Detection and Location of aLeak in a

Gas-Transport Pipeline by a New

Acoustic Method

A new method is described for detecting and locating a leak in a gas
transport pipeline lying between two pump stations by an indirect acous-
tic method. The basic concept is to treat the pipeline as an acoustic
tube (similar to a wind instrument), and to estimate the impulse response
of the acoustic wave in the pipeline solely from the acoustic signal
detected at two terminal sites in the pipeline. The test signal introduced
at the input site is only acoustic noise; pipeline operation need not be
interrupted. If a leak occurs in the pipeline, the impulse response of the
acoustic wave in the pipeline has a sharp pulse or a step at a certain
time that can be directly related to the site of the leak. Using the mathe-
matical mode! of the pipeline acoustics, i.e., the wave equation, a theo-
retical basis is developed to explain 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 proposed detection method.
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This work pertains to the diagnosis of faults (fault
location and identification) in a physically widely dis-
persed pipeline system. In particular we treat the prob-
lem 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
human inspection along the pipeline or require that con-
siderable expensive instrumentation be passed
through the pipeline; in either case leak detection can
be a slow and laborious process. Existing indirect
approaches aimed at deciding whether or not a leak
exists, and/or localizing the leak site(s), cannot dis-
cover the leaking site(s) clearly and accurately.

We have developed a new method that:

1. Requires less effort and uses more economical
instrumentation than any of the existing direct meth-
ods.

2. Does not require significant interruption of pipe-
line operation.

3. Canlocate leak sites clearly and accurately.

The basic idea underlying the proposed method is
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derived from the theory of wind instruments. We utilize
the fact that the tone of a giant wind instrument (the
pipeline) changes in the event of a leak, and we evalu-
ate this change by estimating the acoustic impuise
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 operat-
ing conditions that validate the detection theory.

The method proposed here treats the problem of
locating one leak at a time in a single pipeline. For the
case in which more than one leak occurs at a time, the
sites of leaks cannot be uniquely located, but a leak
can be located as occurring at one of several possible
sites. The number of presumed sites depends on the
number of leaks. The theoretical development for the
case of multiple leaks is somewhat complicated and is
omitted here.
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CONCLUSIONS AND SIGNIFICANCE

A new economic method of detecting and locating a
leak in an operating gas-transport pipeline is pre-
sented. We conclude from the theoretical development
of the leak detection method that the impulse re-
sponses of an acoustic wave in the pipeline estimated
from an acoustic signal measured at two end sites in
the pipeline, should show a conspicuous sharp positive
or negative pulse or step at a certain time. The leak site
can be determined from this pulse or step. Experiments
carried out in our laboratory corresponding to realistic

pipeline operations have satisfactorily demonstrated
that when the theoretical results are applied in prac-
tice, leaks can be located. The proposed method has
the advantages that it is faster, requires less expen-
sive and heavy instrumentation, and does not require
cessation of pipeline operations as do many existing
direct leak detection methods; it further has the advan-
tage relative to the existing indirect methods that it can
locate leak sites more clearly and precisely.

Introduction

A leak in a gas transport pipeline is always cause for concern,
as it'may lead to a serious accident and considerable damage
may result. In order to prevent such accidents, a way to assure
on-line, quick and accurate detection and location of leaks is of
major value.

Two general kinds of approaches exist for leak detection,
direct approaches and indirect approaches. Direct approaches
are those that confirm exact leak sites by inspection together
with observation of secondary symptoms such as sound, smell,
and visual detection of the abnormal state of vegetation due to
the occurrence of leaks. Execution of direct methods is usually
carried out by line patrols following pipeline rights-of-way or by
local citizens’ reports. Thus, most of the research work asso-
ciated with direct methods has been focused on developing sensi-
tive and accurate detectors for the secondary symptoms. For
example, Decker (1978) reported on the effectiveness of a tracer
method that detects nitrous oxide outside of a pipeline by sur-
veying it from end to end after nitrous oxide tracer gas is fed into
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-pres-
sure pipeline. Parker (1980) presented a detailed report de-
scribing how the supersonic sound is generated and propagated.
Dallavalle et al. (1977) described on-line leak detection (not
location) in feedwater preheaters by monitoring the feedwater
pressure noise. These direct methods essentially require inspec-
tions by human beings to finally 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, of course, cannot detect and locate
leaks by an on-line, real-time monitoring system.

The indirect approaches to leak detection are based on detect-
ing 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 investigate the steady state material balance of flow in
and flow out and aim at simply detecting the occurrence of
leaks, not at locating leak sites. The steady state line balance
methods, however, engender some uncertainty. Immediately af-
ter changes in the pipeline operating conditions, the transient
pressure varies even if no leak occurs, so that such methods can
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lead to errors in judgment. In order to avoid such error, Gold-
berg (1979) introduced the dynamic line balance model and
reported that the method using his dynamic model demon-
strated the ability to detect leaks under a wide range of flow con-
ditions. Huber (1981) introduced a transient line balance model
for the same purpose, and Lindsey and Vanelli (1981) also pre-
sented a similar model.

