This is a repository copy of Local head loss monitoring using acoustic instrumentation in
partially full sewer pipes.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/95120/

Version: Accepted Version

Article:

Romanova, A., Tait, S. and Horoshenkov, K.V. orcid.org/0000-0002-6188-0369 (2012)
Local head loss monitoring using acoustic instrumentation in partially full sewer pipes.
Water Science and Technology, 65 (9). pp. 1639-1647. ISSN 0273-1223

https://doi.org/10.2166/wst.2012.058

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s:/leprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
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Abstract After an increase ircapital investment inUK sewersto reducehydraulic capacity
problems the proportion of sewer flooding incidemtew linked to blockags hasincreasedlt is

clear that fi seweroperators are teontinue to reduce floodingncidents,then better blockage
management isiow required. Sewer blockage formation is poorly understood, blockages are
intermittentand occur in a number of circumstances. This paper reports on the developioes

cost acoustic instrumentation that can identify the location of a pipe bmekiihen estimate

the local headbssas a result of thpresence of alockage A set of eperiments were carried out

in two full scale laboratorypipes. The pipes’ condition wasaltered by inserting blockages of
different sizesAcoustic datavasrecorded and presented in terms of the acoustic energy reflected
from the partially blocked pipeThe results of this study show that the total refid@coustic
energy correlates with the measured head loss. A new empirical relatweehethe reflected
acoustic energy andead losslue to a blockages derived.This knowledgecanthenbe used to
edimate the reduction in flow capacity resog from a blockage based on a singémnote
measurement.

Keywords Reflected aoustic energysewerpipe; friction factorjocal head lossflow capacity

INTRODUCTION

In the UK the underground sewer system totals some 300,000 km in length. Water companies nee
enhanced information on sewers to manage efficiently theirtadgy performance.The
operational condition of sewer systen@ changever time due to blockages caused by sedim
and fats.The incdence ofpipe blockagehas beerinked to flooding and other service failures.
Currently it is very difficult to gather sufficiertimely information on the condition of a sewer pipe
to proactively prevent hydraulic failure due to blockage.

In the UK flooding caused by hydraulic overload has been progressivelgdaitikbugh capital
investment, ‘flooding other causes’ hagw become an increasingly significamtode ofservice
failure. Analysis byArthur et al. (2008)showed thain England ad Wales there were around
25,000 sewer blockages of which 13% resulted in internal property flooding. Water congpanies
therefore now looking for new ways of reducing these incidents through mednassowdelling
to identify blockage hot-spots’,and CCTV inspection to locate developirdockage problems,
followed by proactive sewer jetting.

In contrast to flooding due to hydraulic overload, ‘flooding other causes’ problenmardgnexist
on small diameter local sewers, whitlake up by far the lgest proportion of angewer natork.
Given this fact it is nosufficient to focus inspection resouraasthe 20% or sof ‘critical’ sewers
as is the current recommended guidaf@irc, 2010). Currenvisual inspection technologe
developed to identify structural failures are limited by cost and time, diffezeimbology is needed
that will work quickly and economically to identify the presence of blockagdghen estimate the
impact that this can have on the flow capacity of individual pipeghermore, the inspection and
cleansing required is not a en# activity. Having identified areas at risk it is important to
regularly check for progressive blockage development and intervene agairmrighthiene, before
flow capadty deteriorates to a level that flooding occurs. Traditional CCTV techniquesoatbe



ideal means of dog this, being relatively slow and expensives a result, a better alternative is
requiredto provide information othe presence of a blockage atsdmpact orpipeflow.

Blanksby et al. (2002) carried out an analysis of historical water compamynasstomplairg and
mapped this ont€CTV records to examine the causes of flooding incidents over a range of sewer
sizes. Their study indicated that the majority of flooding incidents were ihesraawers, and that
the majority of these were caused by intermittent blockages rather thanratri@ilures. The
analysis also indicated that collapses were proportionately more prevatemalier sewes, but
that the incidence of structural problems was low with around only 2% of the CCT¥ysdrv
lengths showing signs of structural deterioratidhey concluded that it would be difficult to
generate a practive cleaning routine based on prior preditsi as the data indicated that the
location of blockages generally could not be linked to a structural defect and sloowgkt to be
linked with either the local hydraulic oditions, orsources ohigh levels ofsilt and fat inputs. It
appeas that continual monitoring may provide a better answer to managwer blockages rather
than some predictive tool due to the intermittent nature of the processes that aredimvqlipe
blockage formation.

