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Detection and Location of a Leak in a
Gas-Transport Pipeline by a
New Acoustic Method

Kajiro WATANABE*, Shun MATSUKAWA*, Hitoshi YukawA¥*,
D. M. HIMMELBLAU**

Abstract

We describe a new method for detecting and locating a leak in a gas transport pipeline
lied between two pump stations by an indirect acoustic method. The basic concept is to treat
the pipeline as an acoustic tube (similar to a wind instrument), and estimate the impulse
response of the of the acoustic wave in the pipeline soley from the acoustic signal detected
at two terminal sites in the pipeline. The test sigal introduced at the input site is only
acoustic noise employed and pipeline operation would not be interrupted. If a leak occurs in
the pipeline, the impulse response of the acoustic wave in the pipeline has a sharp pulse at
a certain time that can be directly related to the site of the leak. Using the mathematical
model of the pipeline acoustics ,i.e., the wave epuation, we develop the tneoretical basis of
how and why the leak can be detected and located. Experiments carried out in the laboratory
under conditions comparable to realistic field conditions demonstrate the validity of the pro-
posed detection method.

Scope

This work pertains to the diagnosis of faults (fault location and identificafion) in a
physically widely dispersed pipeline system. In particular we treat the problem of leak
detection and location in a gas-transport pipeline. Existing direct leak detection schemes
that aim at locating the points at which leaks occur require inspection through the pipeline
by people or require considerable expensive instrumentation, and in either case can be a
slow and laborious. Existing indirect approaches aimed at deciding whether or not a leak
exist, and/or localizing the leak site (s), cannot discover the leaking site (s) clearly and
accurately.

We have developed a new methed which (a) requires less effort and use more econom-
ical instrumentation than any of the existing direct methods, (b) does not require significant
interruption of the pipeline operation, and (c) can locate the leak sites clearly and accur-
ately. The basic idea underlying the proposed method is derived from the theory of wind
instruments. We utilize the fact that the tone of a giant wind instrument (the pipeline)
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changes in the event of a leak, and we find this change by estimating the acoustic impulse
response in the pipeline from acoustic signals detected at the two terminuses of the pipeline.
In addition to explaining the theoretical development that shows why and how the
proposed method can detect and locate a leak in a pipeline, we present some experimental
results collected under realistic operating conditions that validate the detection theory.

Conclusion and Significance

A new economic method of detecting and locating a leak in an operating gas-transport
pipeline is presented. We conclude from the theoretical development of the leak detection
method that the impulse responses of the acoustic wave in the pipeline estimated from
acoustic signal measured at two end sites in the pipeline, should show conspicuous sharp
positive or negative pulse at a certain time. The leak site can be determined from this
pulse. Experiments carried out in our laboratory corresponding to realistic pipeline opera-
tions have demonstrated satisfactorily when the theoretical results are applied in practice,
leakes can be located. The proposed method has the advantages that it is faster, requires
less expensive and heavy instrumentation, and does not require cessation of pipeline opera-
tions as do many existing direct leak detection methods, and has the advantage relative to
the existing indirect method that it can locate leak sites more clearly and correctly.

The method proposed here treated the problem to locate one leak occured at a time in
a sigle pipeline. In the case when more than one leak occurs at a time, the sites of leaks
cannot be uniquely located but can be located as one of several sites. The number of pre-
sumable sites depends on the number of leaks. The theoretical development for the case of

multiple leaks is somewhat complicated and we omitted to describe in this paper.
Introduction

A leak in a gas transport pipeline is always cause for concern as it may lead to a ser-
ious accident and damage may result. In order to prevent such accidents, online, quick and

accurate detection and location of leaks is of major importance.

Two general approaches exist for leak detection, namely the direct approach, and the
indirect approach. The direct approaches are simply those that confirm exact leak sites by
inspection together with observation of secondary symptoms such as sound, smell, and visual
detection of abnormal growth of vegetation due to the occurrence of leaks. Execution of the
direct methods are usually carried out by line patrols following the pipeline right of ways
or by local citizens’ reports. Thus, most of the research work associated with the direct
methods has been focused on developing sensitive and accurate detectors for the secondary
symptoms. Decker (1978) reported on the effectiveness of a nitrous oxide tracer method
which detects nitrous oxide that is outside of the pipeline by serveying from end to the
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other and locates leak sites, the nitrous oxide gas fed at the pipeline inlet. Riemsijk and
Bosselarr (1960) and Heim (1979) described a method to locate leak sites by detecting sonic
and supersonic sound generated at a leaking site of a high pressure pipeline. Parker (1980)
presented a detailed report describing how the supersonic sound is generated and progagated.
Dallavalle et. al. (1977) described online leak detection (not location) in feedwater preheaters
by monotoring the feedwater presure noise. Cole (1979) lists patents granded for leak detection
devices that use both direct and indirect measures in the period 1935-1976. Only one patent
refers to microphones (more than one) to detect sonic waves. A method using an electric
cable outside the pipeline whose electric properties are changed by leaked material (Sugaya;
1979) is also one of the direct methods. These direct methods essentially require inspections
by human beings and always are finally applied to confirm the location of the leak site
accurately. If the leak sites can be localized to a few areas in the pipeline, the methods are
not too costly. Otherwise, they are slow and laborious, and cannot detect and locate leaks
by an online, real time monitoring system.