Many recent investigations into indirect methods have fo-
cused on localizing the leak sites by spatially sparse on-line mea-
surements 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 mea-
surements. Siebert and Isermann (1980) and Siebert (1981)
improved and applied the well-known hydraulic gradient
method to locate a leak site in a hydraulic pipeline. A typical
paper is that by Seiders (1979), who improved on the hydraulic
gradient method by subtracting the reference mass flow mea-
sured under normal operating condition from the measured
mass flow. A cross-correlation method was applied to suppress
the effect of noise and to locate a small leak in a pipeline with
compressible media such as gas.

Cole (1979) listed patents granted during the period 1935-
1976 for leak detection devices that use both direct and indirect
techniques. Only one patient refers to the use of multiple micro-
phones to detect sonic waves. Huebler et al. (1982) reported on
the use of a single microphone 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 by analyzing the char-
acteristic spectral pattern. Watanabe (1980, 1982) presented a
method to locate a leak site by estimating the acoustic propaga-
tion in a pipeline using only one microphone set up near the out-
put. These methods are quite interesting, but were mainly theo-
retical studies to investigate the feasibility of leak detection, and
were validated solely by computer simulations or by simplified
experiments; the accuracy of location of leak sites was not satis-
factory.

The method presented here is a new acoustic method that
aims at locating a leak site in a single pipeline by the indirect
approach. In the proposed method we estimate the impulse
response of the acoustic wave in the leaky pipeline. Information
from the impulse response of the acoustic wave in the pipeline
locates the leak site.
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Theory of the Proposed Acoustic Method

Assumptions

In explaining the principle of the proposed method of acoustic
leak detection and location, the following simplifying assump-
tions are made for the test zone of the pipeline, some of which
may not necessarily be fulfilled in actual operation. By the term
test zone we mean the part of the pipeline, or the overall pipe-
line, to which the leak location method is applied.

1. The test zone of the pipeline has two constrictions, one at
the input end and one at the output end.

2. The test zone of the pipeline is a single pipe with no
branches.

3. Only one leak occurs in the test zone.

4. The test zone of the pipeline has a uniform cross-sectional
area for its entire length.

5. The pressure at the input end of the test zone includes ran-
dom fluctuations whose spectral function is almost white.

6. Pressures inside and near the constrictions in the test zone
can be measured by pressure detectors or microphones having
limited frequency bands.

7. Acoustic waves propagate in the pipeline without any
attenuation and the velocity of gas flow is negligibly small in
comparison with the sound velocity.

Assumption 1 is made to provide boundary conditions that let
the acoustic wave reflect at the input and output ends of the test
zone. Presumably the cross-sectional area of the constrictions is
small relative to the cross-sectional area of the pipeline but large
enough to permit the gas to flow without excessive pressure
drop. In designing a pipeline for commercial service, one should
include features for leak detection such as the constrictions
themselves, or equivalent equipment that can close to introduce
constrictions when a leak-location test is being carried out. The-
oretically, another type of boundary condition might possibly be
employed instead of constrictions, namely making the input and
output of the test zone chamber of wider cross-sectional area
than that of the pipeline. For this case, replacing the sound pres-
sure used in the theoretical development outlined below with the
fluid element velocity, which can be measured by a gas flow
detector, yields the same theoretical results for leak detection.
By the term fluid element velocity, we mean alternating gas flow
that occurs accompanying sound propagation. If the chambers
are at the two ends of the test zone, pipeline operation is not dis-
turbed, but accurate measurements of gas flow are essential.

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 develop-
ment. In practice, the probability that more than two leaks
would occur simultaneously in one test zone should be quite low
except if the cause of the leaks is something like an earthquake
or sudden subsidence.

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 test signal noise with a broad band spectum. If pro-
cess noise generated by a compressor and/or turbulent flow
occurs near the input and has a broad spectrum, that noise can
be used as the test signal. Otherwise, suitable noise has to be
added at the inlet of the test zone. A variety of methods to gener-
ate and add noise at the inlet of the test zone can be employed.
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Assumption 6 means that the leak site is to be located solely
from changes in the sound pressure in the pipeline measured at
the input and output of the test zone. We must take into account
the frequency band of the detector as a limiting factor and inves-
tigate its effect on leak location.

Assumption 7 means that the gas transport is strictly com-
pressible flow, and the wall of the pipeline is thick, so that essen-
tially no acoustic energy passes through the wall. Because the
flow resistance and/or power supplied to transport the gas
increases in proportion to the velocity of gas flow, there is always
an economically optimal gas flow velocity that is determined by
the diameter and length of the pipeline and the properties of the
gas. The optimal velocity of gas flow in pipelines in commercial
use (10 ~ 20 m/s except in pipelines for special purposes) is not
high relative to the sound velocity.

Theoretical basis of leak location

Figure 1 shows a sketch of a test zone comprised of a single
pipe without branches and with a uniform cross-sectional area
as required by assumptions 2 and 4, respectively. A leak may
exist as stated 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. As shown in Figure 1, we let the input end of the test
zone be the origin of the x coordinate; the length of the test zone
is L. We assume a leak exists at a circular hole at a distance £
between the origin and the center of the hole. One side of the
circular hole is at a distance £~ and the other isat 2" so that 8~ <
£ < 2*. We assume that the diameter of the leak (8% — 27) is
small relative to 2. 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
pi(t)[=p(0,¢)] and at the output site as p,(t)[=p(L, 1)] by
using microphones. We shall show how to locate the leak site £
from the measurements p,(t) and p,(¢).