Several modelling approaches have been developedien o predict the likelihood afccurrence

of sewer blockages and failure. Savic et al. (2006) usedddatn techniques to derive statistical
relationships to predict the likelihood of sevidockagefor different pipe classes. They used data
from asset and customer complaint databases to develop and demonstratéatiasships. These
techniques do not however identify individual locations within a catchment but indiesed risk

of blockage dérmation in pipes with particular characteristiésthur et al. (2008)xamined the
statistical significance between pipes with a high incidence of observed bloakdgea@ous
factors. The study used data from a small catchment and considered eachségaragely. The
selected catchment had an existing sewer network model and hydraulicsdutputthis model
were combined with incidents in a customaemplaints databasAnalysis indicated that the risk of
blockage was related to predicted locatioh$looding and lowflow velocities, it was also shown
that there was a statistical linkeéahanced blockage formationdmaller sewers.

In spite of these computational approaches, the need for direct inspection téy identer
blockages is clear @uto the intermittent nature of blockage development and the inability to clearly
identify the location of individual blockages. This paper reports on the development of a low cost
sensor system that can identify the location of a sewer pipe blockagbesndstimate the local
head losses due to the blockage.

CONCEPTUAL FRAMEWORK

Hydraulic elements— head loss due to walls and local losses

The history of friction factor estimation dates back to the mid 19th century. In D&5Gy and
Weisbach (Moody, 1944) established a strong correlation of energy lossfiowvilg pipesdue to
wall friction effects

LV?
hy =f 529 1)
Whereh, is the head loss due fope wallfriction, f is the dimensionless Dardy/eisbach friction
factor coefficientL is the pipe length) is the pipe diameteV is the averagélow velocity g is the
acceleation due to gravity. It should be noted that this equation should only be used fopédsl|
with steadystate turbulent flow. For the laboratory experimentdescribed belowpartially full
pipes (pipes with free surfacesgre used, sthe Darcy— Weisbach friction factor is presented in
terms of hydraulic radiusR| instead of pipe diameter
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Wheres; is thefriction slope and is equal to pipe bed slofm pipes withfree surface, steady,
uniform flow conditions present in a pipgithout any blockageln the case of a pipe withon-
uniform flow conditionscreated by a blockage the following technidoieobtainingan estimate of
the local head loss (specific energy Jogs at the blockage was used:

8gR h
f=3ris ®
Vi V2
hfz(i+h1+zl)_(é+h2+Z2) (4)

Whereh, is thelocal specific energy losg andV, are the experimentally estimatebsssection
averagevelocities athe pipe locations upstream and downstresautionsof the sectioncontaining
the blockageaespectively. Henceéy andz are theexperimentally measured water deptand pipe
elevatiors and their value of the measured local flow depth and flowceatdbe used to calculate
the local mean flow velocitieBy estimating the local energy loss aitd position then iis possible
to calculate theeduction in flowcapacity in any pipe caused such a the local energy loss.

Acoustic elements-reflected energy

We will attemptto link the local head losdiscussed in the previousectionwith the acoustic
energy reflectedn pipes that contain blockage The @oustic energy can babtained fromthe
reflected acoustintensity, from a signal produced by a single source, medsured by a pair of
microphones.

The acoustic intensity is a vector quantity with the direction identical to soawdpsopagation
(Jacobsen, 1991)The timedependent acoustic pressure responses recorded by a pair of
microphonesp, (t) and p,(t) which are separated by known distaA¢éheinstantaneous intensity
vectoris describedby thefollowing equation:

t t
1) = p(Ou(®) ~ PO [[py (1) - p(0)]dt (5)
where 1 (t) = —pifZ—Zdt is the acoustic velocity vectat,is the normal with identical direction to
0

sound propagationp, = 3.432 x 1073 pT—“, T is the temperature in Kelvins, ampg is the current
atmospheric pressure.