The indirect approaches to leak detection are based on detecting leaks by measuring
inlet-outlet (or spatially sparse) pipeline variables such as pressure and/or volumetric flow
rate. The indirect methods originally were based on line balance methods which aimed at
simply detecting the occurrence of leaks, not at locating leak sites. The line pack test that
introduces high pressure gas or air to the pipeline and checks whether or not the pressure
in the pipeline decreases with time, and the line balance method that investigates the steady
state material balance of flow in and flow out are typical indirect methods commonly used
in the field to find the existence of leaks (Sugaya; 1979). The steady state line balance
methods, however, engender some uncertainty. Immediately after changes in the pipeline
operating mnditions, the transient pressure varies even if no leak occurs so that such me-
thods can iead to errors in judgement. Many investigators have focused on how to compe-
nsate for this phenomena. Goldberg (1979) introduced the dynamic line balance model and
reported that the method using his dynamic model demonstrated the ability to detect leaks
under a wide range of flow conditions, Huber (1981) introduced a transient line balance
model for the same purpose, and Lindsey and Vanelli (1981) also presented a similar model.
Kreiss (1972) described a method which is based on detecting the change in the derivative
of the volumetric flow rate,

Many recent investigations into indirect methods have focused on localizing the leak
sites by spatially sparse online measurements from the pipeline. Schmidt and Lappus (1980)
applied a Luenberger type observer to the model of a natural gas transport pipeline to find
a leak site by estimating all of the state variables in the pipeline from the input and output
measurements. Siebert and Isermann (1980) and Siebert (1981) improved and applied the
hydraulic gradient method, a well known method to locate a leak site in hydraulic; a typ-
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ical paper is that by Seiders (1979), to locate a leak in a gas pipeline. They improved the
well known method by subtracting the reference mass flow measured under the normal
operating condition from the current mass flow measured. They applied the cross-correla-
tion method to suppress the effect of noises and to locate a small leak in a pipeline with
compressible media like as gas. Huebler ef. a/. (1982) reported on the use of a single micr-
ophone placed inside a low pressure gas main to detect small leaks. A spectral analysis
over the range of 0 to 100 kHz was used to locate the leaks from characterisitcs spectral
pattern analysis. Watanabe (1980, 1982) presented a method to locate a leak site by estim-
ating the acoustic propagation in the pipeline. These methods are quite interesting, but were
mainly just theoretical studies to investigate the theoretical feasibility of leak detection, and
were validated soley by computer simulations or by simplified experiments.

As for industrial leak detection systems, Phillips and Crider (1976) described a mini-
computer system for leak detection that processed the measured data for system control
using the steady state line balance method. Stewart (1980) on the other hand reported a
leak detection system based on the dynamic line balance model.

The method presented in this paper is a new acoustic method which aims at locating
a leak site in a single pipeline by the indirect approach. In this method we estimate the
impulse response of the acoustic wave in the leaky pipeline. Knowlege of the impulse
response of the acoustic wave in the pipeline locates the leak site. Below we first give a
straightforward explanation how the impulse response of the acoustic wave can be used to
identify the site of a leak, and then describe how the theory was verified by experiment.

Leak Detection and Location by an Acoustic Method

Assumptions
In explaining the principle of the proposed method of acoustic leak detection and loca-
tion, the following simplifying assumptions are made; some of them may not necessarily
be fullfilled in actual operation. By the term “test zone” of a pipeline, we mean the part
of the pipeline, or the overall pipeline, to which the leak location method is applied.
(1) The test zone of the pipeline has two constrictions, one at the input and one at the
output ends.
(2) The test zone of the pipeline is a sigle pipe with no branches.
(3) Only one leak occurs in the test zone.
(4) The test zone of the pipeline has uniform cross-sectional area for its entire length.
(5) The pressure at the input end of the test zone includes random fluctuations whose
spectral function is almost white.
(6) Pressures inside and near the constrictions in the test zone can be measured by det-

ectors or microphones having limited frequency bands.
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(7) Acoustic waves propagate in the pipeline without any attenuation and velocity of gas
flow is negligeble small in comparison with the sound velocity.

Assumption (1) is made to provide the boundary conditions that let the acoustic wave
reflect at the input and output terminals of the test zone. Presumably the cross-sectional
area of the constricions is small relative to the cross-sectional area of the pipeline but the
gas can flow through the two constrictions. Suppose the ratio (cross-sectional area of the
constriction) / (cross-sectional area of the pipeline)=7, then then the approximate acoustic
reflection coefficient is estimated by (1 —7) /(1 +7) and the coefficient r should be dete-
rmined experimentarily depending on the length and the cross-sectional area of the test
zone. Further, there can be number of structures that the DC (constant) component of flow
can pass through with less resistance but alternating (changing) flow component reflects.
In the commercial service pipeline, we should design such the structure above. The con-
strictions or the equivalent structures should be placed in the part of pipeline that is in
the pump station and are put into effect only when the leak location test is being carried
out. Theoretically other type of boundary conditions might also make it possible to locate
a leak, i. e., make the input and output of the test zone a chamber with wider cross-sec-
tional area than that of the pipeline instead of using constrictions. In this case, only replac-
ing the sound pressure that will be used in the following theoretical development or me-
asurements into the sound volume velocity yields the same theoretical results and leak
detection procedure. Making the chambers at the two ends of the test zone does not dis-
turbe any pipeline operation. But in this case we require the accurate measurements of

volume velocity.

Assumption (2) is made to avoid the obvious feature that branches can be regarded as
leaks.

Assumption (3) is made just to simplify the theoretical development. In practice, the
probability that more than two leaks occur simultaneously in one test zone should be quite
low except if the cause of leaks is earthquake.

Assumption (4) is also introduced to make the theoretical development easier. However,
a single pipeline usually has only one cross-sectional area for long distances.

Assumption (5) is needed because at the input site of the test zone, we need a test
signal which is noise with a broad band spectrum. If turbulent flow occurs near the input
constriction, or if sound is generated by a compressor in the pump station, suitable noise
is generated internally in the pipeline, and that noise can be used as the test signal, If
such the noise does not exist, suitable noise has to be added at the inlet of the test zone.
Variety of methods to generate and add the noises at the inlet of the test zone can be
considered. As will be described in the section Remarks, choice of the long test zone reqires

the test noise with low and relatively narrow frequency band width but with high power.
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Such the noise for example can be generated and added to the pipeline by using hydraurlc
servosystem that can respond to the random changes and or by pumping or changing gas
flow by random way. Choice of the short test zone requires the test noise with high and
broad frequency band width. Such the noise, for example, can be generated by an acoustic
noise generator using a loud speaker and the noise can be added to the pipeline through the
pipeline wall or by setting the loud speaker in a room beside the pipeline. The pressure of
the room is almost same with that in the pipeline and the wall between the room and the
pipeline is thin,

Assumption (6) means that the leak site is to be located solely by the presssure cha-
nges or acoustic waves in the pipeline measured at the input and output of the test zone.
Thus we have to take into account the limitation of the frequency band of the detector in
making the proposing leak detection method applicable in the realistic situations.