We divide the pipeline into three parts as follows:

(@) 0=x<®

(b)  =x<@*

(c) " =x=<L
Because (2 — 27) « £, we can assume 2% ~ 2~ =~ Q.

To make the theoretical development more general, we first
consider the case in which gas flows in the pipeline.

Acoustic characteristics of a pipeline without leaks

Given the first part of assumption 7, namely that the acoustic
wave propagates without any attenuation in the pipeline, the
wave propagation in the pipeline without leaks can be described
by a wave equation of the following form:

ERR () =afg’;”), Sty +b(L 1) =0 (la)

C, ot

L&b(x,t)_ 0b(x, 1)
C o ax

ﬁ[cff(o, 1) — Cb(0,1)] = p(t) (1b)

where x is the distance from the input site of the test zone; ¢ is
the time; f(x,t) and b(x,t) are the fluid element velocity
propagating forward and backward, respectively (these veloci-
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Figure 1. Pipeline test zone.

ties are imaginary and are not measurable); C,and C, are the
total velocity of sound propagating forward and backward,
respectively, and are givenby C;= C, + vand C, = C, — v; G, is
the velocity of sound, which is determined by the 1ns1de pressure
and temperature of the gas; v is the velocity of gas flow; 4 is the
cross-sectional area of the pipe; and p is the density of gas.

The total fluid element velocity u(x, ) and the sound pres-
sure p(x, t), which are measurable, are given as follows:

u(x,t) =f(x,t) + b(x,t) (1¢)

px, t)———f( 0 -2, 1) (1d)

When v = 0, the two wave equations, Eqs. 1a and 1b, reduce to
equations in terms of just two variables, p(x, t) and u(x, t).
Fourier transformation of Egs. 1a—1d with respect to time, and
elimination of the terms f(x, ¢) and b(x, t) from the trans-
formed equations yields the well known four-terminal network
relation:

For pipeline section (a) from 0 to £7:

P, iw)} P(O, iw)]
=F() (2a)
U@, iw) U(0, iw)
For pipeline section (c) from £* to L:
P(L,i PR,
( 'w)} _r— 9| ’w)] (2b)
U(L, iw) UQ®", iw)

where P(x,iw) and U(x, iw) are the Fourier transforms of
p(x, t) and u(x, t), respectively, and the matrix function F (z)is
a transfer matrix defined by

F(z) = exp (iwz/v")
pC

o) (2 ) g (2
cos| ~ |~ C. sin{ = y

(e} (e

P4 Gin (42 cosw—z+ L sin oid
o Vo c e e
(2¢)
where w is the angular frequency; i = v—1; v = v[(C,/
) —1);C =C,[1 — (0/C,)];z =2 or 2.
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Acoustic characteristics of a leak site
The transfer matrix for pipeline section (b) from 2™ to %, i.e

the leak site, is given by
P2, iw) 1 ollp@,ivw
Ut iwy| |-1/z, U@, iw)
where Z, is the radiational acoustic impedance of the leak,

which is given by the following equation when the acoustic wave
is not supersonic (Ohizumi, 1968)

(2d)

8
Zy ~ iw pe
T 3r Jrdk

where d is the cross-sectional area of the leak and £ is the com-
pensating coefficient.

(2e)

Acoustic characteristics of the overall test zone of the
pipeline

Elimination of P(£~, iw), U™, iw), P(L*, iw), and U(L*, iw)
from Egs. 2a, 2b, and 2d yields an effective transfer matrix

P(L, iw) 1 o F) P(0, iw)
-1/Z, 1 U(0, iw)

U(L, iw)] - F(L-1)

P(0, iw)
U(0, iw)

_ 1 le
Su fa

Based on assumption 1, the pipeline being constricted at x = L,
i.e., because of the boundary conditions in Eq. 1a, we can let

U(L, iw) ~ (3b)

Thus, from Eqs. 3a and 3b, we have a transfer function from
P(L, iw) to P(0, iw) in the frequency domain as follows:

P(0, iw)

(3a)

o, = G(iw)
P(L, iw) Ja = G , .
= jwL/v") 1+—pv—l— 2 W eos
exp (iw 27,4 c, c
|2 i —liz <iin‘—‘)—é
tHC T 224 cl e
2 Gf, vVl e@@e-1) ey
+'2—z,,_ B Vol B G 27,4

. v w(22 - L)
x|l - E‘; cos ——
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If v = 0, Eq. 4a can be rewritten as follows:

wl K . wL i w(20 — L)
G(lw)—-COSa-f—;SI a-*-w C,
3z \rdkC,
i =————— (4b
with K 64 (4b)

The transfer function, Eq. 4b, is a real function including a
periodic term (the first term) and damped periodic terms (the
second and third terms) of frequency w. The third term in Eq.
4b, which includes the parameter £, has the longest period =C,/
|22 — L| of damped periodic oscillation among the three terms,
and the leak site £ is obtained from the value of the longest
period and its sign by solving the following equation:

7C,/ |28 — L| = the longest period extracted (4c)

Enhancement of information about the leak site in the
transfer function

Extraction of the longest period and its sign from the damped
oscillatory response itself involves difficulties, especially when
the response is given by the summation of several functions as in
Eq. 4b and is corrupted by noise. The frequency response G (iw)
estimated from the measurements p;(2) and p,(t) by calculating
F [ p:())/F [ p,(1)] also includes such a difficulty. (The symbol
F[-]is the Fourier integral.)