The acoustic pressure responses recorded on a pair of microphones were used to tteculate
instantaneous acoustic intensity according to the method detailed above. Thenestaniatensity

was filtered in a narrow frequency band and presented as a function of the distamcg where

tis the time and, is the sound speed in air. A separate temperature probe was used to determine
the temperature in the pipEhis tempeature valuevas used to calculate accurately the sound speed

from the following expressiag = 343.2,/T /293, (Bies & Hansen, 2008

The sign which the instantaneous intensity takes determines the direction inhehsdubhd energy
propagates. Here it igssumd that the negative sign of the intensity corresponds to the incident
(outgoing) wave radiated by the speaker and the positive sign corresponds téethiensfwhich
return from the pipe containing the blockage to the microphone array.



The above instantaneous intensities were used to determine the energy icothentecorded
acoustic data for a range of pipe conditions. For this purpose the intensity dat&dakéhe six
microphone pairs were normalized so that the intensity minimum corresponding to itieatinc
sound wave was set tain{/(t)} = —1 for all measured datahe positive part of the intensity
corresponds to that reflected from crsggtional changes that occur in the pipe. The total reflected
acoustical enesgin the wave reticted in the direction of the sensor ¢hanbe determine from

the following expression:

t max

ET = {1+ 1(t)}dt (6)

t min
Effectively, integral(6) includes the reflected energyvhich occus due to the pipe wall roughness
and the blockage present in the pipe.

EXPERIMENTAL APPARATUS

The experiments were conductedtwo different full scale sewer pipes located in the Hydraulics
Laboratory at the University of Bradford. One pipe was a slopdrg long clay pipe with circular
cross section of 150mm in diameter. The pipe was constructed from a number of 615mraylong cl
pipe sections with sealed socket type connections. The bed slops @fdhlar pipe vasfixed at

0.01 for all experiments. Threpresents a realistic slope in the field for small diameter sewers. The
pipe was divided into three sections. The upstream section is 5m long which allolesvthegime

to fully develop to form uniform conditions. The middle section is 14m long wiscthe
experimental part containing the blockage, has an entry in the top of thevpbge model
blockages will be placed to simuladdocal roughness. The entry does not change the pipe cross
sectional shape. The downstream section is also 5m long sees to separate the experimental
flow section from the outlet pipe effect. A second series of experiments were tsahotua sloping
inclined 20m long plastic pipe with circular cross section din2® in diameter. Thipipe was
constructed from a maber of2000nm long sections with sealed socket type connections. The bed
slope of theplastic pipe was alsoxied at 0.01 for all experiment$his pipe hadin entry at the top

of the pipe at 9m from the pipelet so that different models could be placsdthis location to
simulate local head losses.

Cast concrete models were used as surrogate blockages to simulatebkioactions and to
introduce a local flow roughness to the flow. The model blockages took the form of a sector of a
circle and were laced in the pipe invert. The models were made from a sand and cement.mixture
For the 150mm pipe, the model samples were 100mm lgpyand ranged in heighB) 15mm,
30mm, 40mm, 55mm, and 60mim represent the pipe cressctional aredlocked Ag) of 10% to

40% of the original pipe crossectional area~or the 290mm pipe, the model samples were 200mm
long and had heigh{®) of 20mm, 30mm, 40mm, 50mm, 60mm, 70mm, 90rand110mm. This
provided a pipe crossectionalarea blockedrom 7% to 3% of the original pipe crossectional

area

The concept of the measurement method is to measure reflected acoustic eneigyetieisted

from a range of artefacts within a pipe e.g., joints and wall roughngsseld as any discrete
blockage and the rekimg water level profile Two different pipegclay with joints and plastic with
minimal joints)were used so that the influence of joint construction and pipe wall materidl coul
also be examined.

