WO 2006/136013 PCTICA2006/000996 Non-Destructive Testing of Pipes
FIELD OF THE INVENTION [0001] This invention relates to the
non-destructive condition assessment of pipes, and in particular buried
pipes or pipes that are otherwise inaccessible, such as fire sprinkler
systemasand pipelines in the oil and gas industry. BACKGR@it#Nk» 67060996
THE INVENTION [0002] Buried pipes, such as pipes used in municipal
water systems, lose metal resulting in a reduction in pipe wall thickness,
as a result of internal and external corrosion. Sustained wall thickness
loss eventually causes the Bib8 T3 ¥4I S GEHpREEHave to be periodically
inspected and evaluated for structural adequacy. Accurate information
aboﬁ%iﬁ’@%ﬁﬁ%ﬁ@@% needed to determine the structural capacity
of pipes. Also, monitoring of pipe metal loss is needed to estimate the
remaffitib Seriieeita Bristiede wier e dn G mpéiarespared ofrairkenditce

manage! aerr%tusg(?tems of.large %ipe networks (e.q., urban aterr,m% as

distribution syatemey: 119 fherefore degirabis t° Sabis % Jga’ssé’essetghs tems
conditionyefRuriagk RiRESIN AadraR-destructive and non-intrusive way, that
is without damaging the pipe and without taking it out of service. [0003]

Oneway: eheeteaipingnipewalbthickness is to obtain pipe coupons (or
samples) and then measure the thickness off-site using thickness

Ca"iR@J&]’%‘é@eﬂ‘@!@&%@@@pﬁﬁe%@d@x‘?mﬂ?&%&f @aqe}gi@egngmo&lg%gpr&u t%aglil e

at locations where the pipe is naturally exposed or” intentionally
excavatiedidd othimetioaskpiayvideranlyofitisaieiad Heasutemant. ofsvaltd
thickness. An alternative method for obtaining a continuous measurement
of pip@l\iatkiepier2006/486a 3 PERER F6081D0099E tHidkmsaedsmiploys

ultragQniG ArMadnels i leakade.onigmete-fieldeddy curent devizes
thickness is needed to determine the structural capacity of pipes. Also, monitoring of pipe
metal loss is needed to estimate the remaining service life of pipes, which is an important
part of maintenance management systems of large pipe networks (e.g., Vurban water or gas
distribution systems). It is therefore desirable to be abje to assess the condition of buried
pipes in a non-destructive and non-intrusive way, that is without damaging the pipe and

without taking it out of service.

[0003] One way of determining pipe wall thickness is to obtain pipe coupons (or samples)
and then measure the thickness off-site using thickness callipers. Also, wall thickness can be
measured using an ulirasonic gauge at locations where the pipe is naturally exposed or
intenticnally excavated. Both methods provide only a discrete measurement of wall

thickness. An alternative method for obtaining a continuous measurement of pipe wall



which are launched inside pipes using robots (known as pipeline pigs).
100041 Excavating pipes for the purpose of measuring wall thickness is
costly, as it requires excavating the pipe at several locations. Also,
thickness values based on the coupons may not be statistically
repvasemtaiiver of the overall condition of the pipe unless a vatydaigeos/n00996
number of locations are excavated. Pipeline pigging requires taking the
pipe out of service. It is strictly suitable for large diameter pipes with
simple geometry (i.e., no abrupt bends). Data acquisition and analysis is

very THEEHSNVERIRG SEpensiveneReinhBtHe e qeedpHoRld s orantryse
transppission bipelines. It is not suitable, for VA/a;[elre'ggyipLé ion systems,
e B B L mprices o
small-dj ter pipes that are usually filled with debris and haye no pig.
e R et A e R
accoidansg.wilhythe.dnuentinnhe Rine wallthickness is:dpteraines fram

the average propagation velocity of low-frequency acoustic disturbances
in thepipetesgliprasswatiacfulations)! loovwstrecfuisnciesitigpically have a
value of less than about 1000Hz, The propagation velocity depends on

the iftEPREIGISHHSIE PR B E rRTES RAERICRMEES WPty Bpasat plgeyice:
density.and bulk.moduids.of slasticity %M@nﬁ,&@gm% Y?&.‘,@%'%&%P%Hé‘éf of

elasticity and Poisson's ratio of the pipe wall material. The velocity can be
calcutateegisingnthel eguatiensrdetredthaasetoaty T thehar 0pesabsty for
method, the pipe wall thickness is back calculated from these equations

usingPtHed e dsrraEsraliesbietB 110 patialide vetaciyrre s abovaiphse

and fluid parameters, which are usually known ar_easily. found. 2 [0006
Bt VX and.Gxtens d of : % that ;
According ‘?S“tﬁ]ec%“ﬁés"e%“t‘ invention there is provi fl %agn%?ﬁ‘é‘é’%?%{g“h“gen-

destrugtivegenditionassessmantof aupipgcamryiag a fluid, comprising
detecting an acoustic disturbance propagating past two longitudinally

separielPRINISONEAIMERSION
{0005] In accordance with the invention, the pipe wall thickness is determined from the
average propagation velocity of low-frequency acoustic disturbances in the pipe (e.g.,
pressure fluctuations). Low-frequencies typically have a value of less than about 1000Hz.
‘The propagation velocity depends on the internal diameter and circumferential thickness
prefile of the pipe, density and bulk modulus of elasticity of the fluid, and Young’s
modutus of elasticity and Poisson’s ratio of the pipe wall material. The velocity can be
calculated using the equations derived thecretically. In the proposed method, the pipe wall
thickness is back calcuiated from these eguations using the measured value of the
propagaticn velocity and the above pipe and fiuid parameters, which are usually known or

easily found.



determining an actual value representative of the propagation velocity of
said acoustic disturbance; computing a corresponding predicted value for
the propagation velocity as a function of at least one wall thickness
parameter of said pipe by using a theoretical model for the propagation of
acoustic waves in said pipe that assumes said pipe has a finite wall
thickness with a predetermined non-uniform circumferential thickness
profile and takes into account stresses across the thickness of the pipe
wall, and wherein said wall thickness parameters are representative of
wall thickness at different circumferential locations on said pipe; and
computing said at least one wall thickness parameter by matching said
actiBPéfiertiing ‘s dha preatdestiam terisonridrheutud Srcigtarbance
canipmpagatediidhasishiacksd ppedenivhereithesptyies dobdhg an
dsyhanepdsabelusaniicive R AN G ARIIbAGS Rigpgaates in

opposite directions from the source to the separated points, or in t
outSTBTAERER ATt 2 Nererstiatie el fatierSuemies Neleosy efiwi aeertiiro
POiBisyraddd:i bePiginy b anespprdpagaietadramctheths prfeg.antheieayeantally
past e, pAginis.In s sams direction, (0901 The. pranagation veiacly.
usually the average propagation ?/%IE)CI'[y, can be determmed on-site
norfPERE BRIy affaoHBis-Rtftdhvaiy P frd astmpigaideinnhesadielie ~al
betwenRracaksicsgRAlRIMEAGHISEH 3tdWa-RAINI HORIeRIpR thekrie a

knawn distance apart (e.g.. control valves or fire hydrants), Ambient noise
e R TR S 1 it e rel e
acoustepe rerers ettty ofctdbibipigss esdTerzeid i fuiforityl ooarasily
designggkdavice AR MdrackeiobaunekRiaskehRQiB) futhing fife
hydran ,j&ughe case ogd%era ]distribution pipes) or acoustic noise can be

1th sai ue, . . . )
used. COUS?I(C S|gn5'is can Be measured using a pair of vibration sensors

_ (e-gﬂﬂﬂ@@%ﬂﬁﬁg@[ﬂr%nbygﬁpﬁﬁggﬁ&nme BB bkl The source

of the disturbance lies between the two poiats and the disturbarice propagates in opposite

directions from the source to the se:parétcd, points, or in the out-pi-bracket mode, whers
" the acoustic source lies outside the two points, and the distarbance propagates from the

source and sequentially past the two points in the same direction, .

[G08] The pro;ﬁagation velocity, usually the average propagation velacity, can be

* determined on-site non-destructively and non-intrusively by measuring the time delay
between acoustic signals measured at two points on the pipe that are a known distance
apart {e.g., oonfml valves or ﬁre:hydrar;ts). Ambient noise in the pipe can be used as the

acoustic sowrce,

[0009] Alternatively, acoustic noise created by releasing pressurized fluid or by a
specially designed device at an in-bracket or out-of-bracket point (e.g., a' fire hydrant in
the case of water distribution pipes) or acoustic noise can be used. Acoustic signals can be

measured using a pair of vibration sensors (e.g., accelerometers) or hydrophones. The

AMENDED SHEET



WO 20061136013 PCTUCA2006/000996 time delay between the two
measured signals is determined using the well-known time-of- flight
method or the cross-correlation function (traditional or enhanced)
calculated in the time or frequency domains as described in U.S. patent
6,493, 24d; thascontents of which are herein incorporated by seferap&gnonss
The average propagation velocity in the pipe can then be calculated by
dividing the difference between the distances of the sensors from the
acoustic source by the time delay. 10010] In addition to determining the
averagediirkaess thraseBisatiecd Ariping Capatiey eirebe: pipkiieatetas-of
can ?I!Sk?t be dgtermined based.on the.attgggatio of the acou tii signals

cthod or the cross-comrelation function itional or enshanced) calculated i t
descri eanaBove. lA“EI’I’](’;\'[IVE Y, t'ﬁe cfamplng capaC|ty can pe de ermlneﬁ

basegeo-thewidth.phina firaysncy speciimdaeak ihat Lomespondsdo
the fundamental ring frequency of the pipe or based the logarithmic

decremientohtrapsitmntngvibration s Ervefrecpier oy sgeatyumthegriyg: can
logarithmic decrement can found using a simple mechanical impact test at

a locKtibe HRETE TR Piserrpiesrrc gy i B Hupess Whniies Frg the

damping capacity,qf.ihe, pipg, material can be used to obtain information
about its tensile sgrength, especially for cast iron pipes, based on

Publige Felalienshies.This el nusw.of e fact iat ne.lenells

strength of cast Iron pipes varies wm%fy, oclepen Ing on their'source o

suppiy: apeviktagen FoncaskHanPines, dhadamping capagitisinGipases

as their strength decreases, which depends on the carbon content and

coolifgyuried aarbdkrmettentimirsoulivgaracaffecethreunddaisdan e width

grapb}l'kt{]ﬂa structure of cast irgr&ﬁmd in turg its hstres -strai]n_n(g]e IinearitP/the
a

¢ frequency specirum pe 1 Correspon: {s]ks fundamental. 11 -Iienc )
Non-Tinéarity ‘in tfle Torm'of a hysterasis 10op leads to nigh damping

capagity {0044 The.method e-ascardanes with heinvanianbas Hhemm
advantage of being non- destructive and non-intrusive. All required
measutémeitsicdrbemadddrahnshesgropcesurfagenihieldengtivefithe
pipe section represented by the average Erofile can be arbitr,ariliy 4
where the pipe is exposed, e.g., in an access Manhole. The damping capacity of the pipe
material can be used to obtain information about its tensile strength, especially for cast iron
pipes, based on published relationships. This is helpful in view of the fact that the tensile
strength of cast iron pipes varies widely, depending on their source of supply and vintage.
For cast iron pipes, the damping capacity increases as their strength decreases, which
depends on the carbon content and cooling rate. Carbon content and cooling rate affect the

matrix and graphite structure of cast iron and in turn its stress-strain non-linearity. Non-

linearity in the form of a hysteresis loop leads to high damping capacity.

