
Abstract

In this paper, criteria for the optimal and market-oriented design of the
Smart-Portable Pressure Wave Maker (S-PPWM) device are presented. The
outlined criteria are based on the positive results obtained both in laboratory
and real systems. The S-PPWM can be used for fault (e.g., leak) detection in
pressurized transmission mains (TMs) within the so-called Transient Test-
Based Techniques. The proposed design procedure addresses two crucial
issues: i) to minimize the volume (and then improving the portability), and
ii) to allow evaluating easily the minimum detectable leak, for a given test
TM. Such a procedure takes into account the characteristics and functioning
conditions of the test TM. In such a context, the safety of the test TM in
terms of maximum generated overpressures and air entry prevention during
transient tests is taken into account.

1. Introduction1

Pressurised transmission mains (TMs) are important infrastructures con-2

veying water from the source to a distribution network (WDN). Thus, the3

consequences of a TM failure are more severe than for a distribution main.4

However, best practices for water loss management (e.g.,[1]) are mainly fo-5

cused on WDNs on the unjustified assumption that TMs rarely leak. On the6
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contrary, recent worldwide surveys on large diameter TMs show that their7

actual leakage is much larger than expected [2, 3]. Such a feature makes8

leak detection in TMs a key component of water loss control programs for9

improving the efficiency of water systems. In fact, the rehabilitation and/or10

replacement of aging and deteriorated TMs need to be considered as close11

as to the end of their useful life since such interventions are more expensive12

than for WDNs. These are the reasons of the growing awareness in the wa-13

ter industry and research centers about the development of new technologies14

for fault (e.g., leak) detection in TMs. Even if a benchmark analysis of the15

available techniques is beyond the aims of this paper, a concise description16

of the most widespread ones seems important in order to place the proposed17

device in context. Moreover, it is worth of noting that a benchmark analysis18

would not be an easy task since most of methods are based on technologies19

covered by industrial secrecy and not well documented in scientific papers.20

With specific reference to leak detection in TMs, the available techniques21

take inspiration from very different principles. A possible classification can22

be based on the degree of interference with the test pipe. Such an approach23

is justified by the larger laying depth in TMs with respect to WDNs. Such24

a feature has two consequences. The first is that any intervention is more25

expensive in TMs because of not only the excavation cost but also the longer26

duration. The second consequence is that some viable techniques cannot be27

used; the ground penetrating radar, as an example, can explore the ground28

to a depth of up to 200 cm [4]. As a consequence, the use of this or that29

technique may depend on the relevance of the interventions to execute before30

it can be operational or, in a word, on the invasiveness of the technique.31

According to such an approach, invasive techniques can be defined those32

requiring inserting probes or installing devices along the pipe route. On33

the contrary, non-invasive techniques are those where measurements are at a34

distance or executed at the very few existing access points.35

The family of invasive techniques includes acoustic methods – e.g., the36

SmartBall and Sahara inspection platforms, by PureTechnologies-Xylem Inc.,37

the EchoShore-TX platform, by Echologics-Mueller Water Products [4, 1] –38

and the electromagnetic ones [5, 6]. The SmartBall inspection platform con-39

sists in a free-swimming inspection ball, equipped with a highly sensitive40

acoustic sensor, travelling with the water flow recording the acoustic envi-41

ronment within the line. Two 100 mm access points are needed: one for42

insertion and another for extraction of the device; the data is stored on the43

device and analyzed upon completion of the inspection. On the contrary, the44
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Sahara inspection platform uses a tethered inspection tool and then only one45

access point is needed. For both SmartBall and Sahara platforms, the length46

of the pipeline that can be inspected is not explicitly indicated but it should47

