.4 0.079| 135 |1.8%| 0.086 14.7 |0.6%| 0.086 14.7 |0.6%
T6| 0.070 12.0 0.064| 11.0 |2.0%| 0.071 12.2 |0.4%| 0.072 12.3 |0.6%
T7| 0.052 8.9 0.050| 8.5 |0.8%| 0.054 9.3 |0.8%| 0.054 9.3 |0.8%
T8| 0.036 6.2 0.035| 6.0 |0.4%| 0.037 6.4 |0.4%]| 0.038 6.5 |0.6%
T9| 0.020 3.4 0.020| 3.5 |0.2%| 0.020 3.5 |0.2%| 0.022 3.8 |0.8%
. X Ir)neasured_ X gue .- Xgeasured_ X DAIRNET . - X Ig1easured_ X I;)robe
A L ° L c L

When L = 49.0 m (the total stack height)
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Figure 6.11 Comparison of the measured and prediatiedepleted trap locations for
Configuration li(c) for (a) Method A (b) Method Band (c)Method C
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6.6.2 Dundee(field) system Configuration 1l(c)

Figure 6.12shows the measured system response for the dejptdted trap seals (i.e.
T10 to T17) forConfiguration II(c) Figure 6.9 The effect of each depleted trap is
clear by the induced negative reflection (presging) generated in response to the

applied single positive pressure pulse which cpaads to the location of that trap.

Predicted depleted trap locations, estimated bytiree methods (i.eMethod A, Band
C) are presented iffable 6.6 together with the trap location errogs Figure 6.13
compares the predicted depleted trap locationseémh method with the measured

depleted trap location. The following conclusiaas be made:

I. For Method Athe trap location errok, increases with the increase of trap
distance. For trap T10 (i.X." = 5.1 m)gis only 0.8% which corresponds to a
trap location estimation error of only 0.4 m. Hoeg the trap location erra
increases until, for trap T17 (iX;" = 22.6 m),gis 5.7% giving a trap location

estimation error of 2.8 m.

ii. In comparison, the trap location errar for Methods Band C, each show a
considerably higher level of accuracy (i&= 0.0% to 0.8% and = 0.6% to
0.8%, respectively) as both of these methods takeumt of thgunction effect

The maximum trap location estimation error for bigkthod BandC is 0.4 m.

iii. The trap location erras for Method Cis a function of the low data scan rate (i.e.

500 Hz) used during these tests which providema step between data points

of 0.002 seconds and which provides the maximurfergifice betweem?***"*

andt 2%,

The location of the depleted trap can be accurasiynated by botMethods BandC
(6 < 1%). Method Ais shown to be influenced by thenction effectwhich causeg to

increase with increasing trap distance.
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Figure 6.12 Measured system response at VPT1 shogithe effect of depleted trap
distance for Configuration 1l(c). Note: for clarity each pressure trace has been
discontinued shortly after its deviation from the defect free baseline.

Table 6.6 Assessment of the depleted trap locatiday the reflected wave technique
for Configuration li(c)

Measured trap True trap location | AIRNET simulated trap | Probed trap location
characteristics from and pipe period | location and pipe period and pipe period
system response Method A Method B Method C
No tgeasured X IBneasured ttDrue X gue SA tSIRNET X DAIRNET eB t[;))robe X I:p))robe £C
(s) (m) (s) | (m) (s) (m) (s) (m)

T10| 0.032 5.5 0.030| 5.1 |0.8%| 0.031 5.3 [0.4%| 0.034 5.8 [0.6%
T11| 0.048 8.2 0.044 7.6 |1.2%]| 0.048 8.3 |0.2%| 0.050 8.6 |0.8%
T12| 0.062 10.6 |0.059] 10.1 |1.0%| 0.064 11.0 |0.8%] 0.064 11.0 |0.8%
T13| 0.080 13.7 ]0.073 12.6 |2.2%| 0.080 13.8 |0.2%]| 0.082 14.1 10.8%
T14| 0.098 16.8 ]0.088 15.1 |3.5%| 0.098 16.8 |0.0%| 0.100 17.2 10.8%
T15| 0.114 19.6 |0.103 17.6 |4.1%| 0.114 19.5 |0.2%| 0.116 19.9 |0.6%
T16| 0.132 22.6 ]0.117] 20.1 |5.1%] 0.132 22.6 |0.0%| 0.134 23.0 [0.8%
T17| 0.148 254 ]0.132] 22.6 |5.7%]| 0.150 25.7 |0.6%| 0.150 25.7 |0.6%

measured __ s true measured __ AIRNET measured __ probe|
X D X D X D X D X D X D

£a = L ‘s = L ‘e = L

When L = 49.0 m (the total stack height)
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Figure 6.13 Comparison of the measured and prediatiedepleted trap locations for
Configuration li(c) for (a) Method A (b) Method Band (c)Method C
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6.6.3 Dundee(field) system Configuration Ili(b)

Figure 6.14shows the measured system response for the dejptdted trap seals (i.e.
T2 to T17) forConfiguration Ili(b) Figure 6.9 The effect of each depleted trap is
clear by the induced negative reflection (presging) generated in response to the

applied single positive pressure pulse which cpaeds to the location of that trap.

Predicted depleted trap locations, estimated bytiree methods (i.eMethod A, Band
C) are presented iffable 6.7 together with the trap location erroes Figure 6.15
compares the predicted depleted trap locationseémh method with the measured

depleted trap location. The following conclusiaas be made:

I. Trap location errog, for Method A increases with the increase of trap distance
(i.e. as X3 increases). For trap T2 (iX."° = 8.0 m)eis only 0.4% which
corresponds to a trap location estimation erravrdy 0.2 m. However, the trap
location erroreg increases until, for trap T17 (X5 = 45.5 m),eis 11.4%

giving a trap location estimation error of 5.6 m.

ii. In comparison, the trap location errarfor Methods Band C, each show a
considerably higher level of accuracy (i&= 0.2% to 1.6% and = 0.6% to
0.8%, respectively) due to these methods both gakitcount of thgunction
effect The maximum trap location estimation error¥tgthod BandC is 0.8 m

and 0.4 m, respectively.

iii. The trap location errag for Method Cis a function of the low data scan rate (i.e.

500 Hz) used during these tests which providesa 8tep between data points

of 0.002 seconds and which provides the maximurfiergifice betweem?***"*

andtpee.

The location of the depleted trap can be accurasiynated by botMethods BandC
(6< 2.0%). Method Ais shown to be influenced by thenction effeciwhich causesto

increase with increasing trap distance.
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Figure 6.14 Measured system response at VPT1 shogireffect of depleted trap
Note: for clarity each pressure trace has been
discontinued shortly after its deviation from the defect free baseline.

distance for Configuration 1li(b).

Table 6.7 Assessment of the depleted trap locatiday the reflected wave technique
for Configuration Il1(b)

Measured trap True trap location | AIRNET simulated trap | Probed trap location
characteristics from and pipe period | location and pipe period and pipe period
system response Method A Method B Method C
No tgleasured X Ig’leasured ttDrue X gue € tSIRNET X DAIRNET €p tgrobe X Igrobe €
() (m) (s) | (m) (s) (m) () (m)
T2 | 0.048 8.2 0.047| 8.0 | 0.4% | 0.044 75 |1.4%] 0.050 8.6 |0.8%
T3 | 0.066 11.3 ]0.061] 105| 1.6% | 0.061| 105 |[1.6%| 0.068 11.7 |0.8%
T4 | 0.082 141 ]0.076 13.0| 2.2% | 0.079| 13.6 |1.0%]| 0.084 | 14.4 |0.6%
T5| 0.098 16.8 ]0.090 155| 2.7% | 0.095| 16.3 |1.0%] 0.100 17.2 10.8%
T6 | 0.116 19.9 |0.105 18.0| 3.9% | 0.113| 194 |1.0%| 0.118 | 20.2 |0.6%
T7 | 0.132 22.6 |0.120 20.5| 43% | 0.129| 22.1 |1.0%]| 0.134 | 23.0 |0.8%
T8 | 0.148 25.4 ]0.134 23.0| 49% | 0.147| 25.2 |0.4%| 0.150 | 25.7 |0.6%
T9 | 0.166 28,5 ]0.149 255| 6.1% | 0.164| 28.2 |0.6%| 0.168 | 28.8 |0.6%
T10| 0.182 31.2 ]0.163/ 28.0| 6.5% | 0.183| 31.3 |0.2%| 0.184 | 31.6 |0.8%
T11| 0.198 34.0 ]0.178 30.5| 7.1% | 0.200| 34.3 |0.6%| 0.200 | 34.3 |0.6%
T12| 0.214 36.7 ]0.192 33.0| 7.6% | 0.216| 37.1 |0.8%| 0.216 | 37.0 |0.6%
T13| 0.230 39.4 ]0.207| 35.5| 8.0% | 0.232| 39.8 |0.8%| 0.232 | 39.8 |0.8%
T14| 0.248 425 10.222 38.0| 9.2% | 0.252| 43.2 |1.4%| 0.250 | 42.9 |0.8%
T15| 0.266 45.6 10.236| 40.5| 10.4%| 0.268 459 |0.6%| 0.268 | 46.0 |0.8%)
T16| 0.282 48.4 10.251] 43.0| 11.0%] 0.286 49.0 |1.2%| 0.284 | 48.7 |0.6%
T17| 0.298 51.1 ]0.265 45.5|11.4%]| 0.303 519 |1.6%| 0.300 | 51.5 |0.8%
X Ir)neasured_ X gue Xgeasured_ X DAIRNET X Ig1easured_ X I;)robe
EA = gB = EC =

L

L

When L = 49.0 m (the total stack height)
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Figure 6.15 Comparison of the measured and prediatiedepleted trap locations for
Configuration 1li(b) for (a) Method A (b) Method Band (c)Method C
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6.6.4 Dundee(field) system Configuration 1V(b)

Figure 6.16 shows the measured system response for the dejptdted trap seals (i.e.
T2 to T17) forConfiguration IV(b) Figure 6.9, The effect of each depleted trap is clear
by the induced negative reflection (pressure dgmjerated in response to the applied

single positive pressure pulse which correspondiedocation of that trap.

Predicted depleted trap locations, estimated bytree methods (i.eMethod A, Band
C) are presented ifmable 6.8together with the trap location errasgL = 49.0 m, the
total stack height).Figure 6.17compares the predicted depleted trap locationsdoh
method with the measured depleted trap locatiohe fbllowing conclusions can be

made:

i. Trap location errog, for Method A increases with the increase of trap distance
(i.e. as X" increases). For trap T17 (iX¥;" = 3.5 m)&is only 0.6% which
corresponds to a trap location estimation errasrdy 0.3 m. However, the trap
location errore increases until, for trap T2 (i.X5"° = 41.0 m),¢is 10.2%

giving a trap location estimation error of 5.0 m.

ii. In comparison, the trap location errar for Methods Band C, each show a
considerably higher level of accuracy (i&= 0.0% to 1.4% and = 0.6% to
0.8%, respectively) due to these methods both gakitcount of thgunction
effect The maximum trap location estimation error¥tgthod BandC is 0.7 m

and 0.4 m, respectively.

iii. The trap location erras for Method Cis a function of the low data scan rate (i.e.
500 Hz) used during these tests which providema step between data points

of 0.002 seconds and which provides the maximurfiergifice betweem?***""*

andt 2%,

The location of the depleted trap can be accurasiynated by botMethods BandC
(< 1.5%). Method Ais shown to be influenced by thenction effecivhich causesto

increase with increasing trap distance.
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Figure 6.16 Measured system response at VPT1 shogireffect of depleted trap
distance for Configuration 1V(b). Note: for clarity each pressure trace has been

discontinued shortly after its deviation from the defect free baseline.