{0011} The method in accordance with the invention has the advantage of being non-
destructive and non-intrusive. All required measurements can be made from the ground

surface. The length of the pipe section represented by the average profile can be arbitrarily



WO 20061136013 PCTICA2006/000996 chosen. Initially, a 100 metres
long section, which is the usual distance between fire hydrants in urban
areas, can be chosen. Subsequently, if higher resolution is needed, small
access holes to the pipe may be drilled, e.g., using keyhole vacuum
excavaliombeeinologies, to measure the thickness over shoperEMes/000996
sections. Alternatively, arrays of closely spaced hydrophones may be
inserted into pipes thru fire hudrants or corporation stops. The
measurement and calculation of the pipe wall thickness can be easily

mad& &g AREENE- “ﬁagseaﬂﬁw&%w&i@ T8 YsvE b s Bt dHE easy
to implement (858 »Rconkngtion with. rouf 9qfhsglgr%%%&e%@s%ef%yaau

Also, it does not require a high level of operator skill.

DESGRHR TN @Fphkhm Dk AN &8 ﬁ@ﬁgﬁ&ﬁhemmammm&n&m@eges,
described in more detail, by way of example only, with reference to the
accoth PArR g e aiisyg 8 s MR cISP mgtlfe shorevanfaleehoerrsht
for measurin ati I00|t ri ipes in accordanc W|th a
ot S T I e R T 1o ring

propagaticnnvelacityal huriedndiResHt acaordans 6. Withya:.88CRRE windows-
embodiment; [00151 Figures 2a and 2b show PC screens displaying the

resuliznof BGvafiinickessonrredsuterhe stintacadrdan cepwitirapmction with
embodiment of the invention; (0016] Figure 3 shows the variation of

prediEtEEHBE HICKTEEE 28 M SR BPHE?R“?H&FBI\%%‘F\R)&E@‘P@HH

[001 é Fé)éjre 4 shows the frequenc spectrum of impact-echo tests on
ductilBRfoh 'EarhplE TR EFeréitcR ‘b‘fbi“"?ﬁ‘?d 5 WO 2006/136013

PCT/CA2006/000996 [0018] Figure 5 shows the predicted wall thickness
of ref@ﬁ@ﬁb@ﬁiiﬁée&%‘fﬁ@’ié{d‘ﬁ)’éf’é&%iﬁkad in more detail, by way of example only, with

reference to the accompanying drawings, in which:

[0013] Figure la shows an arrangement for measuring propagation velocity of buried

pipes in accordance with a first embodiment;

[0014] Figure 1o shows an arrangement for measuring propagation velecity of buried

pipes in accordance with a second embodiment;

0015} Figures 2a and 2b show PC screens displaying the results of a wall thickness

measurement in accordance with an embodiment of the invention;

{0016] Figure 3 shows the variation of predicted pipe thickness as a function of bulk

modulus of water; and

[0017] Figure 4 shows the frequency spectrum of impact-echo tests on ductile iron sample

of reference pipe; and



modulus of elasticity of water of 1.95 OPa at 20.8 C. DETAILED
DESCRIPTION OF THE PREFERRED EMBODIMENTS 100191 In order
to assist in understanding the invention, it is helpful to consider the
underlying theory. (0020] The propagation velocity of acoustic waves in an

unbegneirdAluie body is defined by the following equation: vee-yKiRddoosos
where K is the bulk modulus of elasticity of the fluid, p is its density, and y

is the ratio of the specific heats of the fluid (i.e., the ratio of the fluid's heat
capacity in a constant pressure process to the heat capacity in a constant
volurf¥ifloEisas) s phoraparedtrsidveribhierastioeglemerpingnsng fdimstddiuik
Pearsall, ].S. "The velocity of er hammer waves", Proceedings of the
Institﬁ?éiﬁlugfcﬂféaéﬁgﬁigg %Bﬁé)fﬁnﬁeegrép\a/éﬁﬁgo?' Part 3E, pp. 12-20, 1965,
the cantents of which are herein incorpqrated by reference. (0022) For a
nearly incompressite ihd; Whith Ethe S TP RGN temperatures
and pressures in water distribution pipes, ,is approximately equal to unity.
Thenl B! (1) BB doties " idie 2y sob3 i THd erdsa ey B e wair dica

presqg@g,%qnglﬁilg(;%arrying pipe reduces the velocity of acoustic waves in
the fluid. The amount of the reduction of the velocity depends on the size
he cross-s

and ft ctional area of the pipe and the elastic. modulus
el A e Sl S R A
genergleauationofthe.yelocity of acoustic waves in the fluid is defined
by the following equation: v=v 1+yKAap (3)

vo =¥ K/p (H
where X 18 the bulk medulus of elasticity of the fluid, pis its density, and yis the ratio of

the specific heats of the fluid {(i.c., the ratio of the fluid’s heat capacity in a constant

pressure process to the heat capacity in a constant velume process).

[6021] The derivation of this equation can be found in Pearsall, 1.8, “The velocity of
water hammer waves”, Froceedings of the Institution of Mechanical Bngineers, Vol 180,

Part 3E, pp. 12-20, 1965, the contents of which are herein incorporated by reference.

10022] For a nearly incompressible liguid, which is the case under normal temperatures
and pressures in water distribution pipes, yis approximately equal to unity. Then, Eq. (1)

becomes:

v, =JK/p (2)

Q

[0023] The elasticity of the wall of a pressurized fluid-carrying pipe reduces the velocity
of acoustic waves in the fiuid. The amount of the reduction of the velocity depends on the

size and shape of the cross-sectional area of the pipe and the elfastic modulus of the



P where A is the cross-sectional area occupied by the fluid, p is pressure
inside the pipe, and vo is defined by Eq. (1). For a nearly incompressible
liquid, yis approximately equal to unity. This equation is explained in

Wylie, E. B., and Streeter, V. L. Fluid Transients, McGraw-Hill, New York,
198 the gaients of which are herein incorporated by refergngesitfddddoos
For such fluids, Eq. (1) becomes: ~1+K~1 ~ (4) A ap where v" is defined
by Eq. (2). [0025] For accurate estimation of the velocity, it is necessary to
consider the variation of K and p with the temperature, air content, and

presBArEYrfiRe MRt Tﬁs&%ﬁs@wa\ﬁﬂ@f\}éwemmﬂg%? Yol g e g is

plpeﬁeﬁﬁdlﬁngeq}ogl Qy@ngncgltperefore v ~ V0. On the other P hand, for very
flexible pipes, the acoustlc velocity may be approximated as: V A ap (5)

V p aA 7 WO 2006/ CA2006/000996 10026] The
cross-sectional @r@ stiai tﬁfa pipe, aA/A, is caused by the(ghange in
total circumferenti rain hICh in turn is caused by the change in

pressure, ap. The total cwcumferentlal strain is equal to: aee - aae -,sac,
(6) E where a, and ao are circumferential and axial stresses in the pipe
Wa”’wérgpééﬁvg%omcgonal area occupied by the fluid, p is pressure inside the pipe, and

Vo 15 defined by Eq. (1). For a rearly incompressible liquid, is approximately equal to
unity. This equation is explained in Wylie, E. B., and Streeter, V. L. Fluid Transients,
MeGraw-Hill, New York, 1982. the contents of which are herein incorporated by

reference.

[0024] For such fluids, Eq. (1) becomes:

YN
v:v”/\j]+K[-}—a—AJ {4)
A dp '
where v, is defined by Eq. (2).

[0025] For accurate estimation of the velocity, it is necessary to consider the variation of

K and p with the temperature, air content, and pressure of the fluid. For pipes having very

thick walls or for gas-filled pipes, —gﬁ is negligible and therefore v =v,. On the other
- ‘

hand, for very flexible pipes, the acoustic velocity may be approximated as:

e A 5p (5)
pSA



and is the elastic modulus and Poisson's ratio of the pipe material.
100271 For a circular pipe, and considering a small angular part of the
cross-sectional area defined by the angleaO, the partial change in the
area is: 5A0 =(Rae)au, (7) where R is the internal radius of the pipe and
auwis the,ehange in the radial displacement at radius it Divigig-Eshoé Ahosos
by (A c])) and integrating over O leads to: 1 aA 1 2, - jau, rl8 (8) A ap
irRap , where the change in the radial displacement at radius R, au,, is
equal to: a _RdG+aeeR88 R ae (9) = a8B R 10028] For a pipe that is
thin-WAREA hinepis-wisre! tie ptie Hebniien Y didhitess Anthe thiokn ésiotid
large, stresses in the pipe wall are nearly uniform across its thickness.
ConStHETATER 8t T e eI OP fo R SEMN B B ERgere: o - The
Cross- c].trion arg%qf tlhe %igﬁwall shows the circumferential stress to
be: 9 WG 2006/136015 PETIEA2006/000996 ao - Rp and aaa=Rp (10)
=---tt wherelis th% highggss of the pipe wall defined by: t=f((c)) (11)

t
bry= o] (6)

where o, and g, are circomferential and axial stresses in the pipe wall, respectively, and E

and p 1s the elastic moduhas and Poisson’s ratio of the pipe material.