be of the order of some kilometres (details about some case studies can be48

found at puretechltd.com/case-studies). At the heart of the EchoShore-TX49

platform is a node – equipped with acoustic sensors – which consists also50

of a data processor, communication hardware and a battery power source.51

Nodes are typically installed in an access chamber along the desired length52

of the TM to be monitored; monitoring zones extend up to some kilometres.53

It is worth of noting that it may be quite hard to interpret acoustic signals54

due to, as an example, signal similarities. As a consequence, to improve55

the performance of the acoustic methods, the use of the wavelet transform56

[7] and advanced algorithm for the analysis of the measured data have been57

proposed [8]. When methods based on the propagation of electromagnetic58

waves are used, a wire-like sensing element must be buried along the test59

pipe [5, 6]. This makes this technique very invasive as it implies a relevant60

excavation. As a consequence, such a method is usable mostly for new pipes61

or rehabilitated branches.62

The family of the non-invasive methods counts on data from satellite-63

based and transient test-based (TTBTs) techniques. Data from satellite64

driven techniques (e.g., utiliscorp.com) use satellite images that cover large65

areas (each image covers approximately 3,500 km2, depending on satellite).66

Such techniques are based on the fact that L-rays sent to the earth are able67

to penetrate into the soil and register the existence of traces of drinking68

water, leaked from the water systems. Accordingly, such techniques require69

no capital investment or device installation (more details about the method70

and some case studies can be found at puretechltd.com/case-studies). It is71

worth of noting that the performance of such techniques improves when the72

“density” of pipes is large (i.e., they perform better for WDNs). TTBTs are73

non-invasive techniques originating from the well-known dynamics of tran-74

sients in a pressurized flow [9, 10]. The necessary premise to the TTBTs is75

the generation of a transient with the insertion of a controlled pressure wave,76

∆, into the test pipe. Successively, such a pressure wave explores the pipe77

travelling away from the place where it was generated with a velocity equal78

to the pressure wave speed, a. If the pressure wave encounters a discontinuity79

or a defect (e.g., a leak), a smaller size pressure wave, ∆R, is reflected back80

towards where it came. At the same time, a transmitted wave, ∆T , proceeds81

forward continuing the exploration of the downstream part of the test pipe82
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[11]. During the successive phases of the test, the transient response exhibits83

a more important damping of the pressure peaks with respect to the defect-84

free pipe [12]. In brief, the reflected and transmitted pressure waves and85

larger damping represent a sort of fingerprints of the discontinuities/defects86

in the pressure time-history (hereafter referred to as pressure signal, h). It is87

important to note that the size and characteristics of such fingerprints depend88

on the ones of the discontinuity/defects. In the case of a leak, as an example,89

the larger the leak, the larger both the negative pressure wave reflected back90

and the induced damping of the pressure peaks. As a consequence, capturing91

the signal at a suitable measurement section in the TM can provide useful92

information about its state. A discussion about the possible approaches for93

analysing effectively the pressure signals measured during transient tests is94

reported in some review papers (e.g., [13, 14, 15, 16, 17]).95

This paper is focused on TTBTs with particular regard to the generation96

of appropriate transient tests. The term appropriate has two implications on97

the characteristics of the inserted pressure wave, ∆. The first concerns its size98

that must be small – i.e., few meters of water column – to not damage the test99

pipe. Such a shrewdness in terms of transient severity drastically reduces the100

risk of pipe failure due to transient tests. The second implication is about101

its sharpness – the sharper the better [18] – that implies the execution of102

fast maneuvers (i.e., with a duration of few dozens of milliseconds, as an103

order of magnitude). To address such requirements, some devices have been104

proposed based on the two possible ways to generate a pressure wave: by105

a sudden change of the mean velocity or pressure head. In the first case,106

a valve is closed or a pump is switched-off. In [19] a valve is installed on107

the top of a standpipe connected to a fire hydrant. Such a device allows108

controlling the generated pressure wave by fixing an adequate value of the109

discharge through the valve in the pre-transient conditions. A further option110

is the device described in [20, 21], where a length of a small diameter copper111

pipe, with a solenoid valve at the top, is fitted to a fire hydrant cap. The112

fast closure of such a valve creates two small pressure waves travelling up113

and downstream through the pipe. When the transient is caused by a pump114

switch-off, an appropriate precaution is to reduce the pre-transient discharge115