Table 6.8 Assessment of the depleted trap locatiday the reflected wave technique
for Configuration IV(b)

Measured trap True trap location | AIRNET simulated trap | Probed trap location
characteristics from and pipe period | location and pipe period and pipe period
system response Method A Method B Method C
No tlr;easured X Ig1easured ttDrue X ItDrue En tSIRNET X DAIRNET €p tgrobe X Igrobe €
(s) (m) (s) | (m) (©) (m) (s) (m)
T2 | 0.268 46.0 ]0.239 41.0|10.2%]| 0.267 458 |0.4%| 0.270 | 46.3 |0.6%
T3 | 0.254 43.6 10.224] 38.5|10.4%| 0.250 429 |1.4%| 0.256 | 43.9 |0.6%
T4 | 0.236 40.5 ]0.210 36.0| 9.2% | 0.233| 40.0 |1.0%| 0.238 | 40.8 |0.6%
T5| 0.216 37.0 |]0.195 33.5| 7.1% | 0.218| 37.4 |0.8%| 0.218 | 37.4 |0.8%
T6 | 0.198 34.0 ]0.181 31.0| 6.1% | 0.199| 34.2 |0.4%| 0.200 | 34.3 |0.6%
T7 | 0.184 31.6 |]0.166| 28.5| 6.3% | 0.185| 31.7 |0.2%| 0.186 | 31.9 |0.6%
T8 | 0.168 28.8 |0.152 26.0| 5.7% | 0.168 | 28.8 |0.0%]| 0.170 | 29.2 |0.8%
T9 | 0.152 26.1 |0.137/ 23.5| 53% | 0.153| 26.2 |0.2%]| 0.154 | 26.4 |0.6%
T10| 0.136 23.3 |0.122 21.0| 4.7% | 0.136| 23.4 |0.2%| 0.138 | 23.7 |0.8%
T11| 0.120 20.6 |0.108 18.5| 4.3% | 0.120| 20.5 |0.2%]| 0.122 | 20.9 |0.6%
T12| 0.100 17.2 ]0.093 16.0| 2.4% | 0.104 | 17.9 [1.4%]| 0.102 | 17.5 |0.6%
T13| 0.084 144 0.079 135| 1.8% | 0.087| 15.0 [1.2%]| 0.086 | 14.7 |0.6%
T14| 0.070 12.0 |0.064 11.0( 2.0% | 0.071| 12.2 (0.4%| 0.072 | 12.3 |0.6%
T15| 0.054 9.3 0.0500 85 | 1.6% | 0.054 9.3 |0.0%| 0.056 9.6 |[0.6%
T16| 0.036 6.2 0.035 6.0 | 0.4% | 0.039 6.7 |1.0%] 0.038 6.5 |[0.6%
T17| 0.022 3.8 0.0200 35 | 0.6% | 0.022 3.8 |0.0%| 0.024 41 (0.6%
X Ir)neasured_ X gue Xgeasured_ X DAIRNET X Ig1easured_ X I;)robe
EA = gB = EC =

L

L

When L = 49.0 m (the total stack height)
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Figure 6.17 Comparison of the measured and prediatiedepleted trap locations for
Configuration 1V (b) for (a) Method A (b) Method Band (c)Method C
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6.6.5 Summary

The results of these initial field trials show thelying on the theoretical determination
of the expected reflection return timelé€thod A results in a trap location error that
increases as the distance to that trap increafesbe more precise, as the number of
junctions traversed by the incident transient iases, before it reaches the depleted
trap, the higher the trap location error. From tesults ofConfiguration Ili(b) and
IV(b) the maximum trap location error, having traversédgunctions, was between 10%
to 12%. When the number of junctions traversed kaged,Configurations ll(b)and
[I(c), the maximum trap location error was also hahebdtween 5% to 6% showing a

clear relationship between the number of junctivagersed and trap location error.

Determining the expected reflection return timeisgishe AIRNET simulation and the
reflected wave technique itselMéthods Band C, respectively) showed a marked
improvement in accuracy, with a maximum trap lamaterror < 2% across all tests and

all system configurations.
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6.7 Application to the HWU Arrol ( field) system

The tests undertaken at the HWU Arriaéld) system Configuration Vin Figure 6.18
provided the first opportunity of incorporating theew combined test equipment
configuration (including the sinusoidal exciter aswbort directional control valve) in
the application of the reflected wave techniqueeunrigbld conditions. These tests were
also the first field trials of the reflected waeehnique using the 10 Hz sinusoidal wave
as the incident transient.

The HWU Arrol field) system differed from all the systems tested jnesly as instead
of being connected directly to the stack, the migjaf the appliances were connected
to a long horizontal branch on either Level 3 ovéle4. This was found to introduce
two challenges for the reflected wave method: i¢ targe number of junctions
encountered by the transient as it propagated dhedmtal branch had the effect of
reducing the magnitude of the returned refectiopa(number of traps were found to be
spaced equidistant from the measurement point,itdelsping on separate floors, such
that they displayed similar reflection return timeldowever, it will be shown that by
providing distributed measurement points within thgstem, these issues were

overcome.

6.7.1 HWU Arrol (field) system Configuration V

Figures 6.19and6.20show the measured system response, recoded at, ¥?The set

of depleted water traps on Level 3 (i.e. traps 3210) and Level 4 and 5 (i.e. traps
T12 to T20 and T21) respectively. It can be séen, tapart from traps T13 and T21
which are connected directly to the stack, theeatibns returned by the depleted traps
connected too the horizontal branches are, in sostances, so small that they have
little effect on the system response. This isitaited to thejunction effectwhich
divides and disperses both the incident transiedt the returning reflection as they
propagate along the horizontal branches. Thoses treonnected at Level 3
(Figure 6.19 are worse affected as these are located furttben the measurement

point and therefore traverse a greater numbernuitijons.

Despite being less visible on the measured systsponse, the TRACER program
successfully identified the measured reflectiorunettime for each trap. Predicted
depleted trap locations, estimated by the threénoakst (i.e.Methods AB andC) are
compared with the measured pressure resporiSigume 6.21andTable 6.9presents a
summary of these results together with the traptlon errorse.
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Figure 6.18 Schematic of the HWA Arrol (field) syseém, Cé’nﬁgwrm%n V. Shown
previously in Figure 5.21 but repeated here for corenience
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Figure 6.19 Measured system response at VPT1 showgireffect of depleted trap
distance for Configuration V (Level 3 traps only)
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Figure 6.20 Measured system response at VPT1 showgireffect of depleted trap
distance for Configuration V (Level 4 traps only). Note: for clarity each presure
trace has been discontinued shortly after its devtan from the defect free baseline.
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Table 6.9 Assessment of the depleted trap locatidny the reflected wave technique
for Configuration V using data measured at VPT1

Measured trap True trap location and|AIRNET simulated trap| Probed trap location
characteristics from pipe period location and pipe period and pipe period
system response Method A Method B Method C
No tgleasured Xgleasured ttDrue X gue € tDAIRNET XDAIRNET €p tgrobe Xgrobe €
() (m) () | (m) () (m) () (m)

T2 | 0.1155 19.8 0.0671| 11.5 |55.394 0.1050, 18.0 |12.09%4 0.1201| 20.6 |5.3%
T3 | 0.0828 14.2 0.0577| 9.9 |[28.7940.0787] 13.5 |4.7%| 0.0857| 14.7 |3.3%
T4 | 0.1020 17.5 0.0653| 11.2 |42.099 0.0933] 16.0 |10.094 0.1038| 17.8 |2.0%
T5| 0.1102 18.9 0.0694| 11.9 |46.7%4 0.0991] 17.0 [12.79%4 0.1120| 19.2 |2.0%
T8 | 0.1248 21.4 0.0857| 14.7 |44.7%4 0.1306] 22.4 |6.7%| 0.1300| 22.3 |6.0%
T9 | 0.1242 21.3 0.0834 14.3 |46.7940.1271) 21.8 |3.3%| 0.1294| 22.2 |6.0%
T10| 0.1242 21.3 0.0857| 14.7 |44.094 0.1271) 21.8 |3.3%| 0.1300| 22.3 |6.7%
T12| 0.0647 11.1 0.0490| 8.4 |18.094 0.0618] 10.6 |[3.3%| 0.0700| 12.0 |6.0%
T13| 0.0466 8.0 0.0397| 6.8 |8.0%]0.0466] 8.0 |[0.0%| 0.0472| 8.1 |0.7%
T14| 0.0659 11.3 0.0426| 7.3 |26.7940.0542| 9.3 |13.394 0.0682| 11.7 |2.7%
T15| 0.0659 11.3 0.0466| 8.0 |[22.0940.0583| 10.0 |8.7%| 0.0682| 11.7 |2.7%
T18| 0.0845 14.5 0.0606| 10.4 |27.394 0.0822| 14.1 |[2.7%| 0.0886 | 15.2 |4.6%
T19( 0.0880 15.1 0.0636| 10.9 |28.099 0.0886| 15.2 |[0.7%| 0.0915| 15.7 |4.0%
T20| 0.0892 15.3 0.0676| 11.6 (24.7940.0927] 15.9 |4.0%| 0.0950| 16.3 |6.7%
T21| 0.0315 5.4 0.0292| 5.0 |2.7%]0.0262] 4.5 |6.0%] 0.0327| 5.6 |1.3%

measured __ s true measured __ AIRNET measured __ probe|
X D X D X D X D X D X D

£a = L s = L fc = L

When L = 15.0 m (the total stack height)

The following conclusions can be made:

I. For Method A the trap location erroe is considerably lower for the traps
connected directly to the stack. Traps T21, T13 aA@ each have a trap
location error of 2.7%, 8.0% and 18.0%, respecfivéWwhich, incidentally
increase with trap distance). However, those tcapmected at Level 4 have a
trap location error of between 22.0% and 28.0%, amdn worse, those

connected at Level 3 have a trap location errdoetiveen 28.7% and 55.3%.

ii. Method Bshows an improvement to the trap location egdor both Level 4
(i.,e.£=0.7% to 13.3%) and Level 3€ 3.3% to 12.7%).

iii. While Method Cshows a further improvement: Level 4 (ige= 2.0% to 6.7%)

and Level 3 £=2.0% to 6.7%).
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While the location of the depleted trap can be ri@tged with good accuracy using
Method C(i.e. £ < 7%) it was found that some traps were locatesiratlar distances
from the measurement point and, therefore, hadaimaflection return times making it

difficult to determine which was the correct locatiof the depleted trap.

Figure 6.22 shows an example of the measured system respdrssiotrap T3 and
T18 which, despite being located on different flgawere positioned equidistantly from
the measurement point such that the reflectiorrmetimes identified by the TRACER

program were almost matched (Tt3°°° = 0.086 seconds; T18.°" = 0.087 seconds)

making it impossible to distinguish which was tleerect depleted trap location.

AIRNET was used to determine if a more optimal measent point could be
identified which would improve the clarity of theturned reflection and also allow
defects on different floors to be distinguishedwoTadditional measurement points
were identified which, in conjunction with VPT1, dd be used to optimise the test
procedure. Pressure transducers were connectedtlgionto the Level 3 branch
(VPTL3) and the Level 4 branch (VPTL4). The foliog sections analyse the system

response measured at these two locations.
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Figure 6.22 Measured system response at VPT1 shogireffect of depleted trap
distance for Configuration V
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6.7.1.1 Pressure response measured at VPTL3 (Level 3)
Figure 6.23 shows the measured system response at VPUdhfiguration Vin
Figure 6.18 for the set of depleted water traps on Level.&. traps T2 to T10). All
depleted traps are shown to alter the measuredmysisponse by inducing a reflection,
in response to the applied pressure transi€able 6.10presents the predicted depleted
trap locations and the corresponding trap locagoors as estimated by each of the
three methods (i.eMethod A B andC). Figure 6.24 compares the predicted depleted

trap locations with the measured depleted traptimes for each method.
The following conclusions can be made:

i. By analysing the system response measured at VRATLan be seen that the
trap location errore is reduced considerably for every trap and forrgve
method. The only exceptions are T9Method Band T5 inMethod Cwhich
both remained unchanged at 3.3% and 2.0%, respbctiv

ii. With Method A the trap location errog for T8, T9 and T10 (i.es = 16.7%,
13.3% and 28.7%, respectively) are much higher thase observed for the
other traps (i.e. all have< 5%). There are two reasons for this. Firstly, a
traps T8, T9 and T10 are located at the end ofhibkezontal branch, the
incident transient and returning reflection mussga greater number of
junctions before arriving back at the measurementtp So, due to thginction
effect which divides and disperses the waves, the Igaglilye magnitude of the
returning reflection is smaller. Secondly, thessps have a diameter of just
32 mm and so, as will be discussed in more detaiSection 6.9.1 when
considering the effect of a single junction, thealler the branch to stack area
ratio, the smaller the returned trap induced réfecwill be. Method$3 andC,
which take account of thpinction effect show a considerable improvement

with all traps having a trap location error&ax 4% andes < 5.0% respectively.

The distributed measurement point at VPTL3 providegeater accuracy in detecting
and locating the depleted trap seals located onhttrezontal branch at Level 3.
Methods Band C are capable of determining the depleted trap imcatvith good
accuracy £ < 5.0%). However, by not taking account fbaction effect, Method A

introduces greater uncertainties(30%).
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Figure 6.23 Measured system response at VPTL3 showi effect of depleted trap
distance for Configuration V. Note: for clarity each pressure trace has been
discontinued shortly after its deviation from the defect free baseline.

Table 6.10 Assessment of the depleted trap locatiohy the reflected wave
technique for Configuration V using data measured at VPTL3

Measured trap True trap location and| AIRNET simulated trap | Probed trap location

characteristics from pipe period location and pipe period and pipe period
system response Method A Method B Method C
No tlrjneasured Xgleasure ttDrue x gue € tDAIRNET x S\IRNET €p tgrobe Xgrobe €
©) (m) () | (m ©) (m) () (m)

T2 | 0.0262 4.5 0.0222| 3.8 | 4.7% | 0.0280 4.8 2.0% | 0.0286| 4.9 [2.7%

T3 | 0.0134 2.3 0.0128 2.2 | 0.7% | 0.011} 1.9 2.7% | 0.0134| 2.3 |0.0%

T4| 0.0251| 4.3 0.0239] 4.1 | 1.3% | 0.0222 3.8 3.3% | 0.0262| 45 |1.3%

T5| 0.0309| 5.3 ]0.0297] 5.1 | 1.3% | 0.0280 4.8 3.3% | 0.0327| 5.6 |[2.0%
T8 | 0.0525| 9.0 |]0.0379 6.5 |16.7%]0.0560 9.6 4.0% | 0.0542| 9.3 [2.0%
T9 | 0.0472 8.1 ]0.0356| 6.1 | 13.3%]0.0501] 8.6 3.3% | 0.0507| 8.7 |4.0%

T10| 0.0671| 11.5 |0.0420, 7.2 | 28.7%]0.0647 11.1 | 2.7% | 0.0630| 10.8 |[4.7%

measured __ s true measured __ AIRNET measured __ probe|
X D X D X D X D X D X D

£a = L s = L fc = L

When L = 15.0 m (the total stack height)
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Figure 6.24 Comparison of the measured and prediatiedepleted trap locations for
Configuration V using data measured at VPTL3 for (a)Method A (b) Method B
and (c)Method C
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6.7.1.2 Pressure response measured at VPTL4 (Level 4)
Figure 6.25 shows the measured system response at VPUohfiguration Vin
Figure 6.18 for the set of depleted traps on Level 4 (i.eps T14 to T20). All
depleted traps are shown to alter the measuredmsysisponse by inducing a reflection,

in response to the applied pressure transient.