[0027] For a circular pipe, and considering a small angular part of the cross-sectional area

defined by the angle 26, the partial change in the area is:
84% = (RoG)au, (73

where R is the internal radius of the pipe and 8w, is the change in the radial displacement

at radius R, Dividing Eq. (7) by (4 &) and integrating over £ leads to;

2
% S Ju do (8)

1
A R

[#]
where the change in the radial displacement at radius R, Suy, is equal to:

r
5u, _ ROO+0e[R20
a8 (9

=de, R

1
{00281 For a pipe that is thin-walled, that is where the ratio between its diameter and

thickness is large, stresses i the pipe wall are nearly uniforn across its thickness.
Consideration of the equilibrium of forces acting on half of the cross-sectional area of the

pipe wall shows the circumnferential stress to be;



[0029] For a pipe that's free to move axially, e.g., with expansion joints
throughout its length, or for a pipe material having a high modulus of
elasticity, e.g., steel or concrete, the change in axial stress, Bat , is
negligible and can be assumed to be zero. For other fixation conditions,
theyehangs iathe axial stress can be significant and should Re4aken.dhies
account. For example, for a pipe constrained against axial movement
throughout its length, et = 0 and hence: Sc, = pSaa (12) [0030]
Substituting Eq. (10) and (12) in (6), Eq. (6) in (9), and finally Eq. (9) in (8)
leads to (assumlrg’iﬁatmp \/g@llﬂﬂ@ness profile is symmetr@@bout the
pipe's centrellne) I8Ar 2, dB A ap E J (0) (13) D dO "nE 0f(e) where D is
the diameter of the pipe and c is a factor that takes into account the
fixativherareshiesd ofarres pigks and islgdebeebyy for a pipe having expansion
joints throughout its length or having a high modulus of elasticity | -- for a
pipe constrained=a@éinst axial movement throughout its lengtt¥ (14) [0031]
Pipes buried in corrosive soils may not loose their thickness evenly
arounghiher GikGipaterence. Masklikalyy, this isidueptasthe:farmatiopef: is
corrosion cells on the outer 9 WO 2006/136013 PCT/CA2006/000996
surfacesdf théopiperagearasiitiog diffigrentalacfatisr Thig fseplensmwken
the p| e s cross- section is partially in contact with two soils , for example
a porBagPatd HenEb Wt 48rataielisih strdrys e is ek e Badiehifshd
ani ermeabe and hence r eya%erated SO{)Ie such as n%tl gu?d%e y soils.

00,
Xa con 1Hons, t echa m th 35 Ca sigrific nt an taken
leferen I aera ion’ may a O occur on e Internarl suria

into account. For example, for a pipe constrained against axial movement thronghout its

length, & = 0 and hence: do, = pio, (12)

[0030] Substituting Eq. {10} and {12) in (6), Eq. (6} int (9}, and finally Eq. {9} in (8) leads

to (assuming that the wall thickness profile is symumetric about the pipe’s centreline):

194 e 46

Aa nF &
P of( ) (13)

LD e do

E ] f(0)

where D is the diameter of the pipe and ¢ is a factor that takes into account the fixation

method of the pipe and is given by:

i for o pipe having expansion joints throughout lis length or having a kigh modulus of elasticity
o=
2 . . . .
- u Jor a pipeconstrained against axial movement throughout s length
(14)

[0031] Pipes buried in corrosive soils may not loose their thickness evenly around the

circumierence. Most likely, this is due to the formation of corrosion cells on the outer



of the pipe due to the accumulation of deposits at the bottom of the pipe.

To take this phenomenon into account, the wall thickness of the pipe may
be assumed to vary linearly with the angular coordinate as follows: t- x
,nIn0+t,em for-fn<0-<fir (15) for fnSB<_--fir where f is the fraction of the
Pip&yeraRs/Seetion having non-uniform thickness, and t,,,,, is g8 IR
wall thickness at B= 0 and t,,,,; is the maximum wall thickness at H=z.

The mean thickness, tmea,,, is then equal to: I-- =.ft",;, +(1 -- Nit,,,,, (16)
10032) A linear circumferential thickness profile was selected in the

examPIES6S paEits 2 S REd e @é%@t&ﬁd‘é*rﬁ&ﬁgﬁﬁawhe%@eérﬂws

more geeurate results are r req ired morg repres entative pr Ies car
usedSSubstlﬁutlngyEq iFZILESL in (13) é?\lo‘? evaluat| F11§°|ntegr8 Tea s o: 1

dA_ Reratddditndfich ds(doif}tor@d adr mi(:]kf)m %Zh&}ﬁd@fgeh—btmmﬁ ﬂen@%rﬂy@&@ed
substituting Eq. (16) in (4) leads to the following equation for the pipe's

acou§t’i% syl 6EHvE 01 W O BODEN S6H L ROTIGAROOG/000996 iR Prisl-strfint 1
=v1+cD K - + g18) El tm~, 11- -t | where c is defined b

Eq (f'ligfe[aééé PRI PO ES Trasy e A e e P e ohedre h‘%/g

the spegiahcRsenef ARIRE the wall thickness of the pipe may be assumed to vary linearly

with the angular coordinate as follows:

T win (2 5)

[ = m@ﬂ . for—fm << fm
t for fms s fm

where fis the fraction of the pipe cross-section having non-uniform thickness, and fm, i3
the rminimum wali thickness at 8= 0 and /., is the maximum waill thickness at &=,

The mean thickness, fea, 18 then equal to:

{ +it
tfﬂfﬂﬂ = Af )B?_x'—imm + (1 - f)!)ﬂiﬁ( (16)

10632] A linear circumferential thickness profile was selected in the example above for its
simplicity and ease of demonstration. However, if more accurate results are required,
more representative profiles can be used. Substituting Eq. (15) in (13) and evaluating the

mtegral leads to:

L% pusg C‘--Q] (I = f) -+ }HU{mnx + (I *.fl}tmin}_ ]n(rlnm)} (17)

A ap tmax mtm\'n

<1 mnax

and substituling Eq. (16) in (4) leads to the following equation for the pipe’s acoustic

velocity:

10



having uniform thickness profile, i.e., tm;fl = t,,,ax = t. Since lim In(x)-In(x-)
1(19) a-30 x-(x-a) x Eq. (18) becomes: v-v DK Il+c-- (20) 11t E The
velocity of acoustic waves given by Eq_ (20) is the same as that derived in
standard textbooks for fluid-filled cylindrical thin-walled pipes with a
uniforrmeyossrsection. [0034] The errors resulting from assurmptioaisancsos
the pipe is thin-walled, as is the case in US patent no. 6,561,032, are

small for the purpose of locating pipe leaks. However, for thickness

measurements, t . example, for a
152 mm cast irgh pipethatlis 10, M deicklwift! 8.4n/s, thas)
back-calculated/ uhiform “thiékness is equdlto %-mm, assuming that the

pipe is thin-walled. This corresponds to a spurious loss of 10%. For more
accuraey fullaseountguss.be taken of the variation of stresses across
the thickness of the pipe wall. [0035] The radial displacement at the inner
radiysotoy an vaconsirainedRine With.eXpaosiondHnts QuaReUL tSpipe
length, taking into account the variation of stresses across its thickness,
is giveridsymifdrm\iarRee6Et86013 RCTIGA20864000996 aue= p E 4t(D+t)
D (]+P) (21) and for pipes with constrained axial movement throughout it's
given by: 1 s OP ;- DiBURERAKBH)(I-F2)+D(1+,u) (22)

19
a0 x—(x—a) X 19
Eq.. (18} becomes:
5
v, {1+c2£ (20)
Y tE

The velocity of acoustic waves given by Eq. (20) 1s the same as that derived in stafidard

textbeoks for fiuid-filled cylindrical thin-walled pipes with a uniform cross-section.

[0634] The errors resulting from assumption that the pipe is thin-walled, as is the case in
US patent no. 6,561,032, are small for the purpose of locating pipe leaks. However, for
thickness measurements, the error may not be sufficiently small. For example, fora 152
mm cast iron pipe that 1s 10 mm thick with v = 1218 m/s, the back-calculated uniform
thickness is equal to 9 mum, assuming that the pipe is thin-walied. This corresponds 1o a
spuricus loss of 10%. For more accuracy, full account must be taken of the variation of

stresses across the thickness of the pipe wall.

{0035] The radial displacement at the inner radius for an unconstrained pipe with
expansion jomts throughout its length, taking into account the variation of stresses across

s thickness, is given by:
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Halliwell, A.R. "Velocity of a water hammer wave in an elastic pipe",
Proceedings of the American Society of Civil Engineers, Journal of the
Hydraulics Division, Vol. 89, No. 11Y4,pp.1-20,1963. (0036] Substituting
Eq. (15) in (21) and (22), Eq. (21) and (22) in (8), Eqg. (8) in (4) and
evaluating theintegral leads to the following velocity equatiopd@i-aR8oesos
with expansion joints throughout its length: z v=v"1 1+EK[2F+2(] +u)]
(23a) zr and the following equation for pipes with constrained axial
movement throughout its I?ngth: z v=v I+E[D F(1-uz)+2(1+u)] (23b)
where |- n | 2 +§; hz3#ac B bz-ABGE =+ InIn (24) ~(D ~t~\r/1\32t?g-4ac
~2)7fa+h++-4ac ~b+HhA48c¢ »'B2ta="] .m..) (25a) n 12 WO
2006/136013 PCTICA20061000996 b=~t~0~ tmm)(2tmi+D) (25b) c =t;i

M. (280100871 FenrdRick-walled Ripe.naving adniferm thickness,
Eq. (23) becomes:

ol D D
Bu, = E[4t{D+r)(1 w3 uw)} (22)

Halliwell, A.R. “Velocity of a water hammer wave n an elastic pipe”, Proceedings of the
American Society of Civil Engineers, Journal of the Hydraulics Division, Vol. 89, No.

HY4, pp. 1-20, 1963.