Hydraulic procedures

In each test a steady discharge, controlled by an upstream butterfly valve in¢h&ethletpipe to
eachtestpipe, was introduced and maintained. At the downstream end opgecthe time to fill a
tank of a known volume was used to determine Wodumetric flow rate.In each pipethree
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experimental steady flow regimes were used with dischafpesf 0.42 I/s, 1 I/s and 1.8 Ifer the
150mm diameterpipe and 3 I/s, 13 I/s and 32 |/s for 290nthameterpipe These flow rates
resulted ina uniform water depthhj of 17mm, 23mm, 32mm for the 150mm diameter apd
31mm, @mm, Bmm for the 290mm diameter pipe, in the absence of the model obstrudttoss.
ensured that similar proportions of area obstruction were achieved in botligpiffesse hydraulic
conditions In the experiments with no blockages the uniform depth was determined wherndhe wa
slope equalled the bed slope. The walepth alongeachpipe was monitored by the use radn-
equidistantly spacefdiezometers In experiments with blockage$et majaoity of the piezometers
readings were gathered before amiter the blockage so as to provide accurate datdahen
streamwisewater depthvariation caused by the local obstructiofhe local water level data was
used to calculate the local velocity giviltne measured flow rate and the geometry of each pipe.

Acoustic procedures

Once the required hydraulic conditions had been achievedcthestic sensor was insertetbithe

pipe and attached to tiseffit of the pipe at either thgpstream or downstreaend The acoustic

sensor contained a speaker and microphone array that were oriented towards tke epgpasithe

pipe. The sensor was connected via a coaxial cable to a laptop (Horoshenkov et al., 2008). A
MatLAB code was written to generate a chirpuse through a €hannel VXxPocket soundcard.

The output was amplified and emitted by the speaker. The emitted signal isatedefrom any
blockage in the pipe, detected by thanirophone array, digitised by the sound card and
deconvolved using the laptop so that the acoustic pressure impulse response of the pipe could be
determined. The distances between the microphone pairs were chosen to be mechemahe
wavelength (Horoshenkov et al., 2009). The sum of all microphone pairs was used to détermine
acoustic intensity (Fahy, 1995). All of theoustic measurement&re repeated at least three times.
Acoustic data was collected for flow conditions with and without blockages. &i, t86
experimental conditions were examined.

RESULTS

Hydrauli c data

The experimentally measured hydraulic datanditionsfor the 150mm and 290mrdiameterpipes
with and without the presencetbie model blakages are presented in Table 1.

In this table, the model blockage heights are labelleB.aBhe values of the measured walepth
used to estimate head loss caused by the blockggedre locatedmmediately upstrearof the
blockage lpcation 1, h;) and downstrearof the blockagevhere the water returns to uniform flow
conditions(location 2,h,) For the 150mm pipe the watdepthmeasurement points one atvadb
were located at 6.5m and 1&h and the downstream face of the block was located atfrobmthe
pipe inlet. For 290mm pipe the points were located at 8.91mMasthandthe downstream face of
the block was located at 9.2m from the pipe inlet.

Recorded water level at point orig Y and point twdh,) were used to calculate the local hydraulic
conditions to determine the Reynolds numbe&s, @ndRe,), local Froude Numbef=¢, andFr,)
and the local head loss associated with the blockage, se¢ &gom the values of Froude number
at location 2 itcan be seen that all the experimentghe flows downstream of the blockageere

in the supercritical flow regimesothat there is no hydraulic jump effect after the blockade
head los$y estimated the head loss due to flow over the blockage and as the flow regain its uniform
depth.

The ratios of blockag heightjust upstream of the blockage pipe diameter(h,/D) and the
blockage area to pipgosssectionalarea Az /A,) are presented ilast columns of Table 1.



Table 1. Measured hydraulic conditions and ratios for all experiments.

Flow D Q B h, h, Re, Re, Fry Fr, hy hy/ D AB/Ap
regime [mm /s mm mm mm - - - - m - -
1 150 042 0 17 17 14294 14294 1.13 1.13 0.056 0.11 -
2 150 042 15 32 17 10223 14294 0.32 1.13 0.065 0.21 0.052
3 150 0.42 30 44 17 8575 14294 0.17 113 0.076 0.29 0.142
4 150 042 40 51 17 7884 14294 0.13 1.13 0.083 0.34 0.214
5 150 042 55 66 17 6767 14294 0.08 1.13 0.098 0.44 0.332
6

7

8

9

150 042 60 73 17 6357 14294 0.07 1.13 0.105 0.49 0.374
150 1 0 23 23 29044 29044 1.48 148 0.056 0.15 -
15 35 23 23180 29044 0.65 1.48 0.056 0.23 0.052