to control the generated overpressure. More focused on the industrial field116

are the devices proposed in [22, 23] to investigate the dynamics of hydraulic117

components with a short response time. A sudden change of the pressure118

head can be generated by connecting a device where the pressure is larger119

than the one in the test pipe. This is the case of the Portable Pressure120
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Wave Maker (PPWM) device. As a further option – until now used only for121

laboratory tests – Gong et al. [24] suggest a transient wave generator which122

uses controlled electrical sparks.123

As a general comment, it is worth of noting that none of the above tech-124

niques for generating ∆ may be preferred over the others in any test pipe. In125

fact, in most cases, the choice of the method to use strongly depends on the126

characteristics of the test pipe and its functioning conditions. Rather, good127

results may be achieved by associating different techniques (e.g., [25]).128

This paper is focused on the Smart-Portable Pressure Wave Maker (S-129

PPWM) device, an optimized version of the PPWM one (S as smart). Pre-130

cisely, following the encouraging results of the tests executed both in labo-131

ratory ([26, 18, 27, 28]) and real systems ([25]) with different characteristics132

(i.e., both in metallic and polymeric pipe systems), viable design criteria133

of the S-PPWM are needed to enable the use of such a device in an ever-134

widening range of TMs. Accordingly, this paper is organized as follows. In135

the next section, as a necessary premise, the layout and behavior of the S-136

PPWM device are briefly illustrated. Then, the mentioned novelty of this137

paper is offered: the identification of rational design criteria of the device138

and the procedures for its successive performance assessment and design re-139

finement. Then, the related operative design procedure is synthesized in a140

flowchart graph where the needed preliminary measurements, input data,141

model results, decisions, and output are clearly highlighted. Finally, the key142

results from this study are highlighted in the Conclusions.143

2. The Smart-Portable Pressure Wave Maker (S-PPWM)144

The Smart-Portable Pressure Wave Maker (S-PPWM) (Fig.1) has been145

refined at the Water Engineering Laboratory (WEL) of the University of146

Perugia, Italy. It consists of a steel vessel, filled with water and air, which147

can be pressurised by means of a standard air compressor. The S-PPWM148

and test pipe are linked by a short conduit with a small-diameter connection149

valve (CV) at its end. The behavior of the S-PPWM is illustrated in Fig.150

2 when, as an example, it is installed in a single pipe. Such a pipe, with151

a constant internal diameter, D, and length L, is supplied by a reservoir,152

R, with a constant level, hR. A leak is placed at a distance xl from the153

downstream end section (hereafter, x indicates the axial co-ordinate, and154

superscript l refers quantities to the leak).155
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test pipe (DN, a, L, h p
0 )

S-PPWM
(hd

0, hd
max,Wd,Pd)

Wd
w,0

Wd
a,0

air
compressor

M
CV(Ave, θ)

EV

Figure 1: The Smart-Portable Pressure Wave Maker (S-PPWM) device, its installation at
the downstream section of a TM with the end valve (EV) fully closed, and quantities char-
acterizing the pipe (nominal diameter DN; pressure wave speed, a; length, L; pre-transient
pressure head, hp0); the S-PPWM device (pre-transient pressure head, hd0; maximum allow-
able pressure head, hdmax; total volume, W d; total weight, P d; pre-transient water volume,
W d

w,0; pre-transient air volume, W d
w,0); and the connection valve CV (effective area, Ave;

duration of the opening maneuver, θ).
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In a possible arrangement of the survey for leak detection, the S-PPWM156

is placed at the downstream end section of the leaky pipe with the end157

valve EV fully closed. Because of the poor accessibility of TMs, usually the158

pressure signal is acquired at section M, immediately upstream of the S-159

PPWM. Before starting the survey, the pressure head inside the S-PPWM is160

set at a value, hd0, larger than the one in the pipe, hp0 (the superscripts d and161

p refer quantities to the S-PPWM device and test pipe, respectively, and the162

subscript 0 indicates the pre-transient conditions). The successive opening163

of the CV generates a pressure wave, ∆, propagating into the pipe (phase I164

in Fig. 2). The entity of the pressure wave generated by the S-PPWM can165

be fixed precisely by adjusting the difference hd0 - hp0. It is worth noting that,166