{0036] Substituting Eq. (15) in (21} and (22), Eq. (21) and (22) in (8), Eq. (8} in (4) and
evaluating the integral leads to the following velocity equation for a pipe with expansion

Jjoints throughout its fength:

2
v:vt,/\jnﬁ{gmpumm} (23a)
Bl J

and the following equation for pipes with constrained axial movement throughout its

length:

2
v:va/\/PrK!:Dﬁ F(1~‘112)+2(1+;t)} (23b)
E\ x

where

P Usr L 1 In 279fa+b—\fb2:ﬁcz mm(ihm (24)
tinax (D + fmax) v bz —dae 27#0 +b +\/g‘2 —~dae Lb'{‘ Vbz —dac
a —_—(Ei“%i‘%ﬂ‘} (25z)
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21 D v-vA 1+U F~(]+P)+D tJ (26a) for a pipe with expansion joints
throughout its length, and v+D (1(I+r~)+D+t(1(26b) for a pipe with
constrained axial movement, which are in agreement with expressions
derived in standard textbooks for fluid-filled cylindrical thick-walled pipes
withva widasmicross-section. [00381 The above formulationgderdkitnandoos
thick-walled pipes with non-uniform circumferential thickness profiles do
not take into account shear stresses in the pipe wall that are expected to
develop as a result of having unaxisymetric radial displacement. In the
formulation forlihin—%aﬁ@d]brgﬂes,ﬂl) is assumed that the crosszsegtion of
the pipe remains‘circllarin order to simplify the calculation of the
circumferential stress, i.e., Eq. 10. Similarly, to simplify the formulation for
thick-walled pipes,sadiaPdisplacements for pipes with uniforifthickness
profiles are used.. A rigorous formulation, taking into account shear
strespesTnrthe pipewadl isprssipleukioweneksichformudatian.would be
too complex and the small gain in accuracy is unwarranted. 13 WO
2006/136013 PCT/% ﬁ%The above formulations for

both thin and thieks (doznot- into account the(kertia of the
pipe wall and the s rfounding Soil. It is asstimed that the pipe responds
statically to propagating dynamic pressure waves. At low frequencies, well
beloPtHe ARy tERIEHEY of tHepigke e itorsehuséd by this assumption are
small as the pipe's response is dominated by the stiffness of its wall. For

example, conS|der| ontthEe: ertla gfgnz (55 wall, the veIOC|ty
equation for a pipe/having & et Jand with e%paﬁsmn

iform ¢toss-s
joints throughout its length, the velocity equation is given by:

for a pipe with constrained axial movement, which are in agreement with expressions
derived in standard textbooks for fluid-filled cylindrical thick-walied pipes with a uniform

CTO8S-5ection,

[0038] The above formulations for thin and thick-walled pipes with nen-uniform
circumferential thickness profiles do not take into account shear stresses in the pipe wall
that are expected to develop as a result of having unaxisymetric radial displacement. In
the formulation for thin-walled pipes, it is assumed that the cross-section of the pipe
remains circular in order to simplify the calcutation of the circumferential stress, i.e., Eq.
16. Similarly, to simplify the formulation for thick-walled pipes, radial displacements for
pipes with uniform thickness profiles are used. A rigorous formulation, taking into
account shear stresses in the pipe wall, is possible. However, such formulation would be

too complex and the small gain in accuracy is unwarranted.
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v=v D K (27) p 1 KE 1-D2eY 7p,, /4AE where w is the frequency of the
propagating pressure wave (in radians per second) and pp,Pr is the
density of the pipe wall material. The derivation of this expressions is
explained in Muggleton, J.M, Brennan, M.J., and Pinnington, R.J.

"W rediction of waves in buried pipes for water | e
deti%?igbrﬂ'g?%ﬁﬁfﬂal of Sound and Vibration, Vol. 249, No. 5, ggbgéé"%%%"”“
2002, the contents of which are herein incorporated by reference. [0040]
For the case of a cast iron pipe that is 152 mm in diameter and 12 mm
thick,[8A& I ritedbrimirfradgieneipofodcbinsticl Hoisevsighaisisidypicaihi:g00
Hz. The maximum err%r in_velgcity resulting from ignoring the inertia of
the pf‘ﬁé"‘v‘&éﬂ‘?s}“ﬁ“ﬁ%i‘hﬁé&ﬁ‘é)*o‘?’é%%%%@é%“@}ﬂa?‘gﬁgﬁaﬂwﬁ‘gﬂﬁﬂ*f Rir
2.157 3R alARa5) toT$§agaal§<a 633640k Other MSkallic pipgs, 14,WO
2006/136013 PCTICA20061000996 [0041] Change in the nominal internal
diamétéry dueite fvalkthjckniessiosspis aactdakeniiniouagaount deNe Ry,
such changes can be easily incorporated, although the small gain in
accurdRy TTKESC R ERIRAti6 R B RE Wit e d o[ova T drrersidoiing thie
general IRnm, 8 IS EARIION, | G5 iRARCE. O, BAN SRV ALAR O
mass In a infinitesimal pipe section, small term Bre neélec ed. s
assumedithakghisihasianagligibleieffectomiheacousticiyalosing iven if
the effect is not so, determination of the bulk modulus of elasticity of the
fluid carried by the pipe-as-describbed-later amounts to calibrating the
whole thicknes&it%ze > e-nL@q%thd_lh% back calculated bulk7)
modulus implicitly i clutls\torfettions fdr pproximations made in the

where @ is the frequency of the propagating pressure wave (in radians per second) and
Brine is the density of the pipe wall material. The derivation of this expressions is
explained in Muggleton, J.M, Brennan, M.J., and Pinnington, R.J. “Wavenumber
prediction of waves in buried pipes for water leak detection”, Journal of Sound and

Vivration, Vol. 249, No. 5, pp. 939-954, 2002, the contents of which are herein

incorporated by reference.

[0040] For the case of a cast iron pipe that is 152 mm in diameter and 12 mm thick, the
maximum frequency of accustic noise signals is typicalty 800 Hz. The maximum error in
. velocity resulting from ignoring the inertia of the pipe wall is a miniscule 0.07% (£ = 128

GPa, Pripe™ 7100 kg/m’, K = 2.157 GPa at 16° ). This is also the case for other metallic

pipes.
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derivation of the velocity equation, e.g., neglecting small terms and inertial
effects. [0043] The minimum thickness of the pipe, t,,,;,,, can be back
calculated using Eqgs. (18) or (23) for pipes with linearly varying wall
thickness. The maximum thickness, t".., is assumed to be equal to the
origirpdiiekdness of the pipe wall, which is usually known or pga@-RS06/000996
measured using a single pipe sample. This is justified based on the
observation that a certain part of the pipe's cross-section normally retains
its ori%gal thickness. This part corresponds to the cathode of the

corroSion CaIMeR s Bt drsmaLigasishdiior il Bigeessdoitdeaotten
mini i n lculated,using Eq, (16) from the mean
i s S e Sl
wall thickingssnakiishwilldenahieffessmacetirade results than would be
obtained using Eq. (23) for a thick-walled pipe with linearly varying wall
thickneas) makthe sanediation conditignnising /as., @8, (2Qk & (26)
underestimates If the pipe can be assumed to have a uniform thickness
profile>(ass gy Yerfsuiid frdniexpériencatior. anpdrticuarcareRyidhe is
average thickness can be back calculated using Eg. 26. 15 WO ,
2006 BT S en T ABGORRIDBRb AT I Getieiny 6 A s mr
waves, iRt iRiks: e/f,tmm_ﬁa}m%wggtny%cam@ﬁﬂgagarﬁmﬂgp%%@se _
signals, which can be ambient or created by intentionally by an acoustic
sourcesattadaevemiooationliFhadritennal disgthete mefsthenpipacid bk back
modulus of elasticity of the fluid, K, and its density, p, elastic modulus of
the prAETHS SHEIME AR B IRLUIT S PEGHIPS RFEAISUEIRI KNGV 1 ban
be eaiiv,fon sl (QUABLILOIAST 19 Rractice the method in acgordance with
the invention, it is necessary to know the velocity of sound in unbounded
fluid, e bulk modulus of the fluid, and its density, Considering the
case [(\g?ﬁ;%tg r distr] uﬁt?gﬁkgfﬁge%g% g}%fﬁ’@iﬁ/ﬁ%% es%aucnaa%rél{ﬂaatr?gﬁ ﬁ%%ﬁgﬁg&lg yor

bOdy(Qf)pblrﬁinﬁ{BﬂziSr@é\/@mamh:lg wall thickness. The maximum thickness, fipq, is
assumed to be equal to the original thickness of the pipe wall, which is usually known or
can be measured using a single pipe sample. This is justified based on the observation that
a certain part of the pipe’s cross-section normally retains its origina) thickness. This part
corresponds lo the cathode of the corrosion cell created by differential aeration of the
pipe’s surface. The minimum thickness can also be calculated using Eq. (16) from the
mean thickness back calculated using Eq. (20) or (26) for pipes having uniform wall
thickness. This will lead to less accurate results than would be obtained using Eq. (23) for
a thick~walled pipe with linearty varying wall thickness. For the same fixation condition,
using Eqgs. (18), (20}, or (26} underestimates #,q. If the pipe can be assumed to have a
uniform thickness profile (as may be found from experience for a particular area), the

average thickness can be back calculated using Eq. 26.
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vo = 1.402385 x 103 + 5.038813 T' 5.799136 x 10-' T23.287156 x 10-11,3
(28) -1.398845 x 10"6 T4 1 2.787860 x 10-'T5 where T is the water
temperature in T. This expression is based on Marczak, W. (1997), Water
as a standard in the measurement of the speed of sound in liquids.

Joupaleithe Acoustical Society of America, Vol. 102, NO. SR a2006/000096
2776-2779, the contents of which are incorporated herein by reference.

[00461 Table 1 lists the velocity of sound, density and the corresponding
bulk modulus of elasticity for temperatures between 0 and 40 C. Density
valud84te B sslyoni ?ﬁ@%ﬁd’%@—mn HTB(EH’érﬁiﬁFybamﬁaF‘ﬁ%l?wo@R@g
Press, 85h edltlon 4&2905 the ontents of hich are orporated

herein By Telorsnca: TRV W”é‘?‘é o%{létfﬁge %{3{}} asing €.