Assumption (7) means that the gas transported purely compressive and wall of the
pipeline is thick and no acoustic energy pass through the wall. Further, velocity of gas
flow in pipelines in commercial use is not high to keep the efficiency of transport high. It
is known the velocity is in the range 10m/sec ~ 20m/sec except pipelines for special
purposes.

Theory of Leak Detection and Location

Fig. 1 shows a sketch of a test zone which is a single pipe with no blanches and with
uniform cross-sectional area as required in Assumption (2) and (4), respectively and in
which a leak may exist as required in Assumption (3). The input and output parts of the
test zone contain constrictions as required in Assumption (1). The constrictions are realized
by placing plates with a centered hole in the pipe. Shown as in Fig.1, we let the input
end of the test zone be origine of the distance (x) coordinate and the length of the test zone
is L. We assume a leak with circle hole at £ that is a distance between the origine Einput

Input Output
|< . Test Zone > |
//////////d///////////////////////////////////////{uf/f//////_
v=0 Constriction
White
No:l.se9 ——> flow

49 0[]
LI LT T 7777 (777 7777777777 77777777 /77777777

Micro 17— \ Microphone
Phone 17—
L —=
X =0 Leak

Fig.1 A sketch of a pipeline test zone
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end) and center of the circle leak hole. One end of the circle hole is at £~ and the other
end is at £* as £-<{£<£* measured from the origine. Diameter of the leak (£*—£-) is
small relative to £. White noise is added at the input end of the test zone as required in
assumption (3) and the acoustic signals excited by the white noise are detected at the input
site as p:(#) (=p(0, ¢)) and at the output site as p,(£) (=p(L, )) by using microphones.
We shall show how to locate the leak site £ from the measurements p;(¢) and p.(¢).

To make theoretical consideration more general, we first consider a case when gas flows
in the pipeline with velocity », even though we made the assumption that »=( in the later
part of Assumption (7). From the former part of Assumption (7), the acoustic wave pro-
pagates without any attenuation in the pipeline, then the wave propagation can be described
by a wave equation in the following form:

“’c‘l,“ 3f(g} D _ af(g; D, AL O+, D=0 (1~a)

_%:%%0=_%%0, LHCf(0, H~Cib(0, Y=p:(D) (1b)
with

Cr=Cotv (1)

Co=Co—v (d)
where

x is the distance from the input site of the test zone

t is the time

f is the sound volume velocity propagating forward

b is the sound volume velocity propagating backward

C, is the velocity of sound which is determined by pressure and temperature. C, should

be calculated at first

v is the velocity of flow

C, is the total velocity of sound propagating forward

C» is the total velocity of sound propagating backward

A is the cross sectional area

p is the density of gas
The total sound volume velocity #(x, #) and the sound pressure p(x, ¢) is given by using
the terms f(x, ¢t) and b(x, ) as follows:

u(x, H=f(x, )+b(x, ) (1e)
px, =251, - 25t ps, 1) an

The sound pressure p(x, ¢) and the sound volume velocity #(x, ¢) are values that can be

measured directly. When »=0, the wave equation is directly described by using the terms
of p(x, t) and u(x, ).
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First we divide the pipeline into three parts as follows :
(@) 0<x<£7, (b) £-<x< 8", (0) £°<x<L,
where £*—£" is the diameter of the circular hole of leak but has small value relative to
the dipeline and the length of the test zone L, and we assume
r=f =/ 1g)
The Fourier transform with respect to time of the wave equation (1a) and (1b) and sub-
stitution of the Fourier transformed f(x, ) and b(x, ¢) to eq. (1e) and (1f) for part (a)
and (c) yields a well known 4-terminal network relation :
For part (a):

P(L, iw) P(0, iw)
= F ,e"
[Uw, iw)] ¢ )[U(o, iw)] 2()
and for part (c):
(S
UL, i) Ucer, iw)

where P(x, iw) and U(x, iw) are the Fourier transforms of p(x, £) and v(x, ¢), respectively,
and the matrix function F(2) is a transfer matrix defined by

. e e
F(@)= exp(zwz/v')[ ] (2e)
e é€x
€11=Co: -‘—"C—f—)—i( Cv, )sin(-‘éé) 2d)
ep= —i%(l—(-c—?:)z)sin 904) (2e)
en=—iLSe5in 82 @)
ezz=cos%f+i(—cvi)sin—“c’-z,~ g
where
i=y/ T
v=o(£) -1 2h)
c'=c,{1—(—c”7)’} (20)

w is the angular frequency
The transfer matrix for part (b), i.e., the leak site, of the pipeline is given by

[Pce*, iw)]_ 1 0] [P(e-, iw) '
uce?, iw) —[—I/Ze LLuce, iw)] @

where Z, is the radiational acoustic impedance of the leak and is given by (Ohizumi, 1968)
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. 8
w ~—
_ 37/ =dk
27— % 2k)
16C.

where
d is the cross sectional area of the leak (assuming the leak is circle)

E is the compensating coefficient.

If one is interested in the frequencies in the following range
0<u<-5 @b
(such as when the diameter of the leak is 5 mm so that w=2, 33 x 10°rad/sec=371kHz), the
impedance can be approximated by
7,0 8p
e=iv g e (2m)

Elimination of P(£7, iw), U(£", iw), P(£?, iw) and U(L*, iw) from egs. (2a), (2b) and
(2i) yields an effective transfer matrix

P(L, iw)} [ 1 (P(O, W)]
=F(L-2¢* 3a
[U(L, iw) ( ) -1/Z; 1. 9 U, iw) 2)
or
[P(L. 1:0’)]=[ u f 12] [P(O, z:w)] (3b)
UL, i) Ufa fal LU(O, iw)

Based on assumption (1), the pipeline being constricted at x=L, i.e., from the boundary
condition in eq. (1a) and (le) we can let

UL, iw)=0 3o
Thus, from eq. (3b) we have a transfer function that characterizes the signal transforma-
tion from P(L, iw) to P(Q, iw) in the frequency domain as follows:

P(0, iw)
, 1)

=f=G(iw)

=exp(iwL/v") [{1+§%{ - (T) )}COS—C:—

HlE om0 (&)

Rl

From Assumption (7), if ¥=0 and if the radiational impedance Z, can be approximated
by eq. (2m), the transfer function (4a) becomes
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Method
G(iw) = cosc +3”'1/6’ffc > (si nwl’ sin w(zgv L)) (4b)
or
Gliw) =cos g+ S sin 0L 4 K gy 020 =1) (40
where

K=%16’“?@ (4d)

Transfer function (4c) is a real function including periodic and dumped periodic func-
tions of frequency w. Fig. 2 shows the frequency responses of each three terms in eq. (4c)
and the total of the three above. This transfer function is the basic relation to locate the
leak site by the method proposed here. The last term of the right hand side of eq. (4c) or
the third term in Fig. 2 includes the information of the leak site £ which can be deter-
mined by the longest period C./|2£—L| and the sign of the component with longest period
in the estimated transfer function. The estimated transfer function that corresponds to eq.
(4c) is obtained by the Fourier transform of the measurements P.(¢#) and P;(¢) and by di-
viding the Fourier trandformed p:(¢) by the Fourier transformed p,(f) as the left hand
side of eq. (4a). However, direct estimation of ahe period and sign of the last term of eq.
(4c) from the estimated transfer function may lead to confusion and difficulty because:
(1) It is difficult to pick up the information of the last term in eq. (4c) from the sum-

mation of the three terms. (See for example Fig. 2, it is hard to pick up the third

term from the total frequency response.)
(2) The transfer function G(iw) estimated from the real measurements p:(¢) and p.(¢)
may be noise corrupted.

Thus in order to enhance and to make it easy to pick up the accurate period and sign
of the term with the longest period from the estimated G(iw), we just apply the Fourier
analysis by which the period and sign can be straightforwardly obtained from the noisy
transfer functioh. Because eq. (4c) is real spectral function, we apply the inverse Fourier
cosine transform instead of the Fourier transform. In fact, the inverse Fourier cosine trans-
form plays the same role with the Fourier cosine transform itself. To make the discussion
fit to the assumption (6), we obtain the inverse Fourier transform for the limited frequency
band width w;<<w<ws. The inverse Fourier transform becomes

g=2 f :::G(iw)coswtdw

oL w(£-L)
oK fwbsm C. coswtd N oK a,,‘sm—c—-coswtdw

f con conwtdw+
T J @

=g1)+g2(D+gs®) (4e)
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(d} The total freqguency response
Glin) = (a)+(B)+(c)
Fig.2 Frequency response of each term in eq. (4¢)
where

&) =%[L_/C},T{Sin(—cLT"‘ Dy — sin(é’o—+ Do+ -L—/ﬁ{sin (é’a—— s

—sin(—CLT—t)w,-}]
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£x0= sl B}l E) S+ B sl o

ex = 5+ 2428 - 242} -+ 221}

sfule-220))

with
Sia(t+6) SiCatt—e))= [ :ﬂb“:ﬂdw (4g)

The first term g,(#) and the second term g,(#) show a sharp positive pulse at time f.=
L/C, that corresponds to the time it takes sound to travel the length of the test zone. The
third term g3(¢) shows a sharp positive or negative pulse at time ¢,=|24-L|/C.. The
pulses by g,(#) and g.(¢) and that by g3(¢) become sharper as ws—w; is increased.

If £<L/?2, the last term in eq. (4¢c) by which the leak site is determined, can be re-
written as

K. 0@-L) K. o(L-2%)

oSN = s (4h)
Thus the inverse Fourier cosine transform has a negative sharp pulse at time

to=L728 )

which leads to
o=L@-cito) (52)

Then if g(¢), the inverse Fourier cosine transform has a negative sharp pulse at ¢=¢ o (5£L),
the leak site can be determined by eq. (5a). Similarly, if g(#) has the positive sharp pulse
at ¢t=t,4, the leak site must be £>L/2 and the site can be determined by

£=2(L+Cut ) (5b)

Fig. 3 shows a sketch to demonstrate the relation between the leak site and how the pulse
occurs in g(#). Note shown as in Fig. 3, one or two pulse(s) cccurs in the time function
g() in the peried [0, £]. One of them must always occur at {L=L/C,, and must be posi-
tive, and if there is a leak, the second pulse must be occur in the period [0, £.].
Procedure to Calculate the Frequency and Impulse Responses

The frequency response G(m) (=G(i2xm/Nt)) corresponing to eq. (4c) and the impulse
response g(k) (=g(kr)) corresponding to eq. (4e) were obtained by applying the Fourier
analysis. Because the data p;(#) and p,(£) are measured discretely, the discrete Fouier trans-
form (DFT) and the inverse discrete Fourier transform (IDFT) are used instead of the
Fourier and inverse Fourier transform, respectively. The operations DFT and IDFT are per-
formed very quickly by using the fast Fourier transform (FFT) algorithm. The calculation
procedure using the DFT and IDFT operations is as follows:
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leakl leak?2
x‘=0 x =A1 xi-_-L/2 x=.£2 x--L,
[V H oF
1 : X
} Test Zone —]
g(t)
o Negative Pulse
V tu:lzzl-Lllco L/c,
Y=(L-C ty))
gft)
Positive Pulse ﬁ
o Al
I tgo=l20,-L1/C, L/c,
Lo =(L+C ty,)
Fig.3 Relation between leak site and the impulse response
(i) Define

r is the sampling interval in the discrete measurements of p(¢) and p.(#)
k is the discrete time with sampling interval =

m is the discrete frequency with step iAw=i(27/Nr)

N is the number of the data p:(k) or p.(k)

bi(R) and p.(k) are the input and output data measured First calculate

_ DFT(h(R))
GUm)=DFTCh. () ©

(ii) Then obtain

5(m)=—4;—9[—36(6(m—5) +Gm+5)) +9(G(m—4) +G(m+4)) +44(G(m—3)

+G(m+3)) +69((G(m—2) +G(m+2)) +84(G(m—1) +G(m+1)) +89G (m)]
(6b)

and @(m)
a [(_?r(m) if[G(m)| >2Gm)|

(m)= . =
otherwise G(m)