Table 6.11 presents the predicted depleted trap locationstlaadcorresponding trap
location errors as estimated by each of the threthods (i.eMethod A B andC).
Figure 6.26 compares the predicted depleted trap locations ti# measured depleted
trap locations for each method.

The following conclusions can be made:

I. By analysing the system response measured at VRMhke4rap location erros

is considerably reduced for every trap and for gweethod,Table 6.11

ii. For Method A, all depleted trap locations can bentdied to within 1.3 m
(i.e. £< 8.7%), while for Method B, this improves to 1.0(ne. £ < 6.7%) and
for Method C this improves again to 0.6 m (& 4.0%).

The distributed measurement point at VPTL4 providegeater accuracy in detecting
and locating the depleted trap seals located onhttrezontal branch at Level 4.
Methods Band C are capable of determining the depleted trap imcatvith good
accuracy (i.ec< 6.7%). However, by not taking account fbaction effect, Method A

introduces greater uncertainties (e 8.7%)
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Figure 6.25 Measured system response at VPTL4 showi effect of depleted trap
distance for Configuration V

Table 6.11 Assessment of the depleted trap locatiohy the reflected wave
technique for Configuration V using data measured at VPTL4

Measured trap True trap location and] AIRNET simulated trap | Probed trap location

characteristics from pipe period location and pipe period and pipe period
system response Method A Method B Method C
d t t AIRNET AIRNET b b
NO tgeasure Xgeasure tDI’UG X[;ue SA tD XD eB tgro e Xgro e SC

(s) (m) (8 | (m) (s) (m) (s) (m)
T14| 00122 | 2.1 |0.0105 1.8 | 2.0% | 0.0093 1.6 | 3.3% | 0.0122] 2.1 |0.0%

T15| 0.0210 3.6 ]0.0187] 3.2 | 2.7% | 0.0152 2.6 6.7% | 0.0222| 3.8 |1.3%

T18| 0.0350 6.0 0.0274) 4.7 | 8.7% | 0.033§ 5.8 1.3% | 0.0385| 6.6 |[4.0%

T19| 0.0373 6.4 ]0.0303| 5.2 | 8.0% | 0.0373 6.4 0.0% | 0.0402| 6.9 |3.3%

T20| 0.0362 6.2 0.0344) 59 | 2.0% | 0.0391 6.7 3.3% | 0.0367| 6.3 |0.7%

measured __ s true measured __ AIRNET measured __ probe|
X D X D X D X D X D X D

£a = L s = L fc = L

When L = 15.0 m (the total stack height)
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Figure 6.26 Comparison of the measured and prediatiedepleted trap locations for
Configuration V using data measured at VPTL4 for (a)Method A (b) Method B
and (c)Method C
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6.7.2 Summary

The tests undertaken on the HWU Arrbéld) system provided new challenges for the
successful application of the reflected wave tegii Collecting the majority of the
appliances into a horizontal branch on either Le8/@r Level 4 the magnitude, and
therefore the clarity, of the returned reflectioanfi a depleted trap was reduced due to
the junction effect Furthermore, the traps located at similar distarirom the
measurement point were difficult to distinguishtBe correct location of the depleted

trap was sometimes difficult to identify.

Distributed measurement points have been shownvéocome these problems. By
installing a pressure transducer on each of thedaal branches, thginction effect

was minimised as the number of junctions that #terning reflection must traverse
before arriving at the measurement point is reduddte problem of equidistant traps is
also overcome as the system response from thebdistl measurement point can be

used in conjunction with VPTL1 to triangulate thgettocation of the depleted trap.
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6.8 Application to the Glasgow field) system

The tests undertaken at the Glasgd@ieldq) system provided the first opportunity to test

the reflected wave technique in a fully operatioo@nmercial building not under the

control of the investigators. The data from thsgstem tests - (iConfiguration V)

(i) Configuration VIlI(both shown irFigure 6.27), and (iii) Configuration VIl (shown

in Figure 6.28 - were analysed to investigate the effect of efegal trap distanceX ;*°

on the accuracy of the technique.

(a)
ZAAV
>S-P) VPT 1

T29 T30

i

T27 7128
T25T26

i

T23T24
T21T22

i

T19T20 Notes:
All stack diameters are 100 mm.

wc trap diameters are 100 mm.

i

T15 T16 whb trap diameters are 40 mm.

T17 T18 wc branch diameters are 100 mmj.

whb branch diameters are 50 mn.

T13 T14

i

T11T12

T9T10

i

T77T8

T4T5T6

Ji

T1T2T3

Stack 2
(wc)

(b)
ZAAV
P VPT 1

T14 T15

T1T2T3

Stack 3
(whb)

Figure 6.27 Schematics of (afonfiguration VI; and (b) Configuration VII. Shown

previously in Figure 5.35 but repeated here for corenience.
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Figure 6.28 Schematic oConfiguration VIII . Shown previously in Figure 5.36 but
repeated here for convenience.

6.8.1 Glasgow W(field) system

Figure 6.29 presents the measured pressure response at VIPTHhefselected set of
depleted traps (i.e. T6, T10, T14, T18, T22, T2@ ar80) for Configuration V)
Figure 6.27.

It can be seen that the reflection induced by elagteted trap in response to the applied
pressure transient becomes visibly smaller in magdeias the distance to the depleted
trap increases. This is attributed to jilmection effecwhich, as demonstrated in Section
6.4, has been shown to alter the waveform of thastent leading edge due to the
reflection and transmission process which takesgpdd each junction.
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Each time the incident transient encounters a jongt is reduced by the proportion of
the transient which is reflected backwards. Theeefnot only does the leading edge
magnitude of the incident transient arriving at thepleted trap become smaller and
smaller in relation to the number of junctions antered on the way, the returning
reflection, which is also subject to the same effeecomes smaller and smaller as it

returns along the system.

The result is that traps located further from theasurement point and which are
therefore preceded by a larger number of junctiares identified with a smaller

diameter reflection.

As the junctions within the system consist of thidentical pipes then, from Equations

(2.12) and (2.13), the reflection coefficie@)""" = -0.33 and the transmission

coefficient C"™" = +0.67. It can be seen from Equation 6.3 thatléading edge

magnitude of the returning reflection from, for exae trap T6, having traversed a total
of 16 junctions during both the outward and retagnpropagation is only 0.2% of the
incident transient. Whereas, for trap T30, hatmagersed only 8 junctions the leading
edge magnitude of the returning reflection is 4%hef incident transient, some twenty
times greater than that for T6.

It should be noted that the reflection magnitudested here refer only to thaitial
leading edge of the returning reflection. The mead system response show
reflections which eventually attain a much largemgmtude as these include the re-
reflected and re-transmitted parts of the wave wheventually arrive at the

measurement point teconstructhe pressure wave.

Despite the reducing influence of thenction effecton the leading edge magnitude of
the trap induced reflection the TRACER program b¢eao determine the reflection
return times from the measured pressure respomsdicked depleted trap locations,
estimated by the three methods (Methods AB andC) are presented imable 6.12

together with the trap location errags

Figure 6.30 compares the measured and predicted depletedidcations for each

method. The following can be concluded:
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i. Trap location error foMethod Aincreases with trap distance (i.e. g
increases). For trap T30 (i, = 6.5 m)¢is 1.7% which corresponds to a
trap location estimation error of 0.6 m. The ttapation error continues to
increase until, for trap T6 (i.X " = 33.6 m),gis 41.1% giving a trap location

estimation error of 14.4 m.

This level of error is unacceptable and confirmesriked for alternative methods

of predicting trap location.

ii. Methods BandC each demonstrate considerably better accuracys(xel.4%
to 3.1% ande = 0.6% to 2.6%, respectively)Figure 6.30 demonstrates the

excellent correlation that botK /""" and X 2" have with X J¢**""*,

The maximum trap location estimation error kéethods BandC are 1.1 m and

0.9 m, respectively which is greatly more accemdban that foMethod A

The location of the depleted trap can be accurasiynated by botMethods BandC
(¢ < 3.1%). Method Ais shown to be influenced by thenction effectwhich causes

to increase with increasing trap distance.
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Figure 6.29 Measured system response at VPT1 shogireffect of depleted trap

distance for Configuration VI.

Note: for clarity each pressure trace has been
discontinued shortly after its deviation from the defect free baseline.

Table 6.12 Assessment of the depleted trap locatiohy the reflected wave
technique for Configuration VI using data measured at VPT1

Measured trap True trap location and| AIRNET simulated trap | Probed trap location
characteristics from pipe period location and pipe period and pipe period
system response Method A Method B Method C
No tgeasured X Ig1easure ttDrue X gue SA t[/;\IRNET X I:)AIRNET eB tgrobe X Igrobe SC
(s) (m) (s) | (m) (s) (m) (s) (m)
T6 | 0.2799| 48.0 |0.1959 33.6|41.1%|0.2752] 47.2 | 2.3% | 0.2851| 48.9 (2.6%
T10| 0.2099| 36.0 |0.1545 26.5|27.1%]0.2146{ 36.8 | 2.3% | 0.2052| 35.2 [2.3%
T14| 0.1819| 31.2 |0.1312 22.5|24.9%]0.1790 30.7 | 1.4% | 0.1802| 30.9 [0.9%
T18| 0.1487| 25.5 ]0.1079 18.5|20.0%]0.1440 24.7 | 2.3% | 0.1464| 25.1 [1.1%
T22| 0.1050| 18.0 |0.0845 14.5|10.0%]0.1096 18.8 | 2.3% | 0.1061| 18.2 |0.6%
T26| 0.0682| 11.7 ]0.0612 10.5| 3.4% | 0.0746 12.8 | 3.1% | 0.0694| 11.9 |0.6%
T30| 0.0414 7.1 10.0379 6.5 | 1.7% | 0.0472 8.1 29% | 0.0402| 6.9 |0.6%
. xlrjneasured_ Xgue .- Xgeasured_ XDAIRNET . - xgeasured_ xgrobe
A L ° L c L

When L = 35.0 m (the total stack height)
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Configuration VI using data measured at VPT1 for (aMethod A (b) Method Band
(c) Method C
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6.8.2 Glasgow WHB(field) system
Figure 6.31 presents the measured pressure response at ViPThefselected set of
depleted traps (i.e. T1 to T15) f@onfiguration VI| Figure 6.27. Each trap can be
seen to induce a clear reflection, in responsehéodpplied pressure transient. The
influence of thegunction effectis less obvious than that observed fr@onfiguration
VI. This is due to the difference of the branchtexls area ratios of the two systems.

The side branches on ti@onfiguration VIlsystem have a diameter of 50 mm and so,

with a 100 mm diameter stack, the reflection ceddfit is C2""" = -0.11 and the
transmission coefficient i€<*™"" = +0.89; while forConfiguration VIthe junction

reflection and transmission coefficients a@™"" = -0.33 andC'"™" = +0.66,
respectively. Although when considering the effetta single junction, as will be
discussed in Section 6.9.1, the greater the brématack area ratio is, the larger the
magnitude of the trap induced reflection, it is grecess that occurs at each preceding
junction that determines the leading edge magniaidmth the transient arriving at the
depleted trap and the subsequent reflection whidkres at the measurement point.
Therefore, when the branch to stack area rationiglls the overall significance of the

junction effecis reduced and the returned trap induced refleatidi be larger.

Using the TRACER program to determine the reflectieturn times, the predicted
depleted trap locations, estimated by the thredhodst (i.e.Method A, BandC) are
presented imable 6.13together with the trap location errags Figure 6.32compares
the measured depleted trap location with that ptediby each method. The following

conclusions can be made:

i. Trap location errog, for Method A increases with trap distance. For trap T14
(i.e. X" = 6.9 m)eis 3.1% which corresponds to a trap location estiion
error of 1.1 m. The trap location error contindesncrease until, for trap T3

(i.e. X" = 34.3 m),cis 7.4% giving a trap location estimation erro2d m.

li. Methods BandC both give considerably better accuracy (&e. 0.0% to 3.1%
and € = 0.0% to 2.0%, respectively)Figure 6.32 demonstrates the excellent
correlation of both X,™ " and X2 with XJ**"*.  The maximum trap
location estimation error favlethods BandC are 1.1 m and 0.7 m, respectively.
The location of the depleted trap can be accurastiynated by botMethods B
andC (£< 3.1% ands< 2.0%, respectively).
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Figure 6.31 Measured system response at VPT1 shogireffect of depleted trap
Note: for clarity each pressure trace has been

distance for Configuration VII.

discontinued shortly after its deviation from the defect free baseline.