Tabl@olm\e’@dammgwm Teensity. pashRukomeduldsp of glasticity of water

Temperature Velocity of sound Density of water Bulk modulus (C) (ntis)
(kQlrplesgtittp of)tli: T E2/0 981 84 2615109 66:1 46t lAQF @0 004 bifie. 9O AIGEWIAD its
2006/136013 ,PCT/CA2006/000996 2 1412 999,9429 1.994 3 1417
999.9672°% To%- 4- 1823 ulde 975 e B4 58999 9668 2.034 6 1431
999,943 2.046 7 1435 999.9043 2,059 8 1439 999.8509 2.071

{0045} In order to practice the method in accordance with the invention, it is necessary to
know the velocity of sound m unbounded fluid, vy or the bulk modulus of the fluid, and

its density. Considering the case of water distribution pipes, the velocity of scuad in an

unconfined body of pure water is given by:

v, = 1.402385 x 10° + 5.038813 T 5799136 x 107 T? +3.287156 x 107 T° (28)

- 1.398845x 10°T" + 2787860 x 10° T3

where T is the water temperature in °C. This expressicn is based on Marczak, W. (1997),
Water as a standard in the meagurement of the speed of sound in liquids. Journal of the
Agoustical Society of America, Vol. 102, No. 5, pp. 2776-2779, the contents of which are

incorporated herein by reference.

[00461 Tabie 1 lists the velocity of scund, density and the corresponding butk modulus of
elasticity for temperatures between 0 and 40 °C. Density values are based on the Handbook
of Chemistry and Physics, CRC Press, 85" edition, 2004-2003, the contents of which are

incorperated herein by reference. Bulk modulus values were obtained by using Eq. 2.

Table 1: Velocity of sound, density and bulk modulus
of elasticity of water

Temperature Velocity of sound  Density of water Bulk modulus

°C) {as) (kg/m’) (GPa)
0 1402 999 8426 1.966
1 1407 999 9015 1.980
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9 1443 999.7834 2.083 10 1447 999.7021 2.094 11 1451 999.6074

2.105 12 1455 999.4996 2.116 13 1459 999.3792 2.127 14 1462
999.2464 2.137 15 1466 999.1016 2.147 16 1469 998.945 2.157 17
1473 998.7769 2.166 18 1476 998.5976 2.176 19 1479 998.4073 2.185
20 34829987963 2.194 21 1485 997.9948 2.202 22 1488 997 Zd3c 00906
2,210 23 1491 997.5412 2.218 24 1494 997.2994 2.226 25 1497
997.048 2234 26 1499 996.787 2.241 27 1502 996.5166 2.248 28 1504
996.2371 2.255 29 1507.995.9486 2.261 301509 995.6511 2.268 31

1511995.3452. 3 1417 999.9672 2.008 71 _2.285_
4 1422 999975 2,921
3 1426 999.9668 2.034
6 1431 0999943 2.046
7 1435 969.9043 2059
8 1439 9G9.8509 2.071
9 1443 999.7834 2.083
10 1447 995.7021 2.004
1} 1451 9996074 2.105
12 1455 899.4996 2116
13 1459 9993792 2127
t4 1462 569.2464 2.137
15 1466 8991016 2.147
6 1460 998.545 2157
17 1473 998.7769 2166
i8 1476 998.5976 2.176
19 1479 998.4073 2.185
20 . 1482 998.2063 2.194
21 1485 997.9948 2.202
22 1488 997.773 2210
23 1491 997.5412 2.218
24 1464 997.2994 2.226
25 1497 947.048 2.234
26 1499 996.787 2.241
27 1502 996.5166 2.248
28 1504 $96.2371 2.255
29 1507 995.9486 2,261
30 1509 995.6511 2268
31 1531 995,345 2.274
32 1514 995.0302 2.280
33 1516 994.7071 2,283
34 1538 994.3756 2.291
33 1520 994.0359 2.296
36 1522 993.6883 2301
£yl 1524 §93.3328 2.306
38 1525 992.5695 2311
3% 1527 992 5987 2315
40 1529 9922204 2319

{0647] Limited available information about the compressibility of lake waters indicates
that it is not significantly different from that of pure water , see for example Dorsey, N.E.
{(1940). Properties of Ordinary Water-Substance. Reinhold Publishing Corporation, New
York, U.SA. However, the velocity of sound given by Eq. 28 is based on experimental

results that have been obtained for pure water at MHz frequencies. Therefore, this
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34 1518 994.3756 2.291 - 35 1520 994.0359 2.296 36 1522 993.6883
2.301 37 1524 993.3328 2.306 38 1525 992.9695 2.311 39 1527
992.5987 2.315 40 1529 992.2204 2.319 [0047] Limited available
information about the compressibility of lake waters indicates that it is not
significanthsaifferent from that of pure water , see for example-RDoxsay 000996
N.E. (1940), Properties of Ordinary Water-Substance. Reinhold

Publishing Corporation, New York, USA. However, the velocity of sound
given %XﬁEq' 28 is baseﬁlcon experimental results that have been obtained

for pitE WREPACMEPREAUSHERES FRETBRSY S HRIS PPN S TS 36¢%
PCTIGAZARG/000998 equalion may ARiRe annlicakle.faraure,as Srdingry

water at frequencies below 1000 Hz, which dominate acoustic signals in
watenMdistribation pipaslidt Was IShovTBy:@i0onpellaMasiayresd. diigaaditt
Miller J.G. (1981), Kramers-Kronig relationship between ultrasonic

attentiSHSH BRadsHase ittty A IACH s S ot ANy bIIBF NG Bhyp

696- [Qihat.2. System hal sxail Siszﬁc?@a%’??;%a\’é’!‘il%hsi%x%uc Se o0 ie,
water, must exhibit dispersion, i.e., dependence of phase velocity on

frequepeyi-Alse; ghey-showed thal-acoustic Mejesiies atk: W fiequencies
are typically lower than those at higher ones. Consequently, the bulk
modutiro sRistestardistribliidrpiges hvasbeidbwerah&nmtlhosatlistbebink
Table 1, 100481 Bulk moduli used for water hammer analysis in some
(ot T N DL B A I e BT Tl 2 e they

are slg(%’htl lower in others. Small discrepancies in the bulk modulus have

a mirl 43 f%%ﬁ_"&ﬁ’%&fé%@m‘&héa‘éﬁ‘i éﬁ%ﬁ%g in some texts and handbooks are the

same as those listed in Table 1; while they are slightly lower in others. Small
discrepancies in the bulk modulus have a minor effect on water hammer calculations.
However, when bulk moduli listed in Table 1 were used with the proposed non-
destructive testing method, the predicted thickness foss was overestimated. The
dependence of predicted wall thickness on the bulk modulus of water is shown in Figure 3
for a 12 mm thick, 152 mm & pit cast iron pipe having an acoustic velocity of 1247 m/s.
For example, using a bulk modulus equal to 2.2 GPa, as used by some texts at 20 °C,
predicted thickness would be 8.3 mm, winle it would be 10.4 mm using a modulus of 2.03

(GPa, as used by other texts at 20 °C.

[6049] The uncertainty regardiné the appropriate value of the butk modulus to be used for
thickness calculations can be minimized in accordance with an embodiment of the
invention by careful measurement. First, the acoustic velocity is measured for a
“reference” pipe of a known wall thickness, diameter and Young's modulus. Preferably, a

recently mstalied pipe of a known class should be used and its Young's moedulus should
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However, when bulk moduli listed in Table | were used with the proposed
non- destructive testing method, the predicted thickness loss was
overestimated. The dependence of predicted wall thickness on the bulk
modulus of water is shown in Figure 3 for a 12 mm thick, 152 nun O pit
casvisampip@faving an acoustic velocity of 1247 m/s. For examplswsooooees
using a bulk modulus equal to 2.2 GPa, as used by some texts at 20 C,
predicted thickness would be 8.3 mm, while it would be 10.4 mm using a
mod%Ius of 2&){? GPa as usedhby o(}helr exts at 20 T, [00491 The ,
uncertamty reg P&l‘lﬁﬁa%weoéﬁlﬂ)%p‘f%eteo\rlaﬁ‘l & B BUIRTh 88 I Tl i
usechipr Hhickness:calcyiainns.canheminimizedineesordrneewithan
embodiment of the invention by careful measurement. First, the acoustic
veloociiylis fmeasufdiciiopa iaheremntethpipe-afyadknowmwallrthigkaess,
diameter and Young's modulus. Preferably, a recently installed pipe of a

knowhi eRess SHerTTEPBErLRIdRE A sts “istiRg s hr sdtitue sms and abwiess
2006(1 36013 PCTIG0000/000996, e measured dynamically for an. .
; e i b

exhumed or leftover sample. Then, t modulus Is ba ated

from thenappropsiages thegsgtical acoustic velocity equation or a numerical
model for water-filled pipes together with other already known or

meaguiey RiRe.RALBMEAISIR Meastementefiheacausticyalegiofiihes

reference pipe and other pipes should be performed within few days of

eachfothercTHisas orenswishiatidsimperatinieszol thedhmdsiinithepipes

are similar. 100501 Alternativeg/,}the bulk modulus may be determined
f

from ARt HER I SE AR SRR B S8 M Rdstrdps At Sl bifd's
bulk modilus angdemperatite.fartbheafersnce ping atdifferent times of

the year. Determination of the bulk modulus as described here amounts
to calibratingrieiwholedsicknessieaspirameniineihod LERerlback of the

calculated modulus implicitly includes corrections for approximations
mad ev?HCtWee@@F%ﬁéﬂxwlfﬁt@g small terms and inertial effects.

{0051} Following is an example of the determination of the relationship between the bulk
modulus of elasticity of the fluid and its temperature. Acoustic velocity was measured for a
recently instalied 152 pum 2 Class 52 cement-lined ductile iron water distribution pipe

having the following temperatures: 20.8, 11.7, and 5.3 °C.