The procedure outlined in (ii) avoids ill effects due to division by DFT(p.(k)) in eq.
(6a). Note that from eq. (4¢c), G(iw) is given by summation of cos(wL/C,), (K/w)sin
(wL/C.) and (K/w)sin(w(2€—L)/C.) then G(iw) must be bounded above and below

by a certain value. However G(m) in eq. (6a) can have big value in the form of a

(6¢c)

pulse at some m due to division by zero in the calculation of (6a). The operation (6¢c)
is designed to suppress such big pulses.
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(iii) Apply a window operation
From eq. (4c), we know that G(iw) is a continuous smooth function. Thus, a window
which substantially suppresses small fluctuation, in a(m) can be effectively applied. We
applied a window eq. (6b) which is a spectrum window that makes a(m) smooth by
cutting off the fluctuations in @(m) in the sense of least supares error for the period

[(m—5), (m+5)] to eq. (6c) to get a smoother frequency response.

Gom) =535 [~36(G(m—5)+G(m+5)) +9(G (m—4) + Gm-+4)) +44(G(m—3)

+G(m+3))+69(G(m—2) + G(m+2)) +84Gm+1) +G(m+1)) +89G(m)]
(6d)
(iv) Calculate g(&)
Recall from eq. (4¢) that G(iw) is real. Thus, the impulse response g(%) can be ob-
tained by applying the inverse Fourier cosine transform. Let Re{G(m)} be real part of
a complex number G(m), then the inverse Fourier cosine transform for the discrete
data can be calculated by using the IDFT as follow :

g(k) =IDFT [Re{G(m)} +i0] (6e)

Remarks

We have described assumptions, theoretical basis and procedure (algorithm) of the a-
coustic method proposed in this paper. We will provide here some remarks about limitations
of the proposed method and guide lines in selections of frequency band width of the noise
generator and the acoustic detectors, sampling interval in the measurements and number of
data points.

Effect of Length of the Test Zone and Frequency Band Width of the Detectors and
Noise Generator

The shortest length of the test zone is determined by the sampling interval in the dis-
crete measurements of p.(¢) and p,(¢). From equations (5) that relate the (leak) site and
time (when pulse occurs), discretization of continuous data with the sampling interval leads
to discretization of the pipeline with respect to length. The unit length corresponding to is
given by

e (=2, 72)

dx=

The length 4x is the shortest length permissible and is the minimum resolution of identi-
fiability of the leak site.

The longest length of the test zone permissible can be determined by how accurately
one can identify the last term in eq. (4c). Fig.2 showed the frequency responses of each
term in eq. (4c) and eq. (4c) itself. From eq. (4c), the magnitude of the last term of eq.
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(4c) is obtained as follow :

] K. o@2é-L). K. w(2-L)
(Magnitude of the term-‘—u-sm———c—:a—-—)—-—a—)-sm—a———L -

=D _ (g ULy oy

Further the frequency range that satisfy

0.051 K 22L < (K gin 2260,

i.e., the frequency range in which magitude of spectrum of the last term in eq. (4c) is
greater than 5% of (K(2€—L)/C,) is obtained as

5.677C, __ 5.677C, 1
0SS T = Te/D =1 7

From eq. (7b) and eq. (7¢c), we can observe:

(1) As £—(L/2), the magnitude of (K(2£—L)/C.)—0 and the upper bound of the fre-
quency range (5, 6772C,/(2€—L))—co. This means if a leak occurs near the midpoint of
the test zone, identification of the transfer function of the last term in eq. (4c) be-
comes difficult. Conversely, identification of a leak which is in the area of £—0 or £—
L is easy.

(2) For a fixed 4/L(540.5), as the length L of the test zone increases, the magnitude
(K(£/L—1)/C.)L increases and the upper bound ((5.677C.)/(24/|L—1|))(1/L) of the
frequency range decreases. This means that the longer choice of the test zone provides

a situation that the transfer function of the last term in eq. (4¢) must and/or can be

identified in a narrow range of frequency with relatively high power spectrum data

calculated by equations (6). This fact indicates that the range of spectrum of the test
noise and frequency band width of acoustic detectors can be narrow.

From eq. (72), (7b) and (7c) and the observation (1) and (2) above, we can derive
guidelines how to select the frequency bandwidth of the noise generator and acoustic de-
tectors, sampling interval, and number of data points N. In the following discussion we as-
sume that 0<£/L<0.45 or 0,55<,¢/L<1. By letting £/L=0. 45 or £4/L=0.55, the magni-
tude given by eq. (7b) and the upper bound of frequency range given by (7c) become as
follows :

20—L\_ K 5.67C.  _ 56.7%C,
K( ¢ )G LhTed L= L (7d)

Thus, guidelines are:

(1) Frequency responses of the noise generator and the acoustic detector should be flat

for the following frequency range:

0<w <, 0> SETTCe 7>

(2) From the Shannon’s theorem, the sampling interval z is determined by
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Wn
and from eq. (7a), the shortest length of the pipeline or minimum resolution of identi-
fiability of the leak site becomes
_ G,

2w
(3) If 4/L=0 or £/L=1, the period of the last term of eq. (4c) becomes 2zC./L. To
calculate DFT, the sampling width dw of frequency should be much greater that the

dx

(7

period, i.e.,
205> to=2F (7h)

which leads to

N> =t <)

From eq. (7h), choice of the number of date points N larger yields the smaller width

of frequency sampling de by which frequency response caluclated includes the desired

information in the significant frequency range. Thus, longer time record yield the more
accurate leak location result.
Use of Process Noise as the Test Signal

The process noise such as compressor noise, turbulent noise and valve noise can be
used at the test signal, if the noise is generated near the input end of the test zone and if
the spectrum of noise has high power in the frequency range

1<o<wn ¢}
where .. is defined in eq. (7e).

In this case, the procedure to calculate the frequency and impulse reponse is essentially
same with that given by eq. (6a) to eq. (6e). But before calculating eq. (6a), we need to
check whether or not the results of the DFT of p;(#) and p.(k) have significant power
spectrum in the frequency range eq. (7j).