150 1

150 1 30 52 23 18562 29044 0.30 148 0.069 0.35 0.142
10 150 1 40 60 23 17066 29044 0.23 148 0.077 040 0.214
11 150 1 55 74 23 15006 29044 0.15 1.48 0.090 0.49 0.332
12 150 1 60 80 23 14272 29044 0.13 1.48 0.096 053 0.374

13 150 1.8 0 32 32 43811 43811 1.39 139 0.056 0.21 -

14 150 18 15 34 32 42390 43811 1.23 1.39 0.055 0.23 0.052
15 150 1.8 30 64 32 29551 43811 0.36 1.39 0.069 0.43 0.142
16 150 1.8 40 73 32 27244 43811 0.28 1.39 0.078 0.49 0.214
17 150 18 55 87 32 24296 43811 0.20 1.39 0.091 0.58 0.332
18 150 18 60 94 32 23027 43811 0.17 139 0.098 0.63 0.374

19 290 3 0 31 31 54441 54441 1.74 1.74 0.057 0.11 -

20 290 3 20 62 31 37724 54441 044 174 0.060 0.21 0.030
21 290 3 30 75 31 33989 54441 0.31 1.74 0.072 0.26 0.055
22 290 3 40 81 31 32565 54441 0.26 1.74 0.077 0.28 0.083
23 290 3 50 94 31 29938 54441 0.20 1.74 0.089 0.32 0.115
24 290 3 60 102 31 28562 54441 0.17 1.74 0.097 0.35 0.149

25 290 13 0 63 63 162056 162056 1.86 1.86 0.057 0.22 -
26 290 13 40 123 63 110789 162056 0.51 1.86 0.052 0.42 0.083
27 290 13 50 147 63 99175 162056 0.36 1.86 0.072 0.51 0.115
28 290 13 60 157 63 95033 162056 0.32 1.86 0.081 0.54 0.149
29 290 13 70 167 63 91203 162056 0.28 1.86 0.090 0.58 0.186
30 290 13 90 188 63 83954 162056 0.23 1.86 0.109 0.65 0.264
31 290 13 110 210 63 77201 162056 0.18 1.86 0.130 0.72 0.348
32 290 32 0O 98 98 311789 311789 1.94 194 0.057 0.34 -
33 290 32 60 205 98 193668 311789 0.47 194 0.050 0.71 0.149
34 290 32 70 222 98 181560 311789 0.40 194 0.063 0.77 0.186
35 290 32 90 250 98 162496 311789 0.31 194 0.088 0.86 0.264
36 290 32 110 276 98 143350 311789 0.22 194 0.112 0.95 0.348
*h; for a pipe without a blockage the head lis®stimated between location 1 and 2
according to eqn 4.

The water depth data for the one of the fl@ate conditions(Q=0.42 I/s) in the 150mm diameter
pipeis shown in Figure 1. The figure clearly demonstrates that the deypeinis uniform for the
flow condition without a model blockage. However, with the introduction of blockages efetttf
sizes, it can be noted, that the trend for the wadégthincreases significantly upstream of the
blockage and rapidly decreases immediately downstream the block. e amaterlevel
behaviour is recognised for all experiments with a pipe blockage.
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Figure 1. Water depthvalues for clean and blocked pipe for flow discharge of Q=0.42ijys, p
diameter 150mm.

Local energy loss

Figure2 illustrates the effect dblockags withincreasing heighti(,,) on thestreamwise pattern of
total energyfor one flow rate The total energy at locations were calculated usihglocal flow
depths the measured flow ratnd the measured pipe slopée figureshows error bas associated
with bed slope and watelepthmeasurements these were estimated from the standard deviation
from repeated water depth measurements. This indicated that an error ofi&tn&fasured water
depth was reasonableDue to themodel blockage, the water depiticreased upstream of the
blockage where the energy lossith streamwise distancis minimal It is clear that the local
energy loss at the blockage is dependent on the blockage height if the flowwatetaned.
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Figure 2. Effect of blockage height on energy head for flow discharge of Q=1 ks diameter
150mm.