{0052] For a cement-lined pipe of circular cross-section, the acouslic wave velocity can
determined by the following equation, given in Fluid Transients in Pipes and Tunnels:
Specd of Propagation of Pressure Waves. Engineering Sciences Data item No. 83046,

ESDU Intemational, 1983, London, U X:
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velocity equation, e.g., neglecting small terms and inertial effects. 100511
Following is an example of the determination of the relationship between
the bulk modulus of elasticity of the fluid and its temperature. Acoustic
velocity was measured for a recently installed 152 mm 0 Class 52
cemenilineddsictile iron water distribution pipe having the fell@wit@os/ 00996
temperatures: 20.8, 11.7, and 5.3 T. 10052] For a cement-lined pipe of
circular cross-section, the acoustic wave velocity can determined by the
following equation, given in Fluid Transients in Pipes and Tunnels: Speed
of Propagation_of Pressure WavesX EAgineering Sciences Data Item N?,z %)
83046, ESDU Jnfternational, 1988, L0ndef)(U. K 194¥Q 2006/136013

PCT/CA2006/000996. V5-(290 FiK- ERY#)c- 2 gpPe.ne |
p(D-ep)(1- u)+E e [(D +ep2)(1 P)+2,uDep] where v is veI00|ty of acoustic

Wavesin.te RIBE K. ARGR wa e DUk OduILS; of flasticity. and GQ%%%
of water, respectively; E., D, and eF are Young's modulus, internal
diameitdznancinetal sth@kneﬂ;gs Bf, iheupipesreespegivielyifs, anchetaifeter,
Young's modulus and thickness of the cement lining, respectively; and p
is POTBABITE! faily asEukh et wd P the Safmenfor udcties oM difits ththickness
cemegg lining. 100531 Thet |ckn§sse1§0g£§he metal sec Qf%d cement

he ¢ nt 1im ect s ratm a e same for
I|n|ng orl m 0°Cfass b2 ductfe’iron pipes are

resp@g&\@@Iy@nTJﬂgtmlgmg%g;‘gan "equivalent” ductlle iron pipe W|th no
cement lining is equal to 8.2 mm, as found from Eg. 29. The equivalent

PiPe 335316, SAMEAGQUBHE %A’é'%éé‘%e\éﬁé%'&( AnilaiEementined ong, 52

Young's modulus of ductile iron is equal to 169 GPa as found fromt

resorangeifsegpensy of adedusamgleiuaingrmimpast-eshejdestthatcan
be seen in Figure 4; Poisson's ratio was taken equal to
iron pipe with no cement lining is equal to 8.2 mm, as found from Eq. 29. The equivalent

pipe has the same acoustic wave velocity as the cement-lined one. Young’s modulus of
ductile iron is equal to 169 GPa, as found from the resonance frequency of a rod sample
using an impact-echo test that can be seen in Figure 4; Poisson’s ratio was taken equal to
0.3; and Young’s modulus of the cement lining was taken equal to 24 GPa. The impact-
echo test and modulus calculation was performed in accordance with ASTM standard B
1876-01: Standard test method for dynamic Young’s modulus, shear modulus, and

Poisson’s ratio by impulse excitation of vibration, 2001.

{0054] The bulk modulus of water was back calculated by adjusting its value until the
predicted pipe wall thickness was equal to 8.240.1 mm. The modulus was found to be
1.95 GPa at 20.8 °C, 1.875 GPa at 11.7 °C, and 1.81 GPa at 5.3 °C. A straight line was
fitted to the backcalculated moduli and is shown in Figure 5 together with moduli based

on the velocity of sound given by Eq. 28 for pure water at MHz frequencies. Over the 5 to
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0.3; and Young's modulus of the cement lining was taken equal to 24
GPa. The impact- echo test and modulus calculation was performed in
accordance with ASTM standard E 1876-01: Standard test method for
dynamic Young's modulus, shear modulus, and Poisson's ratio by

iImprisesgxGitation of vibration, 2001. 100541 The bulk modujys-@fxwatakosss
was back calculated by adjusting its value until the predicted pipe wall
thickness was equal to 8.240.1 mm. The modulus was found to be 1.95
GPa at 20.8 C, 1.875 GPa at 11.7 C, and 1.81 GPa at 5.3 T. A straight

line vas" eI T8 tHE BT SUTAREE Madish LitPrs'ShGRiPIF imigivagion

tog e%ﬁég‘,"ﬂm{@&q}é | l'otl) %ﬁl%%a%p atlhgg}{(?\!@ﬁi t%e%ie%?i'ép ;gng)l M%gngyig%ﬂz%ﬂg r
pure water at MHz frequencies. Over the 5to 20 WO 2006/136013

PCTAeA20064000986s 2pfidampesaiiia-range Shawmimftigure &eivdigh
is expected for water in distribution pipes, the modulus for pure water at
high ¥z eiares Anb e\ vdréd Imsarly with temperature. This lends
support to the adequacy of the fitted straight line for estimating the bulk
moduf¥s3dfiwate st strtratisrepipdis 0055l Myplded isetups fme shown in
accordance with embodiments of the invention are shown in Figures la
and IBERBUREY Water BIFe I RS Ay APARYE 1% EolfP12¢S SBRESS 12
are mpunted-aRfwenehiha Ry diaftse Whike theth i d HrRVICE 3. 3r8 QUGS s
outside the hydrants including the sensors. In Figure la, the sensors are

mounitetidimg khedrasts. 1PEard 4 e, savhileathedydiant ll2eactgasdl 2b,
source. In this case the propagation velocity is determined. by measuring

the propagRtr Hivle Betwean Ayarae I 2acdbaP1zBerhe st detitsemincd
velocly, QYRR NG FHRICRNINE.R hAT. WIelE AT ﬁéggagggg : delay

between the signals sensed by sensors’'| and 2, and assuming equal

lengthsifarpipesconnestingsfiey Bydrants,iza anddbiie theynanpipe
10. [0056) In Figure Ib, the hydrant 12b acts as the source, and the
distu m@qb‘e‘ej@@émg@rbyand 2, and assuming equal lengths for pipes connecting fire

hydrants 124 and 12b to the main pipe 10.

{0056] In Figure 1b, the hydrant 12b acts as the source, and the distwrbance is detected by
the sensors 1, 2 at hydrants 12a, 12¢ on either side of the source. In this case the
propagation velocity is given by the expression v = (L, - L)/ AT, assuming equal lengths

for pipes connecting fire hydrants i2a and 12¢ to the main pipe 10.

f0037} Signals are sent remotely from transmitters 14 attached to the sensors 1,2 to a
receiver 15 connected to PC 16 ruaning a program transferred to its hard drive from a
stérage medium, such as a CD ROM 18, The computer 16 is Windows™ based (although
it will be appreciated that any other suitable operating system can be used) and displays
the results in windows shown in Figures 2a and 2b. Figure 2a shows the results of a

measurernent. Figare 2b is a screen aliowing the user o enter relevant parameters, such as
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the sensors 1, 2 at hydrants 12a, 12c on either side of the source. In this
case the propagation velocity is given by the expression v = (L2 - L,)/ AT,
assuming equal lengths for pipes connecting fire hydrants 12a and 12c to
the main pipe 10. [0057] Signals are sent remotely from transmitters 14
attaghemddosthe sensors 1, 2 to a receiver 15 connected to R 6HdMARG 96
a program transferred to its hard drive from a storage medium, such as a
CD ROM 18. The computer 16 is Windowsill based (although it will be
appreciated that any other suitable operating S)éstem can be used) and

dispH5BIPRHE LY 8 TR TEW & S HOBVIERT TR RS BR RR GO “elgeHe"2a
shovys, thesaults.of A MeRASEMENt, Figh'e.A0 (5.2 seresn.alowing. the
user to enter relevant parameters, such as 21 WO 2006/136013
PCTiaA20486/000096:1ihe:qipednaterial cihe dampriatdre £ Fhacsigaals
may be transmitted in analogue or digital forms. In an alternative setup,
sign&Faeffsiay Hiesarisereis signgliAnpdesumt e e PG wihtkiakies.
Alternatively, dedicated hardware can be used instead of a PC to
calcufdfélthactinesdelayhemréen Eedudtietsitmals @ncdatér iinetheing
pipe's wall thickness. 10058) When sensors are mounted on fire hydrants
that S7& COMHEEIEY 1S IRSPIpE beiNG Tedtdt e CoRhEEtig PlisesSHstId
be tracedon hesuHarsand.ihelkiangibs.reasyrad.ReSHBlY, ANt not
incorporated in the sensors' distances from the acoustic source. If it is not

possibleitls tracecthe comnentipigepipe scandirérioetheir lengthssdheshased
ona "bestguess' of their layout, the lengths should be checked for

accuPAly i whS Brdoittg bt b s e e Bft%p%aﬁ%(ﬂﬂ%éw&fﬁes
of acQUSHG RRISE GIEAISd- Y ALISASLIWR sources atJifferant logations.

For example, two out-of-bracket sources on opposite sides of the bracket

can higtsedodidisiances.af H)eysensarsiram the-acaushe:SOUICaS ake

inaccurate due to errors in the lengths of connecting pipes between fire

hydr&f& Aser e fitah Ppifeccsretsepuratdiy mbaSarats propagetiercurate

Veloccmee k% Qlfr&afgglqu?m?g Iggf '&%‘&%%%theg%e%?m fire hydrants and the main pipe,
the separately measured propagation velocities of acoustic noise induced by the two

sources will be different.

[0059] A system of linear equations can be formed based on the relationship between
time delays of acoustic signals induced by acoustic sources at different locations, acoustic
propagation velocity in the pipe, and lengths of connecting pipes. Time delays between
measured acoustic noise can be determined using the time-flight method or the cross-
correlation function (either traditional or enhanced). The acoustic velocity can then be
found by solving the system of linear equations. The mumber of acoustic sources at
different locations should be equal fo the number of unknowns. Two or three acoustic

sources are sufficient in most cases,
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sources will be different. (0059) A system of linear equations can be
formed based on the relationship between time delays of acoustic signals
induced by acoustic sources at different locations, acoustic propagation
velocity in the pipe, and lengths of connecting pipes. Time delays between
meagLindaeeustic noise can he determined using the time-fightmgihehoos
or the cross- correlation function (either traditional or enhanced). The
acoustic velocity can then be found by solving the system of linear
equations. The number of acoustic sources at different locations should

be effliathé tAR Famer S IRKRGHR " P OPtsFaRa L st euirseon fise

suffi%ga@;n@ {RPSLCRERS 4 % WRADRAIA0 I3 B GTIGAZ 0900998, 1ving

10060] As an example, consider the case in which the sensors |'and 2 are
mounteshen lfiehhydrants thakpeeiconnectadde dbawaa mpipepaith where
perpendicular connecting pipes having unknown lengths of Lt and L2,
respEEtivEN TR Ers taid el tadwe fsimd witisteithe Eonnestivy
pipes to the fire h%/q%/aﬂgs braggh out from the maincpiLEe is D and can be