Table 6.13 Assessment of the depleted trap locatiohy the reflected wave
technique for Configuration VIl using data measured at VPT1

Measured trap True trap location and| AIRNET simulated trap | Probed trap location
characteristics from pipe period location and pipe period and pipe period
system response Method A Method B Method C
No tgeasured X Ig1easure ttDrue X gue En t[/;\IRNET X I:)AIRNET €p tgrobe X Igrobe €
(s) (m) (s) | (m) (s) (m) () (m)
T1| 0.2099| 36.0 [0.1953 33.5| 7.1% | 0.2058 35.3 | 2.0% | 0.2122| 36.4 |1.1%
T2 | 0.2122| 36.4 [0.1977| 33.9| 7.1% | 0.2076 35.6 | 2.3% | 0.2128| 36.5 |0.3%
T3 | 0.2152| 36.9 [0.20000 34.3| 7.4% | 0.2087 35.8 | 3.1% | 0.2140| 36.7 |0.6%
T4 | 0.1697| 29.1 [0.1569 26.9| 6.3% | 0.163§ 28.1 | 2.9% | 0.1679| 28.8 |0.9%
T5| 0.1732| 29.7 [0.1592| 27.3| 6.9% | 0.1683 28.9 | 2.3% | 0.1738| 29.8 |0.3%
T6 | 0.1452| 249 [0.1335 22.9| 5.7% | 0.1399 24.0 | 2.6% | 0.1411| 24.2 |2.0%
T7 | 0.1475| 25.3 |0.1359 23.3| 5.7% | 0.1434 246 | 2.0% | 0.1452| 249 (1.1%
T8 | 0.1207| 20.7 ][0.1102 18.9| 5.1% | 0.1153 19.8 | 2.6% | 0.1178| 20.2 |1.4%
T9 | 0.1242| 21.3 |0.1125 19.3| 5.7% | 0.1184 20.3 | 2.9% | 0.1230| 21.1 [0.6%
T10| 0.0956| 16.4 |0.0869 14.9| 4.3% | 0.0956 16.4 | 0.0% | 0.0962| 16.5 |0.3%
T11| 0.0980| 16.8 |0.0892 15.3| 4.3% | 0.096§ 16.6 | 0.6% | 0.0991| 17.0 |0.6%
T12| 0.0711| 12.2 |0.0636/ 10.9| 3.7% | 0.0706 12.1 | 0.3% | 0.0688| 11.8 |1.1%
T13| 0.0735| 12.6 |0.0659 11.3| 3.7% | 0.0729 125 | 0.3% | 0.0711| 12.2 |1.1%
T14| 0.0466 8.0 0.0402| 6.9 | 3.1% | 0.0472 8.1 0.3% | 0.0466| 8.0 |0.0%
T15| 0.0490 8.4 ]0.0426| 7.3 | 3.1% | 0.0496 8.5 0.3% | 0.0490| 8.4 |0.0%
X Ir)neasured_ X gue Xgeasured_ X DAIRNET X Ig1easured_ X I;)robe
Ep= Eg = Ec =

L

L

When L = 35.0 m (the total stack height)

193

L



measured
(m)

D

X

Chapter 6 - Test results and analysis

(@)

50

40

30

20

10 4

2

(b)

0 3
X 3¢ (m)

0

40

50

50

40 +

(m)

30 A

measured

D

20 4

X

10 ~

10

20
AIRNET
Xp o (m)

(©)

30

40

50

50

40 +

(m)

30 A

measured

D

20 4

X

10 ~

Figure 6.32 Comparison of the measured and prediatiedepleted trap locations for
Configuration VII using data measured at VPT1 for (aMethod A (b) Method B

and (c)Method C

10

20
robe
X (m)

194

30

40

50



Chapter 6 - Test results and analysis
6.8.3 Glasgow multi-stacKfield) system
Until now the reflected wave technique has beenrieghpo determine the system status
of only one single stack drainage system at a tiffieis section analyses the results of
the tests carried out at the Glasgow multi-stafold) system,Configuration VI
Figure 6.28 where the technique was applied to a multi-sintgels system (i.e.
consisting of six single stacks connected at a comimorizontal drain pipe). The
combined test equipment was installed at Stackd3dastributed measurement points

were located at Floor 2 on each of the remainiagkst

Figures 6.33to 6.37show the system response measured at VPT2 fok $ietack 2,
Stack 4, Stack 5 and Stack 6, respectively, forstiected set of depleted traps (i.e. T8,
T10, T12 and T14 on Stack 1, Stack 4 and Stackn@; a5, T19, T23 and T27 on
Stack 2 and Stack 5). The system response obtdired these downstream
measurement points can be seen to have a condideraler amplitude than the input
transient waveFigure 6.31 which can be mainly attributed to the reflectiand
transmission effects of the numerous junctionsersed before arriving at the VPT2,
each of which attenuate the wave by an amount meted by the junction geometry,
Equations (2.12) and (2.13), respectively. Newess, the depleted trap seals can be
seen to generate a negative reflection in respomsthe applied positive pressure
transient that alters the system response at agpeeific to that trap. Although the

induced pressure drop is, in most cases, quitdesubée TRACER program was capable

of identifying the reflection return times;°*"", from the measured system response.

In some instances, however, to obtain an accuwteefortJ**""* the threshold level,

h, had to be reduced from 4 mm water gauge to ontyni water gauge; potentially

increasing the likelihood of false alarms.

The predicted depleted trap locations, estimatethbythree methods (i.8ethod A, B
andC) for every stack are presentedTiable 6.14together with the trap location errors
& Figure 6.38 compares the measured depleted trap locationn dgaievery stack,

with that predicted by each method. The followogiclusions can be made:

i. In general, the trap location errgrfor Method A increases with increasing trap
distance. Taking Stack 2 for example, the tra@tioa errore for trap T15

(i.e. X" = 3.9 m) is 6.0% which corresponds to a trap lacaéstimation error
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of 2.1 m. & continues to increase until for trap T27 (Xg\° = 15.9 m),sis

32.9% giving a trap location estimation error ofSLn.

For Method A the trap location error for Stack 2 and 5 (ie< 33%) is
considerably greater than that for Stack 1, 4 an@.e6 £ < 10.0%). This
difference is a function of th@nction effectand in particular, of the branch to
stack area ratio of each junction present withiohestack. The junctions in

Stack 2 and 5 consist of three identical pipes AbRnc{Astack= 1.0)and so from

Equations (2.12) and (2.13) the reflection coedfitiis C1"™" = -0.33 and the

transmission coefficient i€*"" = +0.67. However, for Stacks 1, 4 and 6,
where the junctions consist of a 50 mm diametendiraand a 100 mm diameter
stack (i.e Apranc/Astack = 0.3), CL""" = -0.11 andC}*"™" = +0.89. Therefore,
in Stacks 1, 4 and 6, as more of the incident teass transmitted forwards at
each junction, and less is reflected backwards,nthgnitude of the transient
arriving at the depleted trap is larger which,umt{ generates a larger returning
reflection which allows its arrival time to be mocéearly determined. The
effect of the different branch to stack area rai®<learly demonstrated in
Figure 6.38(a) Section 6.10 considers this point in more ddigifjuantifying
the influence on the trap location error of boté branch to stack area ratio and

the number of junctions traversed.

Method Bimproves the accuracy of the technique. Whiletthps located on
Stack 2 and 5 continue to have the highest traptitmt error (i.e.£ < 6.9%)
compared to Stacks 1, 4 and 6 (ie,e< 4.3%) the accuracy is considerably

improved oveMethod A

Method Ccontinues this trend, showing a further improvemeraccuracy with
Stacks 2 and 5 continuing to have the higher toaptlon error (i.e& < 4.6%)
compared with Stacks 1, 4 and 6 (e 2.0%).

These results have demonstrated that the reflecagd technique can be applied for the
detection and location of depleted trap seals ittirsimgle-stack systems, allowing the
status of all connected traps (in this case 11sjréo be determined from one system
test using only a single transient entry point amstributed measurement points (i.e.

one pressure transducer located at the base oféadional stack.
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Thejunction effectvas responsible for large trap location errorseolesd forMethod A
(i.e. £ < 33%), however, botiMethods BandC were capable of locating the depleted
traps with good accuracy¥ € 6.9% and 4.6%, respectively). These correspona to
maximum trap location estimation error of 2.4 m amdl m, respectively, which would,
at the very least, allow the depleted trap to eaed and located to the correct floor
on the correct stack. The majority of the restdtdMethods BandC, however, show a

far better trap location estimation error, with m the region of 0.1 m.
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Figure 6.33 Measured system response at VPT2 on 8kal showing effect of
depleted trap distance forConfiguration VIII (Transient generated at Stack 3).
Note: for clarity each pressure trace has been disatinued shortly after its
deviation from the defect free baseline.
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Figure 6.34 Measured system response at VPT2 on 8ka2 showing effect of
depleted trap distance forConfiguration VIII (Transient generated at Stack 3).
Note: for clarity each pressure trace has been disatinued shortly after its
deviation from the defect free baseline.
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Figure 6.35 Measured system response at VPT2 on 8ka4 showing effect of
depleted trap distance forConfiguration VIII (Transient generated at Stack 3).
Note: for clarity each pressure trace has been disatinued shortly after its
deviation from the defect free baseline.
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Figure 6.36 Measured system response at VPT2 on 8ka5 showing effect of
depleted trap distance forConfiguration VIII (Transient generated at Stack 3).
Note: for clarity each pressure trace has been disatinued shortly after its
deviation from the defect free baseline.
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Figure 6.37 Measured system response at VPT2 on &ka6 showing effect of
depleted trap distance forConfiguration VIII (Transient generated at Stack 3).
Note: for clarity each pressure trace has been disatinued shortly after its
deviation from the defect free baseline.

Table 6.14 Assessment of the depleted trap locatiohy the reflected wave

technique for Configuration VIII
generated at Stack 3)

using data measured at VPT2 (Transient

Measured trap
characteristicsfrom system

True trap location
and pipe period

AIRNET simulated trap
location and pipe period

Probed trap location
and pipe period

response Method A Method B Method C
No tgleasured Xgleasure ttDrue xgue € tSIRNET XSIRNET €s tgrobe Xgrobe €
() (m) (s) | (m) (s) (m) () (m)

S1/T8| 0.0332| 5.7 0.0245| 4.2 |4.3%| 0.0315 54 0.9%0.0327] 5.6 |0.39
S1/T10; 0.0577 9.9 0.0478| 8.2 |4.9%] 0.0618 10.6 | 2.0%0.0571 9.8 |0.3¢
S1/T12} 0.0898 15.4 ]0.0711] 12.2|9.1%] 0.0915 15.7 | 0.9%0.0892| 15.3 |0.39
S1/T14] 0.1143 19.6 ]0.0945| 16.2|9.7%] 0.1213 20.8 | 3.4%0.1137| 19.5 |0.39
S2/T15| 0.0350 6.0 0.0227| 3.9 [6.0%| 0.0367 6.3 0.9%0.0332] 5.7 |0.99
S2/T19| 0.0764 13.1 |]0.0461] 7.9 |14.999 0.0805 13.8 | 2.0%0.0758 13.0 |0.39
S2/T23] 0.1108 19.0 |]0.0694| 11.9|20.39%9 0.1143 196 | 1.7%0.1137| 19.5 |1.49
S2/T27) 0.1598 27.4 ]0.0927| 15.9|32.99 0.1458 25.0 | 6.9%0.1545| 26.5 |2.69
S4/T8| 0.0303| 5.2 0.0245| 4.2 (2.9%| 0.0315 54 0.69%0.0338| 5.8 |1.79
S4/T10; 0.0618 10.6 ]0.0478| 8.2 |6.9%] 0.0618 10.6 | 0.0%0.0577| 9.9 |2.09
S4/T12] 0.0863 14.8 ]0.0711] 12.2|7.4%] 0.0915 15.7 | 2.6%0.0886| 15.2 |1.19
S4/T14] 0.1125 19.3 ]0.0945| 16.2|8.9%] 0.1213 20.8 | 4.3%0.1108] 19.0 |0.99
S5/T15| 0.0426 7.3 0.0227| 3.9 [9.7%| 0.0367 6.3 2.9%0.0332| 5.7 |4.69
S5/T19] 0.0799 13.7 ]0.0461] 7.9 |16.699 0.0805 13.8 | 0.3%0.0770] 13.2 |1.49
S5/T23] 0.1201 20.6 |0.0694| 11.9|24.99 0.1143 19.6 | 2.9%0.1178 20.2 | 1.19
S5/T27] 0.1598 27.4 ]0.0927| 15.9|32.99 0.1458 25.0 | 6.9%0.1551] 26.6 |2.39
S6/T8| 0.0362| 6.2 0.0245| 4.2 |5.7%| 0.0315 54 2.39%0.0321 5.5 |2.09
S6/T10] 0.0641 11.0 ]0.0478| 8.2 |8.0%] 0.0618 10.6 | 1.1%0.0647| 11.1 |0.39
S6/T12] 0.0880 15.1 ]0.0711] 12.2|8.3%] 0.0915 15.7 | 1.7%0.0857| 14.7 | 1.19
S6/T14] 0.1149 19.7 ]0.0945| 16.2|10.099 0.1213 20.8 | 3.1%0.1120] 19.2 |1.49

When L = 35.0 m (the total stack height)
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Figure 6.38 Comparison of the measured and prediatiedepleted trap locations for
Configuration VIII using data measured at VPT2 on Stack 1, 2, 4, 5 &while the
transient was generated at Stack 3 (d)lethod A (b) Method Band (c)Method C
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6.8.4 Glasgow multi-stacKfield) system — blind test

The tests undertaken prior to the Glasgow instatlidtad concentrated on assessing the
accuracy of the reflected wave technique (and bigyaof the TRACER program) to
detect and locate a depleted trap of known posiihin the system. In the field,
however, the trap position will not previously beokn and the reflected wave

technique would be relied upon to determine itsiion.