Thus to avoid difficulty in extracting the required data from
the estimated G (iw), we apply Fourier analysis to the curve
G (iw) so that the longest period and sign can be obtained more
directly. Because Eq. 4b is a real spectral function, we apply the
inverse Fourier cosine transform to G (iw), which plays the same
role as the Fourier cosine transform itself. To make the discus-
sion fit in with assumption 6, we obtain the inverse Fourier
transform for the limited frequency band width w; < w < w,. The
inverse Fourier cosine transform becomes

g(t) = 2 f “* G(iw) cos wtdw
7

wi

2 o wl
=~ Cos — cos wtd
- [ c cos wide
si ok cos wt
in — cos w
+ 2_1( G dw
™ wi w
w28 — L)
sin ———— cos wt
2K C,
+ 22 dw
mw Ve w

=g (1) + g.(1) + g:(2) (4d)
where g,(1), g,(¢), and g,(¢) correspond to the first, second, and
third inverse Fourier cosine transforms listed in Eq. 4d, respec-
tively. The first term, g, (¢), shows a sharp positive pulse, and
the second term, g,(1), shows a positive pulse (when «; is large
and frequency band width w, — w; is narrow) or a negative step
(when w; — 0 and w;, -~ ) at time #; = L/C,. The third term,
g1(¢), shows a sharp positive or negative pulse or step at time

= |22 — L|/C,. The pulse g,(¢) becomes sharper and the
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shapes of g,(2) and g;(¢) change from pulse form to step form as
w), — w; is increased and as w, — 0.

If 2, < L/2, the third term in Eq. 4b from which the leak site
is determined, can be rewritten as

K . o4y -1L)
sm—————-———

in w(L - 291)
C, w

(4¢)

Thus, the inverse Fourier cosine transform has a negative sharp
pulse or a positive step at time

L2
G

(4f)

Iy =

which leads to Eq. 5a. By using the relation t, = L/C, estimated
from experiment, ¢, can be calculated from the second state-
ment in Eq. 5a:

(52)

1 Iy
Q=-(L-Cty)==|1-—
1 2 ( o 911) ( tL)
Similarly, if g(¢) has a positive sharp pulse or a negative step at
! = ty, the leak site must be at £, = L/2 and the site can be
determined from
1)

Figure 2 demonstrates the relation between the leak site and the
time when the pulse or the step occurs in g(z).

1 L
€= 5 (L + Cotlz) = ‘5 (] (5b)

Procedure to Locate a Leak
Conditions for measurements

Here we describe how to execute a leak location strategy
based on the theoretical results obtained in the previous section.
The theory was developed for the time-continuous data p;(1)

leakl leak2

X=0 x= ‘!L x=L/2 x=1, xel

]

1 1

]-: Test Zone J
a(t)

rr
Positive Step 0 I3 ."< ::n..
1]
:: n-lul-l.llc ;‘L“‘/co time, t

He1-c t, )2

Fl1-ty,/ty) 11
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o I
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Figure 2. Relation between leak sites and impulse re-
sponse.
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and p,(r). In practice, however, data will be measured dis-
cretely, because digital computation for the leak location can be
carried out easier than analog computation.

We first consider how to select the sampling interval = and/or
the maximum frequency w,, of the noise generated at the input
end, and determine the characteristics of the acoustic detectors
set up at each of the two ends of the pipeline.

Let Ax be length of a unit pipe; Ax is the shortest permissible
length of pipe that enables one to identify the leak site. Let M be
the number of unit pipes that compose the entire test zone of the
pipeline. The parameters 7, Ax, w,,, and M are related to each
other.

From Egs. 5a, b, which relate the leak site and the time of
occurrence of the pulse or step, by halving the sampling interval
7, with the pipeline discretized with respect to length, the unit
length is given by

2Ax

C
Ax = 7—2— which yields (6a)

T =
(]

Suppose 7 is selected to satisfy Shannon’s sampling theorem;
then the relation between w,, and 7 is

Wy =77 OF T=mlw, (6b)
Further, L, M, and Ax are obviously related as follows:
M=L/Ax or Ax=L/M (6¢)

Thus, if one of the parameters (7, Ax, w,, M) is known, the
remaining parameters are determined uniquely. Then, instead
of considering how to select 7, we consider instead how to select
w,,- From Eqs. 62 and 6b, the relation between Ax and w,, is

Ax = (7C,/2w,,) (6d)
Equation 6d indicates that the choice of a larger value of w,
yields a higher resolution of identifiability of the leak site, which
is, of course, desirable. However, the third term of Eq. 4b includ-
ing the leak site & shows a damped oscillatory response. Thus,
with a value of w greater than a certain value, the third term

becomes negligibly small in comparison with the level of noise.
Let

fs.nw(ZQ - L)
2] ' C,
w22 - L) =K(2SZ—L)

Ca w=0 Co

_ {K (2%/L) - 1}L _3mir(22 - Dk
C, 164

Magnitude of the term

K .
—sin
(V)