Asured \ :
measured accurate e ety L Gt asd KL Bt SEr s asusHe

signals.induerd Ry-QULelIackelsonees:al the SidePLensens. and 2,

respectively, are related to the acoustic velocity, v, and Lr and L2 by the
followingtequations: Al (D #ikd): by BOpINWiye (@ratiads:V which can be
solved to determine the propagation velocity as follows: -2D V (Ali-At,)

2 D+L,Y~L
(32) a =Pk (30)
v
L,—{D+1L
Al = _J_J._u_mjl 3y
v
which can be solved to determine the propagation velocity as follows:
- 2D
V= e (32)
(AL, ~ A1)

{0061} The pipe wail thickness determined by the method described represents an
average vaiue for the pipe section between the two points where acoustic signals are
measured. This is not a limiting aspect of the method. Generally, pipes will have a roughly
uniform thickness profile over significant lengths, say 100 metres, as soil and bedding
conditions are uniikely to change significantly over wide areas. Even for situations where
the longifudinal thickness profile varies, an average thickness profiles is more appropriate
and meaningfill than discrete thickness values for evaluating the residual life of pipes for the

purpose of long-term planning of rehabilitation and replacement needs.
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(0061] The pipe wall thickness determined by the method described
represents an average value for the pipe section between the two points
where acoustic signals are measured. This is not a limiting aspect of the
method. Generally, pipes will have a roughly uniform thickness profile

oVey S niiGant lengths, say 100 metres, as soil and beddings@pnditigiResos
are unlikely to change significantly over wide areas. Even for situations
where the longitudinal thickness profile varies, an average thickness
profiles is more appropriate and meanin?ful than discrete thickness

valud¥ ot EUERIS NG FeRilbAP e BiSIHaL 10 P Bupbs et ibigiterm
Planging, ok iehabiliation and replagamenees, AR Q-A0N0/P013
PCT/CA2006/000996 100621 Virtually every water utility in the
indusisiatized epuntriesmof-theswdarldiisntacpginmaiesahalangabolinsaeing
capital dollars to replace aging underground water distribution pipes. This
non-HESHRSEtRY tBEHHE eI et sitrlMse WtHoelfipaeientaoiite
presg{gwe\ésegjtion to measure Q}I] e gglﬁtal loss iré%yb}o dgtermine the

ipe walls, provides ties wi € accurate way to obtain
remaining thickhess ofpplpe walls, provides tﬁese Utihties with & refiable

and ageurataiwayHanabtainidate. thatallpwstemetor saleutate she:s e
remaining service life of pipes. This allows the formulation of capital
buddetpitatisnthtranitel betsechons tbahnidathy sotmithergineednugtetars vivrch
in turn enhances the decisjon making process. 10063] The invention also
has ApPICABTRY I HRE 8 SREGHET1EkEI 5% well as the building industry

(e.g.,’é)?ges of fire sprinkler systems, which are known to suffer severely

from KRS AR ETFESTOEION) A BHIEE (M1 P! BB FhBHSH B6r the
non-destricive.condition a3seasment Pt R RIRe SN AN s trer severely

from the action of corrosion).
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comprising: detecting an acoustic disturbance propagating past two
longitudinally separated points on said pipe; determining an actdél $aije
representative of the propagation velocity of said acoustic disturbance;
computing a corresponding predicted value for the propagation velocity as
a function of at least one wall thickness parameter of said pipe by using a
theoretical model for the propagation of acoustic waves in said pipe that
assumes said pipe has a finite wall thickness with a predetermined
non-uniform circumferential thickness profile and takes into account
stregges across the thickness of the pipe wall, and wherein said wall
thickness parameters are representative of wall thickness at different
circumferentiahlagatitnscancsaidipipafandcempoitinfa s ateast fong
wall (t}g]rincggig S parameter by matching said actual value with said
predicted value. 2. A method as claimed in claim 1, wherein said actual
value is dEtEFmE PR EretisiIT e aRastinRras s Ferudin i cormste!
distyrhaneesdetegied at said points, and computing said actual value by
avidine e gilRisnee.beteEn e dalnseadl-salBelais fpmagource
r

. 1ng &n £ X .
of said acoustic dlétu ance by said time delays. 3."A method as claimed
in clagpiste figfEreRsesaid time delays are determined using a time of flight

method Okéngtasg CafraiRian petind iaithedifegopdanenoyigenaains. 4.
SRR O s e e g
propiytirslrretdenyiitperste mteivRiPTkbrseReed Y alerhe s e vali |
thickness with 2 predetermined non-uniform circumferential thickness profile and takes
into account stresses across the thickness of the pipe wall, and wherein said wall thickness
parameters are representative of wall thickaess at different circumferential locations on
said pipe; and '
bampuﬂng said at least one wall thickness parameter by matching said actual value
with said predicted value. '
2. Amethod as claimed in claim 1, wherein said actual yalue is determined by
dctermiﬁing the time deiay‘-s for said acoustic dishubance detected at said points, and
computing said actual value by dividing the difference between the distances of said

;Soints from a source of said acoustic disturbance by said time delays.

3. A method as claimed in claim 2, wherein said time delays are determined using a

time-of-flight method or & cross-corrslation method in the time o frequency domains.

4. A method as clalmed in any eme of claims 1 to 3, wherein said wall thickness
parameter is computed by substituting the actual value of the propagation velooity in 8

formula giving the predicted value.
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5. A method as claimed in any one of claims 1 to 3, wherein said wall

thickness parameter is selected from the group consisting of the mean MCSLLE
wall thickness, the maximum wall thickness, and the minimum wall

thickness as a function of radial angle. 6. A method as claimed in any one

of claims | to 3, further comprising measuring the actual propagation

velocity of an acoustic disturbance along a reference pipe of known

thickness profile and carrying said fluid, and computing at least one

constant for use in said model. 7. A method as claimed in claim 6,

wherein said at least one constant Includes the, bulk modulus of elasticity

of the fluideBioAmridinod ngrlarddiiimanjodnehokis st yd] thidnherein

said value . is the gyerage propagation velocity of |oyw-frequen stic
A e o
3, whiereinsaithatiuahiatnesef thelaveragenptopegatioangelocity is
‘computed from the time of detection of said acoustic disturbance by
sefsorsAcudiedzatireepdotivecsaid thitgitudihdiiyhseparatiet pohesing 0. A

method as claimed in as claimed in a ne of claims.1 to 3. wherein: said
o B e R R
metheeka srofnmedhtyas el med an amypone aflelavmschie:dt fvheedin said
assumed |]oredetermined~circumferential thickness profile is non-linear. 12.
A BEH6¢as claimed in claim 10, wherein the pipe is unconstrained in

-axial movement, and said predicted value is computed using the
eqUatiort* W+%a}§l\'?ijéﬁ\f§§bﬁ§ﬁ HEdER Wﬁﬁ%&f&%ﬁ%
PGLIGAGRRE400RA9E, of the fluid. R

8. A method as claimed in any one of claims 1 to 3, wherein satd value is the averags

prépagaﬁon velocity of low-frequency acoustic disturbances in the pipe. . .

-9, A methéd as claimed in any one of claims 1 to 3, wherein said actual vélue_: of the
average propagation velocity is computed from the time of detection of said acoustic

disturbance by sensors located at respective said longitudinally separatéd points.

© 10. A method as claimed in as claimed in any one of claims 1 to 3, wherein said

assumed predetermined circumferential thickness profile is linear.

11.° A method a3 claimed in as claimed in any one of claims 1 to 3, wherein said

. assumed predetermined circumferential thickness profile is non-lineat,

© 12, A method as claimed in claim 10, wherein the pipe s unconstrained in axial

movement, and said predicted value is computed using the equation:

v=vp/\fi+5~[ﬁﬁ;z(1%y)]
Elr .
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where v is the predicted value, vo is the propagation velocity of the
unbounded fluid, D is the diameter of the pipe, K is the bulk modulus of
elasticity of the fluid, E is the elastic modulus of material forming the pipelCSLLF
and t,,,,x and t,j, are respectively the maximum and minimum pipe wall
thickpessesaiyespective angular locations 0 = 0 and 0 = it, whee, utd@wvs
polar coordinate, and F is given by the expression: F1 -- --tr I In (2 atb- b
In Ib-b-4ac =---+--- ~ ~(D+)t,a") b'-4ac ~2 +b+vrb'4ac b+ b'4ac~ where

a=("a "1' b=~-""a m)(2t,,,,0+D),andc=to;a+t.-D. 7 t 13. A method as
clainféy i P rgictih et ‘@aidhﬁiﬁép?s%ﬂé@ﬁ§ﬁiafﬁéafﬁeasa%ﬂmrﬁ%ndeﬁﬁs
and %h,alg redlctfe et\é?é\l/-]hellss {:hott? Ute Sm éastl 1 O?ILOTEIM EIS tht. cla

2F(l-u +u)‘] re vis dictet Vo i e prasSUath
Ve'°%d&ﬁ§%@%@%@ﬁggm%1@, ieﬁldtl,l% diameter QfJNeRIP8: %d%ﬁhﬁ and
elastic modulus of material forming the pipe, and t,,,,x and t,,,;,, are
respestively tiye mdiintkmsan et mipdrnwmmpipe wallithicknessés-at:, where 8
respective angular locations 0 = 0 and 0 = rz, where O is a polar
coordif R AATIHE GIVER BYTRE ERAFBEERSIHL- N | 2 a+b- b b--A 4ac F=
(-f) 7r In - In ,aa,(D+ta,a,) bx-4ac 2nfa+b+ 0 -4ac ~b+ b'-4ac where a
b=-a’ +D), ande-+tmD . IT | (2nfa+b—Jb? - dac (b Vb - dac
Ly (D + rmax) Vb* —4ac L2rg‘a +b+B? ~ dac \b+b - dac

. 2
A Lo ™
where «a :[—ﬂ”—"—;—’ﬂ) . bz( ‘““% L ](:;;mm +D)ande=02, +6,,D.