As a challenge for the reflected wave techniqueraes ofblind testswere carried out
where, having obtained the defect free baselinehanthg previously uselMlethod Cto
determine each trap reflection return time, a tsapl was depleted by the project
technician at a location within the system whichswaknown to the author. The test
was then run and the system response measurecdhalydexd by the TRACER program.
Figure 6.39 shows an example of the system response recong@agdone of these
blind tests.
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Is D > h over calibration period? NO, trace 1is reliable.
Is D > h over test period? YES, t = 0.09 seconds.
Depleted trap location? T12 (Stack 4).

Figure 6.39 Result of blind test carried out in theGlasgow multi-stack (ield)
system showing the detection and location of the pieted trap T12 on Stack 4
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It can be seen that in this case the TRACER prodramidentified a change from the
defect free baseline which occurs at 0.09 secodgomatic cross-reference with the
trap reflection return times obtained usibMigthod Cidentify the true trap location of
T12 on Stack 4. During a separate series of l#sts, the project technician was again
asked to deplete a trap seal at a location unkrtowthe author. The test was run and
the system response measured and analysed by th€HRR program. The first test
detected no depleted trap within the system,F3gere 6.4Q The test was then re-run
for a second time and then a third time with nolekepl trap being detected during any
of the tests. About to concede that this blind tesd failed, the project technician
announced that he had in fact decided, as an elxéléenge, not to deplete any trap seal
during this test. Despite the best efforts ofdbéhor to detect a depleted trap which he
had mistakenly believed to be present within th&tesy, the reflected wave technique
continually confirmed that the system was defeeefr This result gave further

confidence in the reliability of this technique.
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Is D > h over calibration period? NO, trace 1is reliable.
Is D> h over test period? NO, system is defect free.

Figure 6.40 Result of blind test carried out in theGlasgow multi-stack (ield)
system showing the system to be defect free
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6.8.5 Summary

The data collected during the Glasgdvel(l) system trials have not only allowed the
reflected wave technique to be trialled and testtin a fully operational building
which was not under the direct control of the irigegors, but also allowed the
performance of the technique to be investigatedsimtems consisting of differing

junction configurations, and allowed the operatiagge of the technique to be tested.

Analysis of the measured system response datag hdathodA, has shown that the
resultant trap location error is considerably higimethe data collected from the wc
stacks (Stacks 2 and 5) than that collected framntash-hand-basin stacks (Stacks 1, 3,
4 and 6). This difference has been attributedhéodifferent branch to stack area ratios
present in each of the two stacks and the diffedantpening effect that each junction
type has on the waveform of the transient leadidigeewhich, in turn, is dependant

upon their respective reflection and transmissiefficients.

As the largest system tested during these invegiigga the Glasgowfield) system has

demonstrated that the reflected wave techniqudféstave in detecting and locating
depleted trap seals in large multi-stack systegotal of 6 single-stacks (including a
total of 112 connected appliances) have been ssittlysmonitored using the reflected

wave technique giving scope for its applicatiotairge complex buildings.

A series of blind tests have shown that the reglgcivave technique successfully
identifies the correct location of a depleted tafpan unknown location within the
system. It has been demonstrated that the reflegtere technique can be relied upon

to confirm the correct system condition, even & fystem is defect free.
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6.9 System boundary effects on the measured system resyse

This section evaluates the influence that differemstem boundaries have on the
propagation of the incident transient wave and,tum, on the measured system
response. Successful application of the reflestedre technique requires a clear
understanding of the effect of system boundariesntble an accurate interpretation of
the important information contained within the gystresponse. This will become
particularly important when system modificationg grerformed (which may include
the addition or removal of appliances, or the isia of pressure control devices)

which will alter the defect free baseline.

Experimental and numerical studies were carriedtoutentify the effects of three

system boundaries which are common to building ndige systems: branch/trap
diameter, air admittance valves (AAVS), and positair pressure attenuators (PAPAS).
Attention is given to how these boundaries alter diefect free baseline and whether
they can affect the successful application of tb#ected wave technique. To aid
analysis the system configurations details preWours Chapter 5 have been repeated

here inFigure 6.41

6.9.1 The effect of branch/trap diameter

Using the HWU 2 lg@boratory) system,Configuration 1X(a-f)(Figure 6.41), data was
collected to evaluate the effect that the addibb@a single side branch would have on
the measured system response. The inclusioniokabsanch creates a 3-pipe junction
within the stack. Different branch diameters, camnnto the building drainage system
(i.,e. 32 mm, 40 mm, 50 mm, 75 mm and 100 mm), wes¢ed. Each branch was
terminated with a trap of the same diameter. Test® carried out first using a fully
primed trap (so that the effect of the junction metry could be analysed) and then by
using a depleted trap (so that the effect of th@aded trap diameter could be analysed).

6.9.1.1 Side branch terminated with a fully primed trap
Figure 6.42 shows the effect that the new junction has on tleasured pressure
response when compared with the pressure respoitiseutvany side branch (stack
only). It can be seen that a reflection is gemerdty the junction, in response to the
applied pressure transient. The magnitude of thecten increases as the diameter of
the side branch increases (relative to the bramt¢he stack area ratiByranc{Astacy). A
similar relationship can be seen kigure 6.43 which shows the simulated pressure
response modelled using AIRNET.
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VPT 1 VPT 1 VPT 1 VPT 1 VPT 1 VPT 1
> > > > > >

—UTL
— U T2®
/l) T3§
— U T4
/U T5§
IX(a) IX(b) IX(c) IX(d) IX(e) IX(f)
VPT 1 VPT 1
> > >
E
PAPA = AAV
— U T2 — U T2 — U T2
— U T3* — U T3* — U T3*
U T4* U T4* —\U T4*
— U T5* — U T5* — U T5*
X(a) X(b) X(c)
Notes
1. All pipes are uPVC.
2. The stacks are 100 mm diameter.
3. All branches are 1.2 m long and are spaced at 2mniers
4. Sbranch/trap diameters of 32 mm, 40 mm, 50 mm, #band
100 mm investigated at each location.
5. *branch/trap diameter of 100 mm.

Figure 6.41 The HWU 2 [aboratory) system showing each configuration tested.
Shown previously in Figure 5.40 but repeated hereof convenience.
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Figure 6.42 Comparison of the measured system
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Figure 6.43 Comparison of the system response @bnfiguration IX(a-f) simulated
using AIRNET for a new junction at T1 showing the &ect of side branch diameter
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Equations (2.12) and (2.13) define the reflectiog™™™ and transmissiorC/*"*""

coefficients, respectively, for a junction, allogithe magnitude of both the reflected
wave,dpr, and transmitted wavelpr, to be determined for any number and diameter

of connecting pipes, when the magnitude of thederti wave 4p;, is known.

The reflection coefficient can also be definedresratio of the reflected wavdpg, to

the incident wavep;:

C junction - ApR

proen = 0 62)
and agAp, | =|Ap; | +|Apg| this yields:
‘C_Ijunction - 1_‘Céunction (63)

Table 6.15 and Figure 6.44 compare the reflection and transmission coeffisien

calculated theoretically from Equations (2.12) §2d 3) with those calculated from the

unction

experimental data (i.eChiyxp and Cliie, respectively) and the simulated data (i.e.

Caamen and ClvRL, | respectively) using Equations (6.2) and (6.3).

As branch to stack area ratio increases (i.e. @abtanch diameter increases in relation

to the stack diameteig '™ can be seen to increase with a corresponding alee raf

cluieton - This is observed in both the experimental amdukited data, both of which

correspond well with the theoretical values.

As confirmed by Wood and Chao (1971), the common$ed relationships for
transmission and reflection characteristics of fues waves at pipe junctions
(Equations (2.12) and (2.13)) which neglect piperdation and concentrated losses at
the junction and which are primarily based on awdés of the connected pipes are

adequate for describing air pressure propagatisgstém junctions.
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Table 6.15 Validation of Equations (2.12) and (2.)3using experimental and
simulated data

junction junction EXP EXP junction junction AIRNET AIRNET junction junction
@ |C, O Ap AP | Criex) | Criexey | AP, Apg CreaRNET) | CT (ARNET)

(mm) Eqn. (2.12) Egn. (2.13] (mm wg)| (mm wg)| Eqn. (6.2)| Eqgn. (6.3)] (mm wg) (mm wg) Eqn. (6.2)| Eqgn. (6.3)

32| 0.05 0.95 |19.978 1.292| 0.06 0.94 | 23.980 1.280 0.05 0.95
40| 0.07 0.93 |19.978 1.786| 0.09 0.91 | 23.980 1.970 0.08 0.92
50| 0.11 0.89 |19.978| 2.418| 0.12 0.88 | 23.980 2.940 0.12 0.88
75| 0.22 0.78 ]19.978| 4.230( 0.21 0.79 | 23.980 5.567 0.23 0.77
100 0.33 0.67 |19.978| 6.595| 0.33 0.67 | 23.980 8.345 0.35 0.65
1
0.8 A
S 06
8 junction junction
= Cereten] + | pmeten| = 1
O o4/
0.2 A
0
s i
§ -0.2
4
@)
-0.4

Abrancr{Astack

junction junction junction junction junction junction
| JO 0 Criexp  OCiiarnery M CJ B Crexp 2 CriARNED

Figure 6.44 Validation of Equations (2.12) and (23) using experimental and
simulated data showing influence of branch to staclrea ratio on the transmission
and reflection coefficients at a three-pipe junctia
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6.9.1.2 Side branch terminated with a depleted trap

System junctions alter the propagating pressuresigat and, therefore, the consequent
measured system response due to the transmissibrefi@ction process which takes

place. When preceded by a junction, the reflectieturned by a depleted trap is

dependant upon the reflection and transmissionficaefts at that junction, as these

decide not only what proportion of the incident waurives at that trap, but also what
proportion is consequently returned back to thesmeament point.

Figure 6.45 compares the measured system responseCdmfiguration IX(a & b)
(Figure 6.41) with a depleted trap at T1 for each side brani@mdter. The trap
induced reflection shows a very clear decrease dettreasing side branch diameter
(i.e. the smallest trap induced reflection is gatest by the 32 mm trap, while the

largest is generated by the 100 mm trap).

A similar relationship can be seenhigure 6.46 which shows the simulated pressure
response modelled using AIRNET. The reason thdleshaliameter trap generates the
smallest reflection, despite receiving the largasiportion of the transmitted incident
wave at the junction (Equations (2.12) and (2.18)) be explained by the following

example.
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Figure 6.45 Comparison of the measured system

Time (seconds)

respge at VPT1

on

Configuration 1X(a-f) for a depleted trap at T1 showing the effect of tp diameter
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Figure 6.46 Comparison of the system response Gbnfiguration IX(a-f) simulated
using AIRNET for a depleted trap at T1 showing theeffect of trap diameter
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Consider a junction created by a 100 mm stack a3 anm side branch. If the
propagation of the transient towards the trap scdeed asStage A and the return of
the reflected transient away from the trapStage B Figure 6.47, and by using
Equations (2.12) and (2.13) to predict the reftacttiand transmission coefficients
respectively, it is apparent that, duri@tage Aon approaching the junction from pipe 1

(the index pipe), 95% of the incident transientremsmitted into pipes 2 and 3 (the

receiving pipes), while only 5% is reflected badkng pipe 1 €A = -0.05 and
CT"LEQ\C)“"“ = +0.95). DuringStage Bhowever, pipe 3 becomes the index pipe and dipes

and 2 the receiving pipes. Therefore, only 10%heftrap induced reflection (now only

95% of the incident wave) is transmitted into pifgeand 2, while the remaining 90% is

reflected back along pipe Lfi™ = -0.9 andcly™ = +0.1). The re-reflected

transient (now only 95% x 90% = 86% of the origimatident wave) travels back
towards the depleted trap for a second time whei® again reflected. This process
continues, with the transient propagating back #orth within pipe 3 (each time
reducing by 10% as part is transmitted into pipesd 2), having beemappedwithin

the branch, until it completely dissipates. Cosedr, a junction created by identical
pipes (i.e. all 100 mm diameter) permits, durBitgge A67% of the incident transient
wave to be transmitted into pipes 2 and 3, whil&38 reflected back along pipe 1
(Cis™ = -0.33 andc}{y* = +0.67). During Stage B 67% of the trap induced
reflection (now only 67% of the incident wave) liartsmitted into pipes 1 and 2, while
the remaining 33% is reflected back along pip€elBe transient again propagates back
and forth within pipe 3, each time reducing by 38%opart is transmitted into pipes 1

and 2, until it completely dissipates.