Vvd  (6e)

Then the frequency range in which magnitude of the spectrum
of the third term in Eq. 4b is greater than 5% of the magnitude
K(2% - L)/C,, ..,

20 —
0.0S\K a L‘s

K  w(-1L) |
-—sn ——————

" C. (6f)

]
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is obtained as

oo 3677C,  567xC, 1
T -Ll QL) -1|L

0= (68)

From Eq. 6e and Eq. 6g, we can observe:

1. Asf— (L/2), the magnitude of [K(22 — L)/C,] — O and
the upper bound of the frequency range [5.67xC,/(22 — L)] —
oo. Thus, if £ — (L/2), identification of the leak site becomes
difficult. Conversely, identification of a leak that occurs where
£ — 0 or £ — Lis easy. In the case & ~ L/2, the difficulty in
locating a leak can be overcome by a test strategy involving more
than one location for the downstream microphone.

2. For a fixed 2/L(#0.5), as the length L of the test zone
increases, the magnitude [K(2/L — 1)/C,]L increases, and the
upper bound [(5.67xC,)/(|28/L — 1{/L)} of the frequency
range decreases. Thus if L is long, the third term of Eq. 4b must
be identified by test noise with a low range of frequency.

3. From the last statement in Eq. 6¢, for a leak with a con-
stant cross-sectional area the magnitude decreases in proportion
to the cross-sectional area A of the pipeline. This means that
location of a small leak in a pipeline with a large cross-sectional
area is more difficult than in a pipeline with a smaller cross-
sectional area.

Let us look at some specific calculations for the magnitude.
Let /L =0.45or 2/L = 0.55. Then the magnitude given by Eq.
6e and the upper bound of the frequency range given by Eq. 6g
become, respectively,

2L\ K 5.67 56.77C,
K -1, mCo 2077 (gp)
C, 10C, |(2%/L) - 1|L L
Then in this case, the frequency range should be
56.77C, ,
O=w=w, ®,= LT (61)

Equation 6i can serve as a guideline for selecting the noise gen-
erator and the acoustic detectors. To be specific, their frequency
response should be flat for the frequency range given by Eq. 6i.
Note that choosing a much larger value of w,, than 56.7xC,/L
yields inaccurate estimation of the transfer function, Eq. 4b,
because local sources of noise caught by one of the acoustic
detectors will be of too high a frequency to propagate satisfacto-
rily to the other detector. Local sources of noise might be:

o The high-frequency part of an external noise source in the
pipeline

e Pump noise

o Compressor noise

o Noise that might come from pipe vibration due to the leak
itself (in the 500~800 Hz range)

e Noise due to the impact of gas on the soil surrounding the
pipe (20~250 Hz).

Suppose we select w,, = 56.77C,/L; then we obtain

T=L/56.7C,, Ax=L/113.4, M =56.7 (6))

The number of data IV collected should be determined in the
following way. If /L = 0 or /L = 1, the period of the third
term of Eq. 4b becomes 27 C,/ L. The minimum width Aw of fre-
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quency should be much less than the period, i.e.,

27
2 Aw = — 6k
2w I > Aw N7 (6k)
which leads to
1 w,, L
N == 61
737G, (6

From Eq. 6k, as NV increases Aw becomes smaller, enabling the
more accurate location of a leak site.

Use of process noise or a sinusoidal signal as the test
signal

Inherent process noise such as compressor noise, turbulent
noise, and valve noise can be used as the test signal if the noise is
generated near the input end of the test zone and if the spectrum
of the noise has sufficiently high power and is flat in the fre-
quency range given by Eq. 6i.

A sinusoidal signal can be used instead of noise to estimate
the transfer function, Eq. 4b. Use of a sinusoidal signal yields a
better estimate in a noisy pipeline. However, estimation of the
transfer function by using a sinusoidal signal is quite time-con-
suming and tedious. Furthermore, a sine wave generator with a
resolution of Aw (if L is long) is an expensive piece of equip-
ment.

Calculation of the frequency and impulse responses

The frequency response G(m)[=G(i2xm/Nt)] correspond-
ing to Eq. 4b and the impulse response g(k)[=g(kr)] corre-
sponding to Eq. 4d can be obtained by applying Fourier analysis
to the discrete data p;(¢) and p,(¢) (measured using the criteria
described above). Because p;(¢) and p,(¢) are measured dis-
cretely, we employ the discrete Fourier transform (DFT) and
the inverse discrete Fourier transform (IDFT). Both can be exe-
cuted very quickly by the fast Fourier transform (FFT) algo-
rithm.

Define k as the discrete time with the sampling interval 7; m is
the discrete frequency with step Aw = (27/N7); p;(k) and p,(k)
are the discrete measurements of the input and output data,
respectively. Then the calculation procedure to get the impulse
response g(k) using the DFT and IDFT operations is as fol-
lows.