A sine wave generator can be used instead of using the noise generator or the process
noise to estimate the transfer function eq. (4c). Use of the sine wave signal may serve the
better estimate in the noisy pipeline. However, estimation of gain as well as phase of the
transfer function (4¢) require time consuming and tedious works., Beside, the sine wave
genrator with resolution of 4w (if L is long) is expensive.

Effect of Cross-Sectional Area of the Pipeline

From eq. (4c), the magnitude of the last term decreases in inverse proportion to the
cross-sectional area of the pipeline. This means that the magnitude of spectral function
G(iw) used to locate leak site decrease in proprtion to the increase of the cross-sectional

area A of the pipeline for a leak with the same corss-sectional area.
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Experiments

Experimental System

Experiments were carried out using the laboratory pipeline shown in Fig.4 (a). The
pipeline was constructed by using 19 iron pipes of about 2,75 m length and 18 PVC junc-
tions each of about 0.4 m length. The diameter of the inside of pipe was 22.1mm (the
cross sectional area A=3,83% 10" *m2?). The length L of the test zone was selected to be
58.8 m. The input and output of the test zone were constricted by two plates each with a
centered hole 10 mm in diameter. Experiments were carried out when temperature was 291
K (19°C), i.e., the sound velocity was C,=344 m/sec for three cases (1) a leak was cut at
£=2.18 m, (2) the leak (1) was closed and a leak was cut at £=17.73m, and (3) the
leaks (1) and (2) were closed and a leak was cut at 39,76 m with the same cross-sectional
area d=1,96x10"°m? The gas did not flow in the pipe during the test,

Noise generated by a 17 bits M-sequence generator with a clock time of 1 msec, ampli-

e AC Laud
noise Amp . Speaker

Constriction Iron pipes pvc Junctions

Teak ; 2.18m 'j)
L

Micro (E;: '
phonef(1)
@ ,

|
@ Teak & 17 73m
1

pC D
Amp . Amg. phone(2)

B

AD
Converter|

{ Minicomputer ]
Fig.4 (a) Experimental System
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fied by an AC amplifier and actuated by a loud speaker with the frequency response shown
as in Fig. 4 (b), was added at the input site of the test zone of the pipeline. Figures 4
(b), 4(c) and 4(d) indicate the range of frequency in measuring $:(¢#) and p.(¢) is deter-
mined by that of the loud speaker which has the narrowest band width among three fre-
quency responses, Fig. 4 (b), Fig. 4 (c) and Fig. 4 (d). Thus, from Fig. 4 (b), the frequency
band corresponding to w;<<w<w, for integration of eq. (4e) becomes
w;=690rad/sec(110Hz) <w<w,=2137rad/sec(340Hz)

The input signal p:(#) detected by microphone (1) (which had the frequency response shown
in Fig. 4 (c)) and the output signal p.(#) detected by microphone (2) (which had the fre-

dB
15
10 p— e
HFE =%
5 Y
2 P A Y
0 —
50 100 200 300 S00
Frequency Hz
Fig.4 (b) Frequency response of the laud speaker usedeas a noise source
aB
10 T N 1
] e A
- — — 41
5 _vk ——
i e —tT
N R | P
4] L —+1
P WO I VRN [FSRDUYURE DNUURN PO B O O —— DU RUREUR DU A A A e MY i TY
. i —AV———]
-5 A
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Frequency, Hz
Fig. 4 (c) Frequency response of microphone (2)
dB
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Fig.4 (d) Frequemcy response of microphone (2)
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Fig.4 (¢) Measurement P;{(f) by microphone (1) for a leak at £=2.18m
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Fig. 4 (f) Measurement P,{(¢) by microphone (2) for a leak at £=2 18m

quency response shown as in Fig.4 (d)) are shown in Fig.4 (e) and Fig. 4 (f), respective-
ly for a leak at £=2. 18 m measured from the input site.

The signals p:(#) and p.(¢) were discretized with a sampling interval of r=1. 470 msec
by a 12 bits AD converter for which the hold over frequency was 2137 rad/sec, a value
that is almost equal to ws of the loud speaker. The number N of the discrete data point
equaled 2048.

Supposing that wy=wm (=2137 rad/sec) defined in eq. (7e), the above choice of and N
satisfies the conditions (7f), (7g) and (7j) as follows:

wa=2137 rad/sec>(56, 7 =C./L) = 1042 rad/sec
t=(7/wa) =1, 470 msec
N=2048> (waL/rC.)=116.3
Further, the minimum resolution of identifiability of the leak site becomes
4dx=(zC./2wm) =0, 253m
The DC amplifiers used to amplify the signals p:(#) and p,(¢) were adjusted so that the
AD converter worked with full bits.
Simulation Results

First, we will describe some results of simulations and then compare them with the
experimental results. The impulse response function g(¢¥) in eq. (4e) was calculated for the
same conditions as used in the experimental system, i.e., L=58.8m, C,=344m/sec, A=3. 83
x107*m?, d=1.96%10"5m?, w:;=960rad/sec, ws=2130rad/sec, £=1, for each of the three
leak sites £=2,18m, £=17.73m, and £=39, 76m, respectively.

Based on the theory for leak detection and location, for the case in which no leak
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Fig.5(a) Simulation result for the Impulse response g(#) when no leak existed; t¢=L/C, should
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Fig.5(d) Simulation result for the impulse response when a leak exists at 1 =39, 76m; ¢¢ should
be 0. 0602 sec.
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Fig.5 (c) Simulation result for the impulse response when a leak exists at 1 =17.73m; ¢{¢ should
be 0. 0628 sec.
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Fig.5(b) Simulation result for the impulse response when a leak exists at 1 =2,18m; ¢2 should
be 0, 168 sec.

exists, g(¢) must have one positive pulse at #=0, 171 sec corresponding to L/C,. For the
cases in which a leak exists, g(¢#) must have two pulses. One of them must be positive
and must appear at =0, 171 sec corresponded to L/C,; the other must be positive or nega-
tive corresponding to a particular leak site as follows:

for £=2.18m, g(#) must have a negative pulse at ¢,=0. 158sec,

for £=17.73m, g(#) must have a negative pulse at #,=0. 0678sec,

for £=39,76m, g(¢#) must have a positive pulse at #,=0. 0602sec.