Pipe 2 Pipe 2
=N

ApT

X i
T

o ypipes = quypipeg
T

Apr Apr

Ap
N——" N——
Pipe 1 Pipe 1

Figure 6.47 Stage A and Stage B of the transientftection at a junction
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So, even though the 32 mm trap receives a larggroption of the incident wave than
any other trap (i.ecl{5™" = 95%) this does not lead to a correspondinglgédatrap
induced measured reflection as only a small propo«f this reflected wave is initially
transmitted back through the junction towards theasarement point (i.ecT"Légc)“"“ =

10%). On the other hand, the 100 mm trap, whiceives the smallest proportion of

the incident wave (i.eCTjLE'l\C)“O“ = 66%) generates the largest trap induced reflecis a

larger proportion is initially transmitted back dligh the junction towards the

measurement point (i.&€ g™ = 66%). The magnitude of the trap induced reitect

initially transmitted back towards the measuremenoint can be determined by

combiningc{x™" and c}{g*" such that:

junction _ ~ junction junction
Criare) =Crm *Crg

when cliier is the combined transmission coefficienfTable 6.16 presents the

combined transmission coefficients for each sidabin diameter combination.

Table 6.16 The resultant combined transmission cogfient for a pressure
transient propagating a junction during both Stage Aand Stage B

junction junction junction
DBstack | Doranch | AvrancAstack | Cr (a) Cre) Cr(arB)

(mm) | (mm)

100 32 0.10 0.95 0.10 0.095
100 40 0.16 0.93 0.15 0.140
100 50 0.25 0.89 0.22 0.196
100 75 0.56 0.78 0.44 0.343
100 100 1.00 0.67 0.67 0.449

6.9.1.3 Effect of branch/trap diameter on reflected wavel@ique accuracy

To assess if the diameter of the side branch/teapdn effect on the accuracy of the
reflected wave technique the data gathered duhieditVU 2 (aboratory) system tests,
Configuration IX(a-f) (Figure 6.41) were analysed using the TRACER program to
determine the return time of the trap induced o#iteé. A comparison of the true and
measured trap locations was conducted uBlathod Aas this allowed the effect of side
branch/trap diameter to be easily identifiedlable 6.17 compares the results of the
selected side branch diameters (i.e. 32 mm, 40 5@mwmm, 75 mm and 100 mm) for
five branch locations (i.e. trap T1 to T5).
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Table 6.17 Assessment of the side branch/trap diatee on the accuracy of the
reflected wave technique usingonfiguration 1X(a-f)

Measured trap characteristics from system | True trap location and pipe period
response Method A
Tr_ap No. AbranCHAstack tgleasured X Ir)neasured ttDrue X gue €
/diameter (s) (m) (s) (m)
T1/32 0.1 0.0520 8.92 3.8%
T1/40 0.2 0.0500 8.58 2.3%
T1/50 0.3 0.0500 8.58 0.0468 8.03 2.3%
T1/75 0.6 0.0480 8.23 0.8%
T1/100 1.0 0.0480 8.23 0.8%
T2/32 0.1 0.0720 12.35 4.6%
T2/40 0.2 0.0720 12.35 4.6%
T2/50 0.3 0.0700 12.01 0.0657 11.26 3.2%
T2/75 0.6 0.0680 11.66 1.7%
T2/100 1.0 0.0680| 11.66 1.7%
T3/32 0.1 0.0900 15.44 4.0%
T3/40 0.2 0.0900 15.44 4.0%
T3/50 0.3 0.0880 15.09 0.0845 14.49 2.5%
T3/75 0.6 0.0880 15.09 2.5%
T3/100 1.0 0.0880| 15.09 2.5%
T4/32 0.1 0.1100 18.87 4.9%
T4/40 0.2 0.1080 18.52 3.4%
T4/50 0.3 0.1080 18.52 0.1033 17.72 3.4%
T4I75 0.6 0.1060 18.18 1.9%
T4/100 1.0 0.1060| 18.18 1.9%
T5/32 0.1 0.1280 21.95 4.2%
T5/40 0.2 0.1280 21.95 4.2%
T5/50 0.3 0.1280 21.95 0.1222 20.95 4.2%
T5/75 0.6 0.1260 21.61 2.8%
T5/100 1.0 0.1260| 21.61 2.8%

X measured __ X true
D D
L
When L = 23.6 m (the total stack height)

Ep=

The trap can be seen to be more easily detected wheas a larger diameter. In each
case, the trap location error for the 32 mm diametp (i.e.e = 3.8% to 4.9%) is

higher than that measured for the 100 mm diameder (i.e.e = 0.8% to 2.8%) which

equates, in some instances, to a difference of@% (rap location estimation error of
0.69 m). This is consistent with the earlier olsagion in Section 6.9.1.2 which showed
that the larger the branch to stack area ratio {he larger the branch diameter in
relation to the stack diameter) the larger therretd trap induced reflection. Thus, the
larger the returned reflection, the easier its tiofiearrival can be determined as the

reflection is shaper and clearer, therefore, impgthe trap location error.
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6.9.2 The effect of a PAPA installed within the system

Using the HWU 2 laboratory) system,Configurations X(a)and X(b) (Figure 6.41),
data was collected to evaluate the effect thairtbtallation of a PAPA would have on
the measured system response and whether theiarclossuch a device would have
any impact on the accuracy of the reflected wawhrgue. Designed to alleviate
positive air pressure transients, the PAPA provigesssure transient control by
providing an extra control volume to which the simt airflow can be diverted under
positive pressure conditions. The diverted airflmvabsorbed by the flexible bag
within the PAPA which reduces the rate of changehef flow velocity (one of the
fundamental objectives of transient control) whalwing the flow to be maintained,
thereby providing flow deceleration and avoidingogmgation of large pressure
transients. Until the accumulated air inflow reaxlthe capacity of the flexible bag, the

transient is discharged to a constant pressure zone

First, to provide a point of comparison, the syst&sponse was measured for each
depleted trap (i.e. trap T1 to T5) for the systeithwo PAPA installed@onfiguration
X(a) in Figure 6.41). As expected, the measured system respdrigare 6.48(a)
confirms the presence of each depleted trap bynithéced reflection which alters the
system response from the defect free baselindiateaspecific to the location of each
trap within the system. A PAPA was then instalEdT1, replacing the trap at this
location Configuration X(b)in Figure 6.41). The PAPA can be seen to induce a
reflection similar to that generated by the depleteap at T1 when no PAPA was
installed,Figure 6.46(b) The reflection return time can be seen to batidal for both
the PAPA and the depleted trap. The only diffeeeiscthat the reflection generated by
the PAPA is of slightly lower magnitude than thahgrated by the depleted trap.

Depleted traps were then introduced at traps TPStavhile the PAPA was installed at
T1, Figure 6.48(c) The defect free baseline was replaced by thespre response of
the defect free system with the PAPA at T1 freigure 6.48(b) This ensures that the
effect of the boundary condition created by the RA® incorporated into the defect
free baseline which, as the reflected wave teclenptects and locates depleted traps
by searching for a change to the system boundargliton, prevents the PAPA being
mistaken for a depleted trap. In each case, thgninale of the induced reflection is
now considerably smaller than that observed whePABA was installed, compare
Figure 6.48(a)andFigure 6.48(c)
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The reducing effect that the PAPA has on the magdeibf the reflection induced by the
depleted traps - although problematic in regardhi success of the reflected wave
technique - is testimony to the effective operatainthis pressure control device.
Displaying similar reflective characteristics as apen ended pipe, the PAPA
effectively allows the airflow to leave the staakder positive pressure conditions (only
returning to the stack once a negative pressurenees established), thus attenuating
this portion of the diverted transient and removinffom the final system response.
The magnitude of the returning reflection is, there, reduced by the proportion of the
transient which igostto the PAPA during both the outward and returningppgation.
As the junction to the PAPA consists of three idaitpipes, from Equation (2.13), two

thirds of the transient is lost in this way (i@""" = +0.67).

The tests were simulated using the AIRNET prograAgain, for comparison, the
system was first simulated without the PAPA inst@Figure 6.49(a) The simulated
data matches closely with that derived from thel regstem, Figure 6.48(a).
Figure 6.49(b) compares the simulated defect free baseline ftn tbee system with
and without the PAPA installed together with theteyn response for a depleted trap at
T1 without the PAPA installed. As observed frome tlreal system data,
Figure 6.48 (b) the PAPA induces a negative reflection in theedefree baseline.
However, the simulation shows this reflection totchaexactly that generated by the
depleted trap at T1 when no PAPA was installedis Tmscrepancy between the real
system data and the simulated data suggests thmpissn that the pressure within the
PAPA matches atmospheric pressure (Swafildl. 2005) which effectively provides
similar conditions at the PAPA as at a depletep {@ open end), as discussed in
Section 3.6.6.2, was overly simplistic and thatfaict, the pressure within the PAPA is
slightly higher than atmospheric pressure. It igwith the scope of this work to
establish a more accurate description of the bayndandition of the PAPA. In any
case, for the purposes of this investigation, tsumption that the pressure within the

flexible bag matches atmospheric pressure is a gpptbximation.

Figure 6.49(c)shows the simulated pressure response for depletpd at T2 to T5
while the PAPA was installed at T1. Again, theadtffree baseline was replaced by the
pressure response of the defect free system watfP&PA at T1 fronfFigure 6.49(b)
ComparingFigure 6.49(c)with Figure 6.48(c)it can be seen that the simulated data
correlates well with the real system data, showiresame reduction in the magnitude
of the depleted trap induced reflection due toRAA installed at T1.
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Figure 6.48 The impact of a PAPA: (a) system respge for depleted traps T1 to T5
with no PAPA,; (b) impact of installing a PAPA at T1, (c) system response for
depleted traps T2 to T5 with PAPA installed at T1.Note: for clarity each pressure
trace has been discontinued shortly after its devtan from the defect free baseline.
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Figure 6.49 The impact of a PAPA using AIRNET: (a)the system response for
depleted traps T1 to T5 with no PAPA; (b) impact ofinstalling a PAPA at T1; (c)
the system response for depleted traps T2 to T5 WitPAPA installed at T1. Note:
for clarity each pressure trace has been discontired shortly after its deviation
from the defect free baseline.
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6.9.2.1 Effect of a PAPA on the accuracy of the reflectedwve technique

To assess if the inclusion of a PAPA has an effadihe accuracy of the reflected wave
technigue the data gathered during the HWU I8bdratory) system tests,
Configurations X(b)(Figure 6.41) were analysed using the TRACER program to

determine the return time of the trap induced otifbm. Table 6.18 compares the
measured depleted trap locatdfe*""*’, determined using/lethod A for the system

with and without the PAPA installed. The inclusiohthe PAPA does in fact reduce
the accuracy of the reflected wave technique. &ample, when no PAPA was
installed the trap location error ranges from 118°4.4%, respectively, for traps T2 to
T5 (increasing with trap distance). However, wihiem PAPA was installed at T1, the
trap location error ranges from 3.1% to 11.7% (agacreasing with trap distance).
Inclusion of the PAPA substantially increases ttag tlocation error as it reduces the
magnitude of the trap induced reflection, whictium reduces both the sharpness of the

returned reflection and the accuracy to whichtitige of arrival can be determined.

This will not be so great a problem when the PARAnstalled downstream of all
connected traps (i.e. when the PAPA is installethatbottom of the drainage stack,
which is the most likely position as positive treamés are generated by stack base
surcharge) and the transient entry device is lacatehe top of the stack, however, in
certain circumstances when a PAPA may be locatedhapheight of the stack to
alleviate major transient problems, the effectie=nef the reflected wave technique

may be compromised.

Table 6.18 Investigating the impact of a PAPA on th accuracy of the reflected
wave technique by comparing the measured trap locein for the system with and
without a PAPA installed at T1 using laboratory daga

T locati q Measured systenresponsd Measured system responsg
rue trap location and | i ho PAPA installed | with PAPA installed at T1

pipe period Method A Method A
d d
SA tgleasure x Ir)neasure

(s) (m) (s) (m) (s) (m)
T1| 0.0468| 8.03 | 00478 8.2 |0.7%| PAPAinstalled atT1
T2 | 0.0657| 11.26 | 0.0682| 11.7 |1.9%| 0.0700| 120 |3.1%
T3 | 0.0845| 14.49 | 0.0880 | 15.1 [2.6%| 0.0921| 158 |5.6%
T4 | 0.1033| 17.72 | 0.1079| 185 [3.3%| 0.1120| 19.2 |6.3%
T5 | 0.1222] 20.95 | 0.1283] 22.0 [4.4%| 0.1382| 23.7 [11.7%

true true measured measured
No tD X D tD X D En

measured true
X D X D

Ep = L
When L = 23.6 m (the total stack height)
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6.9.3 The effect of an air admittance valve installed tinh the system

Using the HWU 2 la@boratory) system,Configurations X(a) an(c) (Figure 6.41),
data was collected to evaluate the effect thatrtllation of an AAV would have on
the measured system response and whether theiarclossuch a device would have
any impact on the accuracy of the reflected waehrtigjue. First, the system response
was measured for each depleted trap (i.e. trapol'TH) with no AAV installed
(Configuration X(a)n Figure 6.41). This is, of course, identical to the tests utaden

in Section 6.9.2 for the system with no PAPA irstl but is reproduced in

Figure 6.50(a)for ease of comparison.