1. First calculate:

~ DFT [p;(k)]
¢ = DFT (5, () o
2. Then obtain:
G(m) = 4%{-36[6‘@: —5)+ G(m + 5)]
+9[G(m — 4) + G(m + 4)]
+ 44[G(m — 3) + G(m + 3)]
+69[G(m — 2) + G(m + 2)]
+84[Gm — 1) + G(m + 1)]
+ 89G (m)} = W[G(m)] (7b)
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where W(-) stands for a window, and select G(m) as

., |Glm) if |G(m)]|>2|G(m)]

G(m) (70)

~ lotherwise C(m)

The logic of Eq. 7c avoids ill effects due to division by DFT
[p,(k)] in Eq. 7a. Note that from Eq. 4b, G (iw) is given by the
summation of cos (wL/C,), (K/w)sin (wL/C,), and (K/
w) sin [w(2R — L)/C,] so that G(iw) must be bounded above
and below by a certain value. However, G(m) in Eq. 7a can have
big values in the form of a pulse at some m due to division by
.zero in the calculation of Eq. 7a. The operation in Eq. 7c is
designed to suppress such big pulses.
3. Apply a window operation:
From Eq. 4b, we know that G (iw) is a continuous smooth func-
tion. Thus, a window that substantially suppresses small fluc-
tuations in G'(m) can be applied effectively. We applied a win-
dow W(-), which is the same operation as Eq. 7b and is a
spectrum window that makes G (m) smooth (in the sense of a
least-squares error) for the period [(m — 5), (m + 5)],
G(m) = W[G(m)] (7d)
4. Calculate g(k):
Recall from Eq. 4b that G(iw) is real. Thus, the impulse
response g(k) can be obtained by applying the inverse Fourier
cosine transform. Let Re[G(m)] be the real part of a complex
number G(m). Then the inverse Fourier cosine transform for

the discrete data can be caiculated by using the IDFT as fol-
lows:

g(k) = IDFT{Re[G (m)] + i0} (7e)

Experimental

Experimental system

Experiments were carried out using the laboratory pipeline
shown in Figure 3a. The pipeline was constructed by using 19
sections of iron pipe about 2.75 m long and 18 PVC junctions
each about 0.4 m long. The inside diameter of the pipe was 22.1
mm (the cross-sectional area 4 was 3.83 x 107*m?). The length
L of the test zone was selected to be 58.8 m. The input and out-
put of the test zone were constricted by two plates each witha 10
mm dia. centered hole. Experiments were carried out when the
temperature was 291 K (19°C), i.e., the sound velocity was C, =
344 m/s, for three cases:

1. Acircular leak wascutat £ = 2.18 m

2. Leak 1 was closed and a circular leak was cut at R =
1773 m

3. Leaks | and 2 were closed and a circular leak was cut at

= 39.76 m.
All the leaks had the same cross-sectional area, the diameter of
the hole being d = 1.96 x 107> m” Gas did not flow in the pipe
during the test.

Noise generated by a 17-bit, M-sequence noise generator
with a clock time of 1 ms, amplified by an AC amplifier and
actuated by a loudspeaker with the frequency response shown in
Figure 3b, was added at the input site of the test zone of the
pipeline. The frequency responses of microphones ! and 2 were
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flat for the frequency range of the loudspeaker. Thus, from Fig-
ure 3b, the frequency band corresponding to w; < w < w, for inte-
gration of Eq. 4d was w; = 690 rad/s (110 Hz) < w < w,, = 2,137
rad/s (340 Hz).

The input signal p,(¢) detected by microphone I and the out-
put signal p,(¢) detected by microphone 2 are shown in Figures
3c and 3d, respectively, for a leak at £ = 2.18 m.

The signals p;(¢) and p,(¢) were discretized with a sampling
interval of r = 1.470 ms by a 12-bit analog-digital (AD) con-
verter for which the holdover frequency was 2,137 rad/s, a value
that is almost equal to w, of the loudspeaker. The number N of
discrete data points equaled 2,048.

Suppose that w;, = w,, = 2,137 rad/s. That the above choice of
7 and N satisfies the conditions of Egs. 6i, 6b, and 6l can be seen
as follows:

©y = 2,137 rad/s » (56.7xC,/L) = 1,042 rad/s
7= (7/w,) = 1.470 ms
N =2,048 » (w,L/xC,) = 116.3

Furthermore, the minimum resolution of identifiability of the
leak site, Ax, and the number of the unit pipes, M, were:

Ax = (7C,/2) = 0.253 m
M=L/Ax - 232

The DC amplifiers used to amplify the signals p;(¢) and p,(t)
were adjusted so that the AD converter worked with full bits.

Simulation results

Before describing the experimental results, we will first
describe some results of computer simulations and then compare
them with the experimental results. The impulse response func-
tion g(¢) in Eq. 4d was calculated for the same conditions as
used in the experimental system—i.e., L = 58.8 m; C, = 344
m/s; A = 3.83 x 107" m% d = 1.96 x 107> m% w; = 960 rad/s;
wy = 2,130 rad/s; k = 1; for each of the three leak sites £ = 2.18
m, £ = 17.73 m, and R = 39.76 m, respectively.

Based on the theory for leak detection and location, for the
case in which the frequency range of measurement is limited
and no leak exists, g(¢) must have one positive pulseatz = 0.171
s corresponding to L/C,. For the cases in which a leak exists,
£(¢) must have two pulses. One pulse must be positive and must
appear at ¢ = 0.171 s, corresponding to L/ C,; the other must be
either positive or negative corresponding to a particular leak site
as follows:

® For £ = 2.18 m, g(¢) must have a negative pulse at ¢, =
0.158s

® For £ = 17.73 m, g(t) must have a negative pulse at #, —
0.0678 s

e For £ = 39.76 m, g(¢) must have a positive pulse at ¢, =
0.602 s.