Table 2 presents the local head loss and acoustic energpdalizexperimental conditionss well
as the generalised forms for these parameters

A non-dimensional value of head logsrelation to the head loss ftire same section of clean pipe
((hf — h?)/hf ) is presentedh of table 2. The head loss for a clean pipe condition is denoﬂeﬁj as

which was calculated from equati@n The acoustic energ\yET) was calculated for thall the
experimentsaandanalysedn the frequency rangaf 100 -750 Hz. The presented acoustic energy is
the least mean square valued upstream and downstream readinigom all the repeated
experimentsA non-dimensional acoustic energylue ((ET — ET,)/ET,) relative to a clean pipe
conditionsis presented in the Table BT, is theacoustic energy content for the same pipe and
discharge (uniform velocity), although without the presence of a blockage. Thidoma so that

the influence of reflections from jois and pipe wall roughness could be removed from the analysis.
The term(ET — ET,)/ET, therefore represents the amount of additional reflected energy relative to
that reflected in a clean pipe with the same flow discharge.

The negative nodimensional head loss values appear for three flow regime cases (Taii¢h2) f
smallest block. These values appear due to the ovétadirror of water depth readings.

Examining the data in table 2 it is clear that when even the smallest bloGRagd pipecross
sectional area) is introduced into the pipe the measured amount of reflestgylisralways at least
180% larger than the measurement when there was no blockage. The data also thdicttes
level of reflected energy increases with increasiisglarge in both pipes but the level if increhse

is negligible in comparison with the increases observed when blockages are imtrodactne
pipe. It is therefore clear that the increases in the level of reflected emseyyed when blockages
are usd is significantly higher than the levels associated with pipe wall and joinitiocondnd the
flowing water.

Table 2. Measuredchydraulic and acoustic conditions for all experiments.

Flow | D Q B he  (hi-h) h© ET (ET-ETo)/ ETo
regime | mm I/s mm m - - -
1 [150 0.42 0 0.056 0.00 0.205 0
2 |150 0.42 15 0.065 0.16 0.593 1.9
3 |150 0.42 30 0.076 0.36 0.962 3.7
4 150 0.42 40 0.083 0.48 1.300 5.3
5 |150 0.42 55 0.098 0.75 2.633 11.8
6 |150 0.42 60 0.105 0.87 3.371 15.4
7 |150 1 0 0.056 0.00 0.247 0
8 |150 1 15 0.056 0.00 0.789 2.2
9 |150 1 30 0.069 0.24 1.461 4.9
10 |150 1 40 0.077 0.37 1.991 7.1
11 |150 1 55 0.090 0.61 3.409 12.8
12 |150 1 60 0.096 0.72 4.518 17.3
13 | 150 1.8 0 0.056 0.00 0.300 0
14 |150 1.8 15 0.055 -0.03 1.284 3.3
15 | 150 1.8 30 0.069 0.24 2.301 6.7
16 | 150 1.8 40 0.078 0.39 2.840 8.5
17 |150 1.8 55 0.091 0.62 5.465 17.2
18 | 150 1.8 60 0.098 0.74 6.436 20.5
19 |290 3 0 0.057 0.00 1.126 0
20 [290 3 20 0.060 0.06 2.950 1.6
21 [290 3 30 0.072 0.26 3.491 2.1
22 290 3 40 0.077 0.35 4.068 2.6
23 [290 3 50 0.089 0.57 4.886 3.3
24 290 3 60 0.097 0.70 6.348 4.6
25 290 13 0 0.057 0.00 1.561 0
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Acoustic spectrogram
To identify thefrequencydependent behaviour of theflectedintensity andthose sections of the
pipe that caused these reflections to ocautensity spectrograrm were produced as shown in
Figure 3 for all the tests Darker areasni these spectrograms correspond to stronger acoustic
reflections whereas white areas correspond stectionsof the pipe that caused little or no

reflections.
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Figure 3. Intensity pectrogranfrom pipe downstream end for no blockage anith 15mm and
55mm high blockagdor 1 I/s discharge in a 150mm diameter pipe (top to bottom).