An AAV was then installed at T1, replacing the tedghis locationConfiguration X(c)

in Figure 6.41). Figure 6.50(b) shows the pressure response of the system with and
without the AAV installed at T1. A positive reflgen can be seen to occur at
0.084 seconds by the inclusion of the AAV, howevtRis does not coincide with the
pipe period of the AAV which, at a distance of 8.08, is 0.047 seconds
(i.,e. (2 x 8.03)/343). An explanation of the effexf the AAV can be derived by
considering the known reflection coefficients reggngting the system boundaries and

the AAV operation.

Assuming quiescent conditions within the systenomio testing, the diaphragm within
the AAV would have been initially closed. As thausoidal transient arrives at the
AAV, the diaphragm remains closed as the leadirggeaf the transient has a positive
pressure, due to the initial forwards movementhef piston exciter. As the diaphragm
remains closed it displays similar reflection cleéeastics to a fully primed trap —
having a +1 reflection coefficient and thus genetpta positive reflection — which
explains why the system remains unchanged at gfeepg@riod of the AAV. Only when
the pressure at the AAV reaches its opening thitdsiaes the diaphragm open to allow
airflow into the system. The opening threshold floe AAV used in these tests is
unknown, however, previous investigations by Swekdfiand Campbell (1992) have
shown that the opening threshold can range fronvdsat -5 to -10 mm water gauge for
various types of AAV. Taking the mean of theseaasapproximation, an opening
threshold of -7.5 mm water gauge will be assumeéle time that the pressure reaches
this opening threshold is 0.037 seconds and savialp for the time taken for this
opening threshold pressure to arrive at the AAVrdikected by this partially open end
with a reflection coefficient > -1, and for the legftion to be returned, gives a reflection

return time of 0.084 seconds (0.047 seconds + 0s@8@nds) which corresponds with
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the observed reflection return time kgure 6.50(b) The reflection appears as a

positive reflection as it represents a negativiecébn of a negative pressure wave.

Depleted traps were then introduced at traps TEStavhile the AAV was installed at
T1. Figure 6.50(c)shows the resultant measured system responses.déflct free
baseline was replaced by the system response afefleet free system with the AAV
installed at T1, fronFigure 6.50(b) to ensure that the effect of the AAV boundary
condition was incorporated into the defect freeebas and that it would not be
mistaken for a defect. It can be seen fieigure 6.50(c)that, with the AAV installed
at T1, the magnitude of the depleted trap induedldction is considerably smaller than
when there was no AAV installed. This can be exgd by the principle of pressure
wave superposition. The positive reflection indlidy the AAV combines with the
negative reflection induced by the depleted trapsviding a net decrease in the

measured reflection from the open trap.

The tests were then simulated using the AIRNET anog First, for comparison, the
system was simulated without the AAV installéiigure 6.51(a) An AAV was then
installed at T1 andrigure 6.51(b) compares the simulated pressure response of the
system with and without the AAV. As was observedrly the laboratory experiments,
a positive reflection occurs due to the inclusidntlee AAV. It should be noted,
however, that the arrival time and magnitude of ti@flection differs from the system
response measured in the laboratory. A likely axalion for this discrepancy is that
the opening threshold and the loss coeffici€énised in the AAV boundary condition
descriptions, Equations (3.34) and (3.35), withie AIRNET program do not match
that of the AAV used during the laboratory tesSIRNET contains the characteristic
boundary condition equations for three types of AAderived by Swaffield and
Campbell, 1992) an#ligure 6.51(b)shows the response to the AAV that most closely

matches the laboratory tests.

Figure 6.51(c)shows the simulated pressure response for depletpd at T2 to T5

with the AAV installed at T1. As was the procedwi¢h the previous tests, the defect
free baseline was replaced by the pressure resmdribe defect free system with the
AAYV installed at T1. As observed during the laliorg investigation, the presence of
the AAV has the effect of reducing the magnitude tio¢ depleted trap induced
reflection, however, the extent of the reductionldss due to the smaller positive

reflection induced by the AAV in the simulation whicombines with the reflection.
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Figure 6.50 The impact of an AAV: (a) system respae for depleted traps T1 to T5
with no AAV; (b) impact of installing an AAV at T1; (c) system response for
depleted traps T2 to T5 with AAV installed at T1. Note: for clarity each pressure

trace has been discontinued shortly after its devtan from the defect free baseline.
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Figure 6.51 The impact of an AAV using AIRNET: (a)the system response for
depleted traps T1 to T5 with no AAV; (b) impact ofinstalling an AAV at T1; (c)
the system response for depleted traps T2 to T5 wkitan AAV installed at T1.
Note: for clarity each pressure trace has been disatinued shortly after its
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6.9.3.1 Effect of AAV on the accuracy of the reflected wateehnique
To investigate if the inclusion of an AAV would feany impact on the accuracy of the
reflected wave technique the data gathered duneditVU 2 (aboratory) system tests,
Configuration X(c) were analysed using the TRACER prografable 6.19compares

the measured depleted trap locafioff*"*, determined usingviethod A for the

system with and without an AAV installed at T1 tdger with the trap location errar
The trap location error for trap T2 for the systeith the AAV matches exactly that for
the system without the AAV (i.&= 1.9%). For traps T3, T4 and T5, however, the tr
location error is considerably greater when the Ai&\installed (i.e. increasing from

= 2.6% to 6.8% for T3; fronz = 3.3% to 8.0% for T4; and from= 4.4% to 8.7% for
T5). The reason that T2 is not affected by théallegion of the AAV is that the AAV
induced reflection does not affect the system nespantil after the pipe period of this
trap and, therefore, the trap induced reflectionai@s unchanged. The pipe periods of

traps T3, T4 and T5, however, all occur after tid/Anduced reflection is returned.

The inclusion of an AAV within the system may, tifere, affect the accuracy of the
reflected wave technique by effectively reducing thagnitude of the depleted trap
induced reflection which consequently affects thecusate identification of the

reflection return time. However, there would bedifect when the AAV is used as a
stack termination as, in the case of a single ssgskem, the termination will be closed
off during the test, and for a multi-stack systeach AAV will be downstream of any
connected trap. Problems may only arise if AAVe licated at various locations
throughout the system itself.

Table 6.19 Investigating the impact of an AAV on tk accuracy of the reflected

wave technique by comparing the measured trap locein for the system with and
without an AAV installed at T1 using laboratory data

1%

True trap locati q Measuredsystem respons| Measured system respons
rue trap location an with no AAV installed | with AAV installed at T1

pipe period Method A Method A
d d
SA tgleasure x Ir)neasure

(s) (m) (s) (m) (s) (m)
T1)| 00468| 80 [ 00478 82 |0.7%| AAVinstalled atT1

T2 | 00657 11.3 | 0.0682| 11.7 |1.9%| 0.0682| 11.7 |1.9%
T3 | 0.0845| 145 | 0.0880| 15.1 [2.6%| 0.0939| 16.1 |6.8%
T4 | 0.1033| 17.7 | 0.1079| 185 [3.3%| 0.1143| 19.6 |8.0%
T5 | 0.1222| 21.0 | 0.1283] 22.0 [4.4%| 0.1341| 230 |8.7%

true true measured measured
No tD X D tD X D €A

measured true
X D X D

Ep = L
When L = 23.6 m (the total stack height)
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6.10 Quantifying the junction effect

Throughout this chapter thginction effecthas been shown to have a significant
influence over the trap location error. Tjnaction effecintroduces a perceived delay
in the arrival time of the depleted trap inducedleaion which generates a
corresponding overestimation of the depleted togption. The results have shown that
the extent of this overestimation is a functiorboth the numbem, and branch to stack
area ratioAprancAstack Of €ach of the individual junctions passed adthesient travels
to and returns from the trap. This section aimgywantify the influence of these

parameters allowing the overestimation of the deplérap location to be predicted.

Having already demonstrated excellent correlatiath weal system data collected
during both the laboratory experiments and thelfigals, the AIRNET model was used
to help quantify thgunction effectin this investigation. The simple system shown
previously inFigure 6.6(a)was used again here. Starting with all pipess&00 mm
diameter AprancAstack = 1.0) the system response was simulated firsketermine the
defect free baseline and then to determine theonsspfor each of the fourteen depleted
traps in turn. The branches were then reduce® tmm diameterApranc{Astack = 0.56),

50 mm diameterApranciAstack = 0.25), 40 mm diameteAfrancdAstack= 0.16) and 32 mm
diameter Apranc{Astack= 0.1) in turn. Table 6.20compares the trap location errerfor
each branch to stack area ratio tested and foy exenber of junctions traversed by the
incident transient.

Table 6.20Comparison of the effect of branch to stack area @ and junction
number on the trap location error as simulated usig AIRNET

No. of Abranch/Astack Abranch/Astack Abranct/Astack Abranct/Astack Abranct/Astack
junctions =1.0 =0.56 =0.25 =0.16 =0.1
traversed,| & § & § & § & § & §

n ) | ) | ) | (%) | (%) | ) | (%) | (%) | () | (%)

1 0.000 | 0.000 | 0.000 | 0.000] 0.000 | 0.000| 0.000 | 0.000| 0.000 | 0.000
2 0.103 | 0.052 | 0.103 | 0.052] 0.103 | 0.052 | 0.213 | 0.106 | 0.213 | 0.106
3 0.316 | 0.105] 0.316 | 0.105] 0.316 | 0.105] 0.316 | 0.105| 0.316 | 0.105
4 0.748 | 0.187] 0.529 | 0.132] 0.529 | 0.132] 0.529 | 0.132 | 0.529 | 0.132
5 4.142 | 0.828 | 0.852 | 0.170| 0.742 | 0.148 | 0.742 | 0.148] 0.852 | 0.170
6 4.903 | 0.817] 1.284 | 0.214] 0.955 | 0.159 ] 0.955 | 0.159] 0.955| 0.159
7 5445| 0.778] 4458 | 0.637] 1.277| 0.182] 1.168 | 0.167| 1.168 | 0.167
8 8.839 | 1.105] 5.000 | 0.625] 1.600 | 0.200] 1.490 | 0.186 | 1.490 | 0.186
9 9.490 | 1.054 ] 5432 | 0.604] 1.923 | 0.214] 1.703 | 0.189 | 1.594 | 0.177
10 10.581| 1.058 | 5.865 | 0.586 | 2.465 | 0.246 | 2.026 | 0.203 | 1.916 | 0.192
11 13.535| 1.230 | 6.626 | 0.602 | 4.871 | 0.443 | 2.239 | 0.204 | 2.129 | 0.194
12 14.297] 1.191] 9.361 | 0.780 | 5.303 | 0.442 | 2.452 | 0.204 | 2.452 | 0.204
13 16.813| 1.293 ] 10.013| 0.770 | 5.845 | 0.450 | 3.432 | 0.264 | 2.665 | 0.205
14 18.232| 1.302 | 10.555| 0.754 | 6.168 | 0.441 | 4.194 | 0.300 | 3.206 | 0.229
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As expected, the results show tlgahcreases as the number of junctions traversed by
the incident transient increases. This has besmranon finding throughout all of the

laboratory investigations and field trials.

Additionally, as observed during the field triaisaissed in Section 6.8.8js larger for
higher values oy anc{Astack Taking the case whem = 14 as an example, then if
Apranc{Astack = 1.0 the trap location errar = 18.232%, however, Whefyranc{Astack =
0.56 the trap location error dropsde 10.555% and wheByranc{Astack = 0.25 the trap
location error drops again = 6.168%, and so on. Despite having demonstiated
Section 6.9.1, when considering the effect of glsinunction, that lower values of
AprancHAstack Feturned smaller magnitude reflections and weres tresponsible for a
small increase in values &f when a system contains many junctions with avale

of Auranc{Astack the overall significance of thenction effects reduced. This is due to
the fact that whed\yranc{Astack IS l10W a larger proportion of the transient isngmitted
forwards throughout the system. Tjumction effectis therefore most significant in
systems with junctions of equal diameter (Rganc{Astack = 1.0) as this type of junction
transmits a smaller proportion of the transienbté\that in current drainage design the
possibility that the branch would have a greatamditer than the main stack may be

discounted.

Furthermore, by calculating the individual junctiemor, g, (§ = &n) it can be seen that
as the number of junctions increasgsincreases progressively. For example, when
AprancAstack = 1.0 andh = 3, £= 0.316% and; = 0.105%. However, wheyranci{ Astack

= 1.0 andn = 14, £ = 18.232% and; = 1.293%. It is, therefore, shown that as the
number of junctions traversed by the incident tiemtsbecomes larger, the effect of
each junction on the overestimation of the depletegh location becomes more
significant, with each junction encountered beittglauted a higher contributory error
value. When the number of junctions within thetegsis increased by one, the number
of reflections and re-reflections generated asaltef this new junction is increased by
a factor many times higher — dependant upon thebeunof reflective boundary
conditions present within the system — which togettontribute to a higher increase in
the dampening effect of the waveform and thus amee the perceived reflection arrival

time and results in an increased trap locationrgreo trap.