The simulation results indicated by the open circles in Figures
4a-d demonstrate that the correct positive or negative pulses
occurred at the correct times for each leak site.

From observation 1 in the earlier section Conditions for Mea-
surements, the magnitude of the pulse — 0 as 8 — L/2, and the
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Figure 4b. Simulation and experimental results for impulse response with aleak at{ — 2.18 m.

t, should be 0.158 s.

magnitude becomes greater as € — 0 or L. The simulation
results demonstrated the same tendency. The value of the mag-
nitude itself is a relative value and has no particular meaning.

Experimental results

Experiments were carried out using the system shown in Fig-
ure 3a, and the data obtained by the experiments were processed
by the procedure outlined in connection with Eqs. 7a—7e. From
the leak detection theory and the simulations described in the
previous section, pulses such as shown in Figure 2 and denoted
by the open circles in Figures 4a—d should occur. The function
g(t) or g(k) should have at most two pulses in the period 0 = ¢ <
L/C,, and one of them must occur at ¢ = ¢, = L/C,. Further-
more, from the simulation results, the pulses should be larger
and sharper than the amplitudes of the oscillations occurring in
the vicinity of the times at which the pulses are observed. Thus,
we selected the two biggest pulses for the estimated impulse
response g (k) for the interval 0 <t < L/C, =0.171 s. Responses
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given by the filled circles in Figures 4a-d show the impulse
response g(k) obtained experimentally for the three different
leaks described above.

The response shown by filled circles in Figure 4a is for the
case in which no leak existed. As expected, the estimated
impulse response g{k) had a sharp pulse at 1, ~ 0.171 s. No
other big pulses were noted for the period 0 = ¢ =, = 0.171 s.

Responses shown by filled circles in Figures 4b—d represent
the impulse responses for cases in which the pipeline had a leak.
Every impulse response exhibited several pulses. For the interval
0 =1t =0.171 s, the sharpest and biggest pulse was at or around
t = 0.171 s, corresponding to L/C,. The second biggest pulse was
that which corresponded to ¢t = |22 — L|/C,. The response in
Figure 4b shows that g(k) had the second biggest pulse, one
with a negative amplitude, at ¢ = 0.157 s. Because the second
biggest pulse was negative, from Eq. 5a the leak site 2 was esti-
mated to be 2.39 m (vs. the actual distance of € = 2.18 m). The
response in Figure 4c shows that g(k) had the second biggest
pulse, one with a negative amplitude, at = 0.0662 s. Because
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Figure 4d. Simulation and experimental results for impulse response with aleak at £ = 39.76 m.

t, should be 0.0602 s.

the second biggest pulse was negative, from Eq. 5a, the leak site
2 was estimated to be 18.0 m (vs. = 17.73 m). Finally, the
response in Figure 4d shows that g(¢) had the second biggest
pulse, one with a positive amplitude, at ¢ = 0.0603 s. Because the
second biggest pulse was positive, from Eq. Sb, the leak site £
was estimated to be 39.8 m (vs. £ = 39.76 m).

The experimental results are quite similar to the simulation
results in locating the leak sites. This outcome means that the
basic equations used to develop the leak location theory, Eqs.
la—d and Eq. 2a, were appropriate for the problem, and that the
theory is valid. The only difference between the simulation
results and the experimental results was that the experiments
took place in the presence of noise. In the experiments, the fre-
quency response G (m) was obtained as a stochastic function by
using the 17-bit M-sequence noise as a test signal, whereas
G (iw) corresponding to G (m) calculated from Eq. 4b for the
simulations, was deterministic. Thus, if the noise level ever
becomes higher than or as significant as the levels of the impulse
response, it may be impossible to distinguish the second biggest
impulse from the others. To reduce the effect of such extraneous
noise, we carried out several replicate experiments. From the
estimated impulse responses g(k) for theinterval 0 <t < L/C =
0.171 s, we picked out the two times at which the first and the
second clear-out highest pulses occurred (one must occur at L/
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C, and the other must occur at |22 — L}/C,). The results for all
of the experiments were averaged and their frequencies of
occurrence normalized. Figures 5a—d illustrate the normalized
frequency of occurrence. The resulting frequency plots indicate
that it would be easy to discriminate and obtain both the pulse at
the end of the pipeline and the occurrence of a leak, if one exis-
ted.

Figure 5a demonstrates that the occurrence of the pulses is
concentrated at one time, namely ¢ = 0.171 s, that corresponds
to L/C,. The frequency of the other pulses is almost uniformly
distributed and substantially lower. Figure 5b shows that the
pulses are concentrated at only two times, ¢ = 0.17]1 s (corre-
sponding to L/C,) and ¢, = 0.157 s (corresponding to | (22 — L)/
C,|, 2 = 2.18 m). Figure 5¢ shows that the pulses are concen-
trated at only two times, ¢ = 0.171 s and ¢ = 0.0662 (correspond-
ing to | (28 — L)/C,|, 2 = 17.73 m). Figure 5d shows that the
pulses are concentrated at t = 0.171 s and ¢, = 0.0603 s (corre-
sponding to | (22 — L)/C,|, 2 = 39.76 m).