Examination of the simmulation results in Fig.5 indicates the correct positive or negative
pulses occured at the correct times for each leak site.

From Observation (1) in Remarks, the magnitude —0 as £ — L/2, and the magnitude
becomes greater as £—0 or L. Simulation results demonstrated the similar tendency as Ob-
servation (1). The value itself of the magnitude is a relative value and has no particular
meaning.

Experimental Results

In this section, we describe the experimental results. Experiments were carried out
using the system shown in Fig.4 (a) and the data obtained by the experiments were por-
cessed using the procedure outlined in connection with eq. (6a) ~ eq. (6e). From the resuit
of the leak detection theory summarized in Fig. 3 and the results of simulations in the pre-
vious section, the function g(#) or g(%) should have at most two pulses in the period
0<t<L/C,, and one of them must occur at ¢=¢.=L/C,. Further from the simulation re-
sults, these pulses are big and sharp in comparison with the amplitude of oscillations oc-
cured around times at which pulses were observed. Thus, we observed the estimated impulse
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Fig.6 (a) The impluse response obtained experimentally when no leak existed. Only one pulse at
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Fig.6 (b) The impulse response obtained experimentally for the case in which a leak existed at
£=2,18m.

o --*?g’“’ﬁ;vﬁ’*"*vf:- — 2 ,ﬁ;"—'—\myflﬁk@.m -

503 O 0.02 0.03 0.04: .0:95 0.06 .07 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18
-2}

Time, sec

-4 -

Fig.6 (¢) The impulse response obtained experimentally for the case in which a leak existed at
£=17.7Tm.
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response g(k) for the interval 0<{¢t<<L/C,=0.171sec in a way that where the two biggest
pulses occur. Figwes. 6 show the estimated impulse response g(%) for the three different
leaks as described above.

Fig. 6 () shows the case when no leak exists. As expected, the estimated impulse re-
sponse g(k) has a sharp pulse at £.=0. 171sec. No other big pulses were noted for the period
0<t<tL=0. 171sec..

Fig. 6 (b)~(d) represents the impulse responses for cases in which the pipeline had a
leak. Every impulse response had several pulses. For the interval 0<{¢<{0, 171sec the sharp
biggest was at or around #=0, 171sec that corresponded to L/C,. The second biggest was
that which corresponded to ¢=(24—L)/C.. Fig.6 (b) shows that g(&) has the second big-
gest pulse, one with a negative amplitude at #=0, 157sec. Because the second biggest pulse
was negative, from eq. (5a), the leak site £ was estimated to be 2,39 m (vs. £=2,18m).
Fig. 6 (¢) shows that g(¢) has the second biggest pulse, one with a negative amplitude, at
£=0.0662sec. Because the second biggest pulse was negative, from eq. (52), the leak site
£ was estimated to be 18.0m (vs. £=17.73m). Finally, Fig.6 (d) shows that g(¢) has the
second bigest pulse, one with a positive amplitude, at #=0,0603 sec. Because the second
biggest pulse was positive, from eq. (5b), the leak site £ was estimated to be 39.8 m (vs.
£=39.76m). The numbers of inside of ( ) show the correct distance for leak sites.

The experimental results are quite similar to the simtlation results in locating the leak
sites. This outcome means that the basic eqs. (1) and eq. (2k) used to develop the leak
location theory were appropriate for to the problem, and that the theory is valid. The only
the difference between the simulation results and the experimental results was that the ex-
perimental results involve noise. In the experiments, the frequency response G(m) was ob-
tained as a stochastic function by using the 17bits M-sequence noise as a test signal,
whereas G(iw) corresponding to G(m) calculated from eq. (4c) for the simulation is deter-
ministic. Thus, if the noise level ever becomes higher than or significant compared to the
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levels of the impulse response, the second biggest pulse may be impossible to distinguish
from the other. To reduce the effect of such the failure by chance, we carried out several
repeated experiments. From the estimated impulse response g(%) for the interval 0<¢t<L/
C.=0. 171sec, we picked up two times at which the first and the second sharp highest pulses
(one of them must occur at L/C, and the other must occur at |24—L|/C,) occurd and
obtained frequency of the occurences shown as in Fig.7 (@), (b), (¢), and (d). The fre-
quency could discriminate the sharp pulses due to end of the pipeline and/or occurence of
a leak from those by chance.

Figures 7 show the frequency. Fig.7 (a) demonstrates that occurrences of the pulses
are concentrated at one time, namely #=0, 171sec that corresponds to L/C, when L=58, 8m
and C,=344m/sec. The frequency of the other pulses is almost uniformly distributed. In
this case of no leak, the magnitude of the second biggest pulse is very small compared to
the biggest one. Fig.7 (b) shows that the pulses are concentrated at only two times, #=
0.171sec (corresponded to L/C.) and #,=0. 157sec (corresponded to [(2€—L)/C.|, £=2.18
m). Fig.7 (c) shows that the pulses are concentrated at only two times, #=0,171sec and
t=(0. 0662sec (corresponded to [(2£€—L)/C.|, £=17.73m). Fig.7 (d) also shows that the
pulses are concentrated at #=0, 171sec and ¢,=0.0603sec (corresponded to |(2£4—L)/C.|, £
=39, 76m)

Thus, eventhough a single test in some instances may fail to identify a leak site, re-
peated testing should clearly identify the leak site via frequency counts.

In the experimental set up we used, leaks with cross sectional area of less than 7. 07 x
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Fig.7 Frequency of times when the impulses occur
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107%m2 could not be located.
Discussion

The experiments carried out by using the pipeline with 58, 8 m length and 22.1cm di-
ameter demonstrated satisfactory leak detection results. We shall consider here what happens
when the pipeline or the test zone is long and the cross-sectional area is wide.

General remarks about the effects of cross-sectional area and length of the pipeline were
described in Remarks. Here, we investigate via calculation, what happens when this method
is applied to a realistic pipeline with 20km length and 50cm diameter to locate a leak with
diameter of d,. We assume here, % in eq. (2e) or (4c) is equal to 1.