Figure 6.52, which provides a graphical representation of the resuls, be used in

conjunction withTable 6.20to estimate the influence of thnction effecton the trap
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location error for the range of branch to stackaasgios tested. As there are a number
of possible pipe configurations and types of jumtsi used in the building drainage
system it is not practical to attempt to generalwse results. It is possible that in more
complex systems, where pipe lengths are greater thadnumber of connected

appliances is larger, that the junction effect wadiffer from that shown here.

20%

B ApanclAstack= 1.0, 100 mm/100 mm branch/stack diameter

O AprancAstack= 0.6, 75 mm/100 mm branch/stack diameter

18% ~

16% -
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Figure 6.52 Relation between branch to stack areatio and junction number on
the trap location error as simulated using AIRNET
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6.11 Chapter summary

This chapter has demonstrated the successful apphc of the reflected wave

techniqgue for the detection and location of depleteap seals from extensive
experimental and site installation investigationshe AIRNET simulation has been
shown to be a valuable tool in the identificatidndepleted trap seals by providing an
accurate prediction of the system response (whashbdeen shown to correlate well with
real system data) and by providing an accurateigired of the observed arrival time of

a depleted trap induced reflection.

The junction effectwas shown to have a detrimental effect on the lwaption error
when relying solely on Equation (4.2)lethod A However, bothMethods Band C
show excellent correlation between the predictettl rapasured depleted trap locations,
in both single and multi-stack systems, thus afigriconfidence in this novel

application of the reflected wave technique.

Assessment of the impact of various system bouesldras shown that trap diameter
and the inclusion of pressure control devices agMAVs and PAPAs can have an

effect on the trap location error.

230



Chapter 7

Conclusions and recommendations for further work

7.1 Overview

This research set out to establish a systematihadebf monitoring the building

drainage system against the threat of cross-contdion of disease by remotely
monitoring trap seal status. This was approacledugh the development of the
reflected wave technique as a tool for detecting) lanating depleted trap seals and by

the collection of transient data sets for the tgstind validation of the technique.

An extensive review was carried out that includg¢dhe health risks attributable to the
foul air within the building drainage system, (ie potential threat of trap depletion by
propagating pressure transients and other sucbradfiii) methods used for defect
detection on other piped systems, and (iv) classigsient theory. This review was
important in order to understand the potential egngnces of trap seal depletion, and
to realise the urgent requirement for a novel apgido building drainage maintenance.
The review also highlighted that although the tfd wave technique had been
previously applied to the detection and locatiorleaks and blockages in other piped

systems it had not been properly tested usingsyesiém data.

The method of characteristics approach to modellmg amplitude air pressure
transient propagation as experienced within theldimg drainage system was
introduced. The boundary and internal conditiomspleyed by the method of
characteristics based numerical model, AIRNET, waesented together with a new
boundary condition implemented to represent thesteant generator.

A trap condition evaluata (TRACER) program was developed and implemented into
the data collection package to carry out automagiection and location of depleted
trap seals. The TRACER program used a time sehasge detection algorithm to
estimate the arrival of a depleted trap induceteecgbn by computing the absolute

difference between the observed test data andvéopsdy obtained defect free baseline.
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A numerical example using perfect data was useéstablish and test the TRACER

program.

A series of experimental investigations were cdroat with the aim of collecting data
sets of system responses — with and without theepee of depleted trap seals — under
both laboratory and field conditions. The influenof some common system
boundaries on the measured system response wdisexha Several problems were
encountered during the data collection which, wh@rercome, gave a better
understanding of the difficulties of applying thechnique as a continual monitoring

system in the field.

The reflected wave technique and the TRACER progveare tested and validated
using physical data collected from the laboratang &eld investigations. The major
problem was the influence of thenction effecton the perceived arrival time of the
returned trap induced reflection. Three approacte® used to predict the reflection
return time. Numerical results obtained from tH&KET model agreed well with the
collected data.

This research was the first major experimentaldedion and testing of the reflected
wave technique for the detection and location gfleted trap seals in the building
drainage system. Furthermore, this research wasfitbt known to systematically
investigate and quantify the junction delay effectterms of the junction geometry

expressed in terms of area ratios.

7.2 Main findings
The main findings of this work are summarised dig\s:
Experimental programs

(i) A total of five extensive experimental programmesevcarried out (Chapter 5).
The first set of tests was carried out under cdiettdaboratory conditions using
a specially designed test-rig at Heriot-Watt Unsitsty HWU 1 (aboratory)
system. The second was carried out under fieldditions at a 17-storey
unoccupied residential building in Dundee, Dundield) system. The third

also under field conditions within an academic dhand at Heriot-Watt
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(iii)
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University, HWU Arrol field) system. The fourth were again under field
conditions at an office building in Glasgow, Glasg(ield) system. And the
final set of tests was conducted under controlabtatory conditions using a
second test-rig at Heriot-Watt University, HWUI@Koratory) system.

Numerous transient tests were carried out by diligqressure data of each
system, with and without depleted traps, in respotts an applied incident
transient. Each set of tests were undertakenduw dlirther development of the
technique, each time building confidence on both dffectiveness and

applicability as a system monitoring tool.

Several problems arising from the Dundéeld) system tests were resolved
following the development of the transient entryide to control the flow and
the generation of the incident transient. The ifigant and sudden pressure
drop generated as the incident transient encouhtdre three pipe junction
created between the stack and the inlet branchrevaseved by the use of a 3-
port valve. The valve removed the reflection gatest by the junction allowing
100% through flow of the incident transient. Adulially, the adoption of a
sinusoidal piston exciter ensured the test was tetelg non-destructive and did

not pose a threat to the integrity of the connettaol seals (Section 5.2.4).

During data collection at the HWU Arrofi€ld) system the reliability of the

technique was enhanced by increasing the datarst@anwhich improved the

successful alignment of the test system respontie thve defect free baseline
(Section 5.2.5.5.2). Furthermore, the repeatgbiit the test, which was

observed to be dependant upon the susceptibilitigeopiston exciter to changes
in temperature, was improved by operating the pigtxciter at a constant and
stable temperature. This ensured that the inciolansient was the same for all
tests (Section 5.2.5.5.2).

Transient data analysis

()

A depleted trap generates a sudden pressure dropsponse to a positive
pressure wave by inducing a negative reflectiothefwave. The reflection is
then reduced by frictional and mechanical lossedil ulh dissipates.

233



(ii)

(iii)

(iv)

(v)

(vi)

Chapter 7 - Conclusions and recommendations fah&rrwork

Additionally, the depleted trap increases the ratwdamping of transient
pressures by behaving like a relief valve.

The identification of the depleted trap reflecteave can very precisely pinpoint
a depleted trap, as long as the wave propagatiesdsis known, the arrival time
of the trap reflected wave is identified and fnaction effectis taken into

account.

Thejunction effechas been quantified for a number of different bhato stack
area ratios, constituting the most common junctigres found in the building
drainage system, using data derived from the AIRNiEmMerical model. The
junction effectand its effect of increasing the trap locatioroerbecomes more
significant as the branch to stack area ratio emxs and as the number of

junctions within the system is increased.

The junction effectdampens the returning trap induced reflectionaylaly its
observed arrival time. The consequence is thattthp location may be
overestimated when compared with the predicted lvegtion calculated from
the theoretical trap pipe period. Realistic anliabée results were obtained
when the AIRNET numerical model was used to esgnthé trap pipe period
and when the reflected wave technique was used@ste to determine the
observed trap pipe period as both of these metimatisde thgunction effect

The inclusion of pressure control devices such #/#\ and PAPAs were
observed to increase the trap location error asetievices introduce additional
transient dampening effects. However, the goocetation demonstrated by the
AIRNET numerical model with real system data gizesfidence in its use to
again take account of these dampening effects awodide an accurate

prediction of the trap pipe period.

The reflected wave technique together with the TER(rogram automatically
detected and located every depleted trap in althef analysed test cases,
although with different uncertainties. In additjache technique has been shown
to be applicable to multi-stack systems, consistihmany pipes and containing
many different boundary conditions, requiring oahe transient entry point and

distributed pressure measurement points.
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(Vi)

(viii)

Chapter 7 - Conclusions and recommendations fah&rrwork

Although the reflected wave technique appears ivelgt simple to apply to

building drainage systems, accurate trap locatepedds on: the accuracy of the
pressure measurement equipment; data uncertaipgyers noise; the change
detection algorithm; size and location of the deguletrap seal; system

geometry; and the estimation accuracy of the tipe period.

The successful field application of the reflectedvey technique has provided
confidence that the technique has potential to ideowa holistic approach to
building drainage maintenance. This research hamodstrated both the

practical and operational merits of the techniquthis novel application.

7.3 Recommendations for future work

The current research has identified areas thatiredurther work. These are as

follows:

(i)

(ii)

(iii)

The technique has thus far been applied only tglesistack systems. Further
research is required to investigate its applicatmather system designs such as,
for example, the modified one pipe system whichoiporates additional
ventilation pipework. It is recognised that sugfstems may increase the
transient dampening and so may have a detrimetfiégt ®n the accuracy of the
technique.

In this study, the depleted trap was simulateddmpetely removing the water
seal. Further research is needed to analyse spense of a partially depleted
trap seal — which would still potentially providetaeat of cross-contamination
— and to determine whether or not this would indaceflection of sufficient

magnitude to allow its detection and location.

As detailed in Chapter 4, to provide the requiredel of protection against
cross-contamination the technique must offer syatensystem monitoring. To
achieve this, the technique must provide autométst scheduling and data
analysis. The TRACER program allows automatic datalysis, however,
further work is required to provide a control stgt whereby the test can be
fully integrated as an automated maintenance regifmather funding has been

secured to ensure this research continues.
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Appendix A

Variability of wave propagation speed in the AIRNET simulation

As shown in Section 3.4 the value of the wave pgafpian speed is dependant upon air
pressure. Equation (A.1), previously shown as BEqng3.12) but repeated here for
convenience, shows the expression used for cailegltte local air pressure within the
AIRNET numerical model and demonstrates the depwalef the wave propagation

speed on both local air pressure and density:

V| @-y)
{551

However, as discussed in Section 1.2, the sucdemsfilication of the reflected wave
technique for the detection and location of depletgap seals within the building
drainage system requires the wave propagation sfgeb@ known in order that the
depleted trap may be identified by the return tohéhe first trap reflected wave.

It is therefore important to determine, within tiraits of the conditions typical to the
reflected wave technique, the extent to which tla&evpropagation speed varies with
air pressure. To do so, the simple system us&eation 4.6 (repeated for convenience
in Figure A.1) will be simulated here by AIRNET to determine teriability of the
wave propagation speed in response to the imposedressure transients applied
during the reflected wave technique. The effecboth the single positive pressure

pulse and the 10 Hz sinusoidal transient wavebelanalysed.
The stack diameter was setl@o= 100 mm while both the branch and trap diameters

were set tadD = 50 mm. The time step and space step were sét $00.002 s and

Ax = 0.1 m, respectively. The base value for theevpropagation speed was set to
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Appendix A

Chase = 343.14 m/s assuming atmospheric pressure argitgen a typical temperature

of 20°C (or 0 mm water gauge).

_(_)pen All branches

26 m are 1 mlong
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59m
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3.7m (VPT1)
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Figure A.1 Simple system used to assess the varildlyiof wave speed with air
pressure in the AIRNET numerical model

Figure A.2 andFigure A.3 show the variation of the wave propagation speid air
pressure in response to the applied single pospnressure pulse and the 10 Hz

sinusoidal transient wave respectively.

In the case of the single positive pressure puisgufe A.2) the wave propagation
speed can be seen to attain a minimum value o284@/s (when the air pressure is
-180.65 mm water gauge) and a maximum value ofS®48Vs (when the air pressure is
173.43 mm water gauge) which constitutes a vanatioom the base value
(Cpase= 343.14 m/s at 0 mm water gauge atmospheric ymessf 0.86 m/s (i.e. a 0.25%
decrease) and 0.82 m/s (i.e. a 0.24% increaseectgply, giving a total wave

propagation variation of 0.49%.
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Figure A.2 The variation of wave propagation speedvith air pressure in response
to an applied single positive pressure pulse
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Figure A.3 The variation of wave propagation speedavith air pressure in response
to an applied 10 Hz sinusoidal transient wave
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When the 10 Hz sinusoidal transient wave is aplkegure A.3) the wave propagation
speed can be seen to attain a minimum value ofLl4@/s (when the air pressure is
-212.17 mm water gauge) and a maximum value of384dh/s (when the air pressure is
252.07 mm water gauge) which constitutes a vanatiom the base value of 1.03 m/s
(i.,e. a 0.3% decrease) and 1.2 m/s (i.e. a 0.35%ease) respectively, giving a total
wave propagation variation of 0.65%.

As the ambient air pressure within the buildingirnkige system is atmospheric pressure
and the transient pressure excursions are smallnfieasured in mm water gauge) the
variability of the wave propagation speed is neglgy In fact, as the variation in wave
propagation speed within the building drainageeaysis so small, it can be considered
to be sensibly constantinder normal conditions and therefore pipe periwdeflected
wave travel times, based on a constamtlue are acceptable within the methodology

proposed.

2 Perceived as unchanged
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