13. A method as claimed in claim 10, wherein said pipe is constrained in axial

movement, and said predicted vaiue is computed using the equation:

V= /\/H~E-|:D—2F(l ,112)*'2{1‘*“#)}

where v 18 the predicted value, vy is the propagation velocity of the unbounded flnid, 27 is

the diameter of the pipe, £ is the elastic modulus of material forming the pipe, and /..
and £ are respectively the maximum and minimum pipe wall thicknesses at respective
angular locations 0 =0 and § = =, where & is a polar coordinate, and F is given by the

eXpression:

__U=pr [ 2o ~dac) | (b Vb'—dac
Lean D H100) VB —dac 279’a+b+x/b ~dac b+x/b'w4ac

2

Lo = b —

wherea:(ﬁ‘wﬂ],b:(ﬁ‘“ ’“’“}(2",,,+D) ande=12, +1.,D.
4 \

min min
T
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27 MCSLLP WO 2006/136013 PCP/CA2006/000996 14. A method as

claimed in any one of claims | to 3, wherein said assumed predetermined
circumferential thickness profile is uniform. 15. A method as claimed in MCSLLP
claim 14, wherein said pipe is unconstrained and said predicted value is
corpRideR vsing the equation: v=v 1+DK 2t(1+p)+ D t E,D DELWREIE MiiSoos

the predicted value, ve is the propagation velocity of the unbounded fluid,

D is the diameter of the pipe, K is the bulk modulus of elasticity of the

fluid, E is the elastic modulus of material forming the pipe, and t is the
thickHess, %ﬁﬁtboi%afﬁé‘ipﬁiéﬁéw FaE6! cRETAletivras sdirseed claim

14, WhSrEII[;ln 1Sn% CPCQ gel%% neqd a% sald £red|cted value is

computed usmgt e equa fon: VIESD +t~ ‘Where v is the predicted value,

ve is tg'ue progaga{i)on veIocﬂy of the unbounded fluid, D is the diameter of
the pie, K& TSHNGE B hattivity SPIREPRISitP e HRe andstd

modH}y(gcqu%gqﬁu\%mm,@%l B@gp t is the thickness, and p is the
Poisson ratio. 17. A method as clalmed in any one of claims 1 to 3,

further comprising determinin ng~eapae¢t of said pipe, and
deriving information abou»t:tla nSﬁe"{ tr mgmlpi pipe from said
damping capacity. 28 MCSL P 18° A mBthod as%faf ed in claim 17,

wherein the attenuation of said acoustic disturbance propagating between
said points is determined, and the damping capacity is

where v is the predicted value, vg is the propagation velocity of the unbounded fluid, D is
the diameter of the pipe, K 15 the bulk modulus of elasticity of the fluid, £ is the clastic

modulus of material forming the pipe, and ¢ is the thickness, and 1t is the Poisson ratio.

16. A method as claimed in claim 14, wherein said pipe is constrained and said

predicted value is computed using the equation:

. D
vzva/\fl—%T ( {1+ )+

(1—ﬂ ))

where v is the predicted value, vy 1s the propagation velocity of the unbounded fluid, D is
the diameter of the pipe, K is the bulk modulus of elasticity of the fluid, £ is the elastic

modulus of material forming the pipe, and ¢ is the thickness, and p is the Poisson ratio.

17. A method as claimed in any one of claims 1 to 3, further comprising determining
the damping capacity of said pipe, and deriving information about the tensile strength of

said pipe from said damping capacity.
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derived from the attenuation. 19. A method as claimed in claim 17,

wherein the damping capacity is derived from the width of a frequency

spectrum peak that corresponds to a fundamental ring frequency of the MCSLLP
pipe or a logarithmic decrement of decaying ring vibration induced by a
mechanical impact to the pipe. 20. An apparatus for the non-destructive
condition assessment of a pipe carrying a fluid, comprising: a) first and

second sensors for detecting an acoustic disturbance propagating past

two longitudinally separated points on said pipe; and b) a processor

receiving inputs from said first and second sensors and programmed to:

(i) determine an actual value representative of the propagation velocity of

said, acoysfic disturbance. (f).compyie & gouesponding.predisied value
for ti’1e’ propagation velocity as a function of at least one wall thickness
paratisteternesf rsenaepine ot ersirs acire sritreainbas) te fReisSH44ion of
acousticvRvesdasaiddgeipe that assumes said pipe has a finite wall
thickness with a predetermined non-uniform circumferential thickness

profilé ané e dneiaee SuristdsPaeiUSs (HePiRFCRPRSES B ETHEDTE wall,
and wiaigiBraehwall thickaesax parameondsaie fepinsetaipeeqiaati
thickness:at different.circumferential locations on .said pgg),gh%ggngw
coml%]ﬁ?gx s‘i&'@%ﬂfé%’&“é{m%*ﬁ‘%ﬁﬁ%%%%a‘rarﬁ‘é’ié‘r %y matching said

- actuisipatiRigarith: said predicted value. 21. An apparatus as claimed in

a0, e i U S SR DG 0SS0l SRR g
moufited O SUPPOIt elements selected from the group consisting of;
hydifuscopgrising: | |
a) first and second sensors for detecting an acoustic disturbance propagating past
two lmgitudimily separated points on said pipe; and

b) a processor receiving inputs from said first and second sensors and programmed

(i) determine an actual value representative of the propagation velocity of said
acoustic disturbance; - '

(i) compute a corresponding predicted value for the propagation velocity as a
function of at least one wall-thickness peremeter of said pipe by using a theoretical model
for the propagation of agcustic waves In said pipe that assumes sa;d pipe has a finite wall '
t‘hicknéss' with & predetermined non-uniform circumferential thickness pmﬁle and takes
into account stress across the thickness of the pipe wall, and whercin said wall thickness
parameters are representative of wall thickness at different circumferential locations on
said pipe; and

(iii) compute said at least one wall thickness parameter by maiching said actual

value with said predicted value,

21.  An-apparatus s claimed in claim 20, wherein said pipe is 8 water pipe, and said

sensors afe mounted on support elernents selectad from the gxﬁup consisting"of: hydrants
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AMENDED SHEET MCSLLP connected to said pipe, control valves
attached to the pipe, and the pipe wall accessed via manholes or small
excavated keyholes in the soil. 22. An apparatus as claimed in claim 20, MCSLL?
wherein said sensors are inserted into the pipe individually or as arrays
thru fire hydrants or corporation stops. 23. An apparatus as claimed in any
one of claims 20 to 22, wherein said model includes the velocity of
propagation of the disturbance in an unbounded fluid or the bulk modulus
elasticity of the fluid, the density of the fluid, the internal diameter and wall
thickness of the pipe, and Young's modulus of the material forming the
pipe. 24. An apparatus as claimed in any one of claims 20 to 22, wherein
saicd:sensais sieé pienretttdicwwireled s thamimidterd: pinel vsaidoprestssor

s connesled (0.9 [eceiver (of [molelypicking up signals from said
sensors; or said sensors aré connected to said processor via cable. 25.

~ An apparatls Rsclaimadkia claim 24, Justhessompnisingiaseiernpes pipe
of known wall thickness profile to permit at least one constant in said

theSFfed Bt Pi6° BE=H 4k Ea et AR AL &Pl ocity '

Medsurelelin Al A 0SRRAINRASARIMCN NN olgialme 20 (0
22, wherein said processor is Included in a PC or a specially designed

devieduphaveksiags moesition Stdnisusdersd IngtrabaedsdBritatisdity a
COMPUIRT: 95 RRF EP L AR S M SRR R FLIE NONAIVE! (R:ARAGRNRHS

disturbance propagating along a pipe; compute an actual value
repfaiskrtanlacorrnardpmgatisdulisefichy ersidossise Stk eisturbance by
dividing the difference between the distances of said sensars from

corfésporiaitRgEER RS iR G HHE TR dRiRg b afvea Pl erissie

acoifmtie:ted to wireless transmitters, and said processor is connected to & receiver for |
remotely picking up signals from said sensors; or said sensors are connected to said

pracessor via cable.

25.  An apparams as claimed in claim 24, further comprising a reference pipe of
known wall thickness profile to permit at least one constant in said theoretical model to be

" back calculated from actual velocity measurements.

26.  An apparatus as claimed in any one of claims 20 to 22, wherein-said processor is

inclnded in 2 PC or a specially designed device.

27.  Astorage medium stor‘mé coded instructions for instructing a camputer to:

accept signals from sensors responsive to an acoustic disturbance propagéﬁng
along a pipe;

computé an actual value representative of the propagation velocity of said acoustic
disturbance by dividing the difference between the distances of said sensors from
mrrcspénding acoustic source by the time delay between successive acoustic

disturbénces;
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disturbances; 30 AMENDED SHEET MCSLLP compute a corresponding
predicted value for the propagation velocity as a function of at least one

wall thickness parameter of said pipe by using a theoretical model for the
propagation of acoustic waves in said pipe that assumes said pipe has a
finite wall thickness with a predetermined non-uniform circumferentidd CSLLFP
thickness profile and takes into account stress across the thickness of the
pipe and wherein said wall thickness parameter is different at different
circumferential locations on said pipe; and compute said at least one wall
thickness parameter by matching said actual value with said predicted

value. 28.cAnpiasagenpsitm M@WQ&%&#@I@&MH{%@&&%@‘”G

instructions for instructing said computer to calculate constants for use in

said TREST St SaR P AL T RRssRIRBrE Ats Hoinsmetren herstie medehipe

of kMWmmakhthtﬁmsﬁmQQWAfﬁuarﬂ%mw%M&%dﬂ& g3l g0r
28, H%Jmer [ udln mstructlons to cause said computer to display an

input screen for ac tI"—tmng ST e R e B faddrkeror
use mﬁom@wmpsﬂanem ﬂaﬁhxékﬁ@rﬁge mﬁdmmja&lglaﬁmegym@aégg 29,

.Wherein said @&%tqntglﬁa de the velo ?ﬁ Erop ation of the

c Teren
disturbance in an unboun d fiuig an IE®%the material
formlng tmwagl]pt teast one wall thickhess parametcr by matchmg said actus value

with said predicted value,

28. A storage medium as claimed in claim 27, further incluting instructions for
instructing said computer to caleulate constants for use in said theoretical model from

measurements performed on a reference pipe of known wall thickness.

. 29, A storage medium as claimed in claim 27 or 28, further including instructions 1o
cause said computer to display an input screen for accepting inputs re]aﬁng to known pipe

parametets for use in the compitation.

30. A storage medium as claimed in claim 29, wherein said constants include the
vslomty of propagatzon of the disturbance in an unbotmded fhid and the bulk modulus of

the material furmmg the pipe.

31