Thus, even though a single test in some instances may fail to
identify a leak site, repeated testing should clearly identify the
leak site via frequency counts. Furthermore, the testing can be
carried out in real time.

In the experimental setup we used, leaks with a cross-sec-
tional area of less than 7.07 x 10~° m* could not be located.
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Figure 5. Frequency of times when pulses occur.

Discussion

Minumum detectable size of leaks

Simulation results for the proposed method for the determin-
istic cases showed that any size leak can be located. In practice,
the minimum detectable size of leaks that can be determined is
established by the conditions of measurements, i.e.:

e S/N ratio in the measurements

e Frequency range of measurements

o Size of hole of the constrictions.

Of these three conditions, the frequency range of the measure-
ments substantially influences the ability to locate a leak. The
third term in Eq. 4b, from which the leak site is identified, is a
damped oscillatory function of w. Thus, accurate measurements
in the lower frequency range, for example, 0 Hz ~ 0.5 w, (w,, is
defined in Eq. 6i) are more important than measurements in the
range 0.5 w,, ~ w, insofar as improving the ability to locate a
leak. In experiments, the spectrum of the test signal was limited
to 110-340 Hz. A very important part of the frequency, 0-110
Hz, was not available in the experiments because of the type of
instruments employed. Thus, by having a noise generator that
generates test signals with wider frequency in the lower fre-
quency range, the minimum detectable leak size could have
been smaller than that in experiments.

Length of the test zone of the pipeline

The experiments were carried out using a pipeline with a
length of 58.8 m and a diameter of 22.1 mm. What happens if
the pipeline or the test zone is substantially longer and the cross-
sectional area is somewhat wider?

Consider a test zone of 20 km length and 50 cm dia. to locate a
leak of diameter of d,. We assume that & in Eq. 2e or Eq. 4b is
equal to 1.

From Egq. 6i, the maximum effective frequency w, must
satisfy w,, = (56.77C,/L) = 3.06 rad/s (0.487 Hz). Suppose
that w,, = 5.4 rad/s (=0.859 Hz). Then from Eqs. 6b and 6a, the
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sampling interval 7 and the minimum resolution Ax for identifi-
cation of the leak site and number M of the unit pipes become:

™ xC,
7T=—=0924s, Ax=—=100m, M =200

Wy pLm

Further, from Eq. 61, we can choose N as follows: (w,,L/7C,) =
100 « N = 2,048. From Eq. 6k, Aw = 3.32 x 10~* rad/s
(=5.28 x 107* Hz).

These parameters mean that the minimum resolution within
which a leak can be identified becomes longer (100 m), and the
frequency range for measurements becomes lower as the test
zone of the pipeline becomes longer. Because acoustic waves of
low frequency do not attenuate, even with the reduced resolution
the method can be applied to a long pipeline.

If flow with a nonnegligible velocity (in comparison with the
sound velocity) occurs, we would just multiply the frequency
response in Eq. 2a by the term exp ( —iwL/v’) to yield the same
outcome as if no flow occurred. The same procedure can be
applied to the compensated frequency response to locate a leak.

Notation

A = cross-sectional area of the pipeline
b(x, 1) = fluid element velocity propagating backward
C, = velocity of sound
C, = total velocity of sound propagating backward
C, = total velocity of sound propagating forward
C’" = sound velocity when flow occurs in the pipeline
DFT = discrete Fourier transform
d = cross-sectional area of the leak
d, = diameter of a circular leak
F () = transfer matrix that characterizes the acoustic propagation
in a pipeline
f(x, t) = fluid element velocity propagating forward
S = (i, j) element of the effective transfer matrix
G (m) = transfer function estimated
G (iw) = transfer function, the Fourier transform of g(¢)
g(k) = impulse response estimated
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g(t) = impulse response function
g,(t) = ith term of the function g{(¢)
IDFT = inverse discrete Fourier transform
i = imaginary unit
K = constant determined by the cross-sectional area of a leak
k = discrete time
k = compensating coefficient of radiation impedance
L = length of the test zone of the pipeline
£ = site of the leak measured from the input side
2~ = input site of #
R* = output side of £
M = number of unit pipes
m = discrete frequency
N = number of data sampled
P(x, iw) = Fourier transform of the sound pressure
p(x, t) = sound pressure
p:i(t) = sound pressure at the input site of the test zone
P.(t) = sound pressure at the output site of the test zone
Re = real part of complex numbers
t = time
t, = time when the pulse due to a leak occurs
t, = time when the pulse occurs due to the constriction at the end
of the test zone
U(x, iw) = Fourier transform of the fluid element velocity
u(x, t) = fluid element velocity
v = velocity of gas flow
v’ = velocity of gas flow influenced by the sound velocity in the
pipeline
W(.) = window function
x = distance from the input site of the test zone
Z, = radiational acoustic impedance of the leak
z = arbitrary variable

Greek letters

8 = partial differentiation

p = density of gas

7 = sampling interval

w = angular frequency

w; = lowest angular frequency of the signal considered

w, = highest angular frequency of the signal considered

w,, = effective maximum angular frequency

Aw = step size of angular frequency for discrete spectrum
function

Symbols

| | = absolute value
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