Figure3 demonstrates th&br an increase in obstruction height (reflection from an obstacle at 7m)
results in an increase in the strength of the reflected digntde range of frequencies selectedr
empty pipe conditios (no blockage)but with the presence of water, no energy reflection incany
the selected frequency rangecurs Small reflectioms visible at 0.5m corresponds #opoor joint
connectionin the 150mmpipe. In this paper, theeported values of reflected energy correspond
only to reflections caused by the blockadgced at 7mn the 150mm diameter pipe.

Relation of acoustic monitoringto hydraulic elements

The links between variodsydraulic parametershe nondimensional reflected acoustic eneagyd
the nondimensional geometric measures of the blockagas explored. The nedimensional
relative acoustic reflected enerd¥T — ET,)/ET, was found tobe relatd with geometrical
parameters such as blockage height to pipe diameter, and blockage area to pipguaecd)(Fis
clear the measured acoustic response is responsive to gdidmetricparaneters in figure 4There
is slightly morescatter in the water depth to pipe diamelatafor the 290mm diameter pipe that
the 150mm diameter pipe.

By examining the results further, figureahd 6shows the dependence of then-dimensional
reflected acoustic energy on then-dimensionahydraulic local enenglosscalculatedby eqgn. 4
for 150mm pipe and 290mm pipe. Both of the pipes fobosimilar patten for all the experiments,
where the data is dependent on flow dischange pipe sizeThese dependenciese expresed as
exponential functiongind haveR? values, calculated in the accepted form betw@&7 to 0.99
There are slightly better correlations between the hydraulic energpatasthe acoustic data tha
the geometrical changes and the acoustic daabove results indicate that, the predictiopipé
geometrical parameters due to the blockagetlamidbcal head loss caused by a blockegealid for
arange of relative blockage sizé540% of the original pipe crossectional areadnd in pipes with
different diameters and joint conditiofte a range of flow rateand joint conditionsThe acoustic
measurement method can therefore be used to estimate the size and location areeiggdbss
and so with limited additional calculation this information can be used to determiregltiotion in
flow capacity in ppe caused by a single blockadéis information can also be imported into a
sewer hydraulic network model to characterise a local energy loss so can aid tHenghotighe
impact of a real blockage on localised flooding.
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Figure 4. Non-dimensional relative acoustnergy to blokage/pipe geometry parameters.
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Figure 5. Acoustic total energy to hydraulic energy head loss relation for 150mm digpiye.
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Figure 6. Acoustic total energy to hydraulic energy head tetstionfor 290mm diameter pipe.
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CONCLUSIONS

A series of laboratory experiments were carried out in order to demortsiaatEstrumentation
could be developed that could identify the location of pipe blockages, estimate the loggl ener
losses caused ligat blockage and so provide data that could be used to estimate the impact of that
blockage on pipe flow capacity. A low cost acoustic sensor consisting of a low powlezrsped

four microphones was manufactured and used to measure the total reflected enewgy in t
laboratory pipes of different diameter, wall material and joint configurafioseries of systematic
experiments were conducted in which the head loss and total reflected acoesyig were
measured for a range of differently sized pipe blockages at differentdlew. The data indicated
that as the blockage size increased local head losses increased, and that a&r thepttatvas
increased for a fixed blockage size the local energy losses decreased. Tésparmted with
previous work. By considering the whole data set it was shown that the acoustic emebgyused

to determine directly the local hydraulic energy loss caused by a single tdoickagpipe for a
range of blockage sizes and flow conditions. This estimate of headalasghe location of the
blockage can be related and can then be used to estimate the reduction in pipe flow et

by the presence of a single blockagA. simple empirical relationship was proposed. The
measurement method appears to be inseasiiv reflections caused by pipe wall and joint
conditions and from the free surface of the water in a partially filled pipe.

Given that the acoustic energy can be independently measured either fraaampstdownstream
end of the pipe and involves measurements that take only tens of seconds to accomplish, the use of
a simple acoustic sensor located within a pipe can therefore be used to track the daedb@m
blockage within a combined or stormwater sewer pipe. The use of such simple semsiolpdgc
offers the opportunity for sewer network manager tegmtively monitor developing blockages and
so act in a timely fashion before such blockages cause such a large redufttencapacity that
sewer flooding occurs. The use of such sensors allows for the continual monitoblarlage
development that is not possible using existing numerical models of sewer networkpemtion
techniques.
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