The coefficients in the last term of eq. (4c) are as follows:

L=20km, C,=344m/sec
A=7(0.5/2)*=0. 196m? (8a)

_ 3m/ndk _
K_CO—].W—L 571'd£ca

The magnitude K(2£—L)/C, given by eq. (7b) and the upper bound of the effective fre-
quency range 5,67 C./{2£—L| given by eq. (7c) of the last term in eq. (4c) are functions
of the leak site £ and these functions are shown in Fig.8 (a) and (b).

From eq. (7f), the maximum effective frequency wn, must satisfy

wm>&"l]‘”—c° =3. 06 rad/sec (0. 487Hz) (8b)
Suppose
wn=>5, 4rad/sec (=0. 859Hz) (8¢c)

Then from eq. (7f) and eq. (7g), the sampling interval and the minimum resolution of
identification of the leak site becomes

7= =0, 924sec (8d)

dz=2C — 100m (8¢
Further from eq. (7i), we can choose N as follow :

wal —100<N=2048 )
From eq. (7h)

4w=3.32x 10" %*rad/sec (=5. 28 x 10~*Hz) (8g)

From Fig. 8 (a), if the diameter of a leak is 1cm (area of the cross-section=7, 86 x
107°m?*), the magnitude of the last term of eq. (4c) is greater than 1 (the magnitude of
tne first term) for the leak 0km<£<10km—33.3m and 10km+33. 3m<L2<L20km  which
covers 99,7% of the length of the test zone.

Eq. (7e) or eq. (8b) shows only the lowest bound of the maximum effective frequency
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Fig.8 (b) Maximum frequency range vs. leak site ¢
wn. Thus, so far as the limitation (7e) or (8b) concerned, we can select any higher fre-
quency as w. by employing a noise generator and acoustic signal detectors with broader
frequency band width. From eq. (7g) or eq. (8e), the choice of broader w. yields higher
resolution of identifiability of the leak site. However, high frequency noises that are gene-
rated enough near to be caught by one of the detectors but too high (higher than 56, 7xC./
L rad/sec in eq. (8b)) to propagate to the other acoustic detector will disturbe the estima-
tion of the accurate transfer function (4c). There are many causes of local generation of

noises, i.e.,, (1) high frequency part of external noise on the pipeline, (2) pump noise, (3)
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compressor noise, (4) noise that might come from the pipe vibration due to the leak itself
(in the 500—800Hz range) and (5) noise due to the impact of gas on the soil sorrounding
the pipe (20—250Hz range). Thus, in determining the frequency w., we must take into
account the local high frequency noise that should be cut off. The choice of the frequency
wn="5, 4rad/sec (=0, 859Hz) as eq. (8c) can cut off such the local noise undesired. The low
frequency part (0<w<5.4 rad/sec) of the noise occured near the input constriction can be
utilized as the test signal.

There are many ways to enhance the pulse corresponded to the leak site in eq. (4e) or
in Figures 6 from noises. One of them is to let dw defined by (7h) and given by (8g) for
20km pipeline be small by increasing number of data points N as mentioned in Remarks.
Stochastic approaches for repeated testings such as we applied in obtaining the results shown
in Fig. 6 or just averaging of the final results g(#) can enhance the pulse. Further, since
we have the theoretical model (4c) with the known important cocefficients L, C, and A for
the estimated transfer function (6a), we can also formulate this leak location problem to
estimate the unknown £ to fit the estimated transfer function to eq. (4c).

In the case when flow occurs in the pipeline, the leak detection and location theory is
required modifictions. The theory should be developed based on eq. (4a). The presumable
leak detection and location procedure is as follows:

(1) Multiply exp(—iwL/v") to the estimated transfer function corresponding to eq. (4a)
to eliminate the term exp(iwL/v’). The term can be calculated because L is known
and ' is calculated by the values C, and ».

(2) Apply the Fourier inverse transform to the term exp(—iwL/v’) x (4a) estimated.

(3) The result of (2) yields a sharp positive pulse at L/C’ and a sharp positive or ne-
gatibe pulse at |2£—L|/C’. The parameter C’ is calcurated by using eq. (20).

(4) By the results of (3), we can identify the leak location £ as we did in the case

when »=(.

This procedure is basically same with the procedure outlined in eq. (6a) to eq. (6e) if we
let v=0.

Nomenclature
A cross sectional area of the pipeline
a arbitrary positive constant
b(x,t) sound volume velocity propating backward
c arbitrary positive constant
Co velocity of sound
Cs total velocity of sound propagating backward
C, total velocity of sound propagating forward

c’ sound velocity when flow occurs in the pipeline
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discrete Fourier transform

cross sectional area of the leak

diameter of a circular leak

(i,/) element of the transfer matrix

transfer matrix that characterizes the acoustic propagation in a pipeline

sound volume velocity propagating forward

(i,j) element of the effective transfer matix

transfer function estimated

transfer function, the Fourier transform of g(¢)

impulse response estimated

impuise response function

i-th term of the function g(¢)

inverse discrete Fourier transfom

imaginary unit

constant determined by the cross-sectional area of a leak

discret time

compensating coefficient of radiation impedance

length of the test zone of the pipeline

site of the leak measured from the input site

input site of ¢

output site of ¢

discrete frequency

number of data sampled

Fourier transform of the sound pressure

sound pressure

sound pressure at the input site of the test zone

sound pressure at the output tsite of the test zone

real part of complex numbers

ratio (cross-sectional area of the constriction/cross-scetional area of the pipeline)

time

time when the pulse due to a leak cccurs

time when the pulse occurs due to the constriction at the end of the test zone

Fourier transform of the sound volume velocity

sound volume velocity

velocity of flow

velocity of flow influenced by the sound velocity in the pipeline

distance from the input site of the test zone

radiational acoustic impedance of the leak

arbitary variable

partial differentiation

=38, 1415926

density of gas

sampling interval

angular frequency

lowest angular frequency of the signal considered

highest angular frequency of the signal considered

effective maximum angular frequency

step size of angular frepuency for discrete spectrum function
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Symbols
| 1] absolute value
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