because of its small size, the CV can be opened very quickly and then it167

generates a sharp pressure wave. At time t = xl/a (phase II), the interaction168

of ∆ with the leak gives rise to a (negative) reflected, ∆R, and (positive)169

transmitted, ∆T , pressure wave [9]. Then, the reflected wave travels back170

toward the downstream end section. At time t = 2xl/a, it doubles at section171

M since the EV is fully closed (phase III). It is important to note that actually172

the size of the pressure wave decreases while travelling along the pipe. This173

is due to friction and interaction with pipe material (for polymeric pipes).174

As a consequence, the pressure wave interacting with the leak is smaller than175

∆ as well as the one reaching section M is smaller than ∆R. However, during176

phases II and III such differences can be neglected [29]. In fact, most of the177

pressure decay happens after the first pipe characteristic time, τ (= 2L/a).178

3. Transient behavior of the S-PPWM179

As mentioned, the most distinctive feature of the S-PPWM – successfully180

tested both in the laboratory [30, 27, 18, 28] and in real systems [25] – is to181

generate a pressure wave of a specified size, ∆. Such a quantity measures182

its potential in terms of the smallest detectable leak. In fact, for a given183

leak, the larger ∆, the larger ∆R, the more reliable its identification in the184

measured pressure signal. However, to maximize ∆ cannot be assumed as185

the only design criterion.186

3.1. Quantities affecting the generated pressure wave187

As shown in [26], the instantaneous (in practise, very fast) opening ma-188

neuver of the CV generates a pressure wave with a size, ∆, given by the189

following relationship:190
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PHASE I

S-
PPWM

R

leak

ΔhR

h0l

M

CV

L-xl xl

EV
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PPWM

R

leak

ΔRM
hR

M

CV
EV
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PPWM

R

leak

ΔR
hR

M
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ΔT

L

PHASE II

PHASE III

Figure 2: Transient behavior of a single leaky pipe when connected to the Smart-Portable
Pressure Wave Maker (S-PPWM). The three highlighted phases concern the generation
of the pressure wave, ∆ (phase I), its interaction with the leak (phase II), and the inter-
action of the wave reflected by the leak, ∆R, with the fully closed end valve EV at the
measurement section M (phase III).
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∆ =
1

g

(
aAve
A

)2
[√

1 +
2g(hd0 − hp0)(

aAve

A

)2 − 1

]
(1)

where g = acceleration of gravity, Ave = effective area of the CV (fully191

open), and A = test pipe cross-sectional area.192

According to Eq. (1), quantities affecting ∆, are highlighted in the following193

functional relationship:194

∆ = f1

[
a,A, hd0, h

p
0, Ave

]
(2)

that indicates clearly that the value of ∆ is the result of a combination of195

factors: the characteristics of the test pipe and CV, and pre-transient pres-196

sure regime. For a given ∆, the sharper the pressure wave reflected by the197

leak the more its detectability. Such a feature depends mainly on the dura-198

tion, θ, of the CV opening maneuver. Precisely, the smaller θ the sharper199

the pressure wave. Then in the below analysis, only fast maneuvers will be200

considered for which θ � τ .201

Putting aside the characteristics of the test pipe (i.e., a and A) that cannot202

be changed, the choice of suitable values of hd0, hp0, and Ave merits some pre-203

liminary comments on the basis of Eq. (1).204

For given hd0 and Ave, the smaller hp0, the larger ∆. Moreover, according to205

[31] and [32], for given leak and ∆, the smaller the pre-transient pressure at206

the leak, hl0 (Fig. 2), the larger ∆R. As a result, it is suitable to execute207

transient tests with the minimum value of hp0, and then hl0, compatible with208

the characteristics of the test pipe. However, it must be noted that it may be209

quite hard to decrease noticeably the pressure regime in the test pipe since210

it depends on the value at the supply head, hR.211

For given hp0 and Ave, the larger hd0, the larger ∆. However, an obvious limi-212

tation to the value of hd0 derives from the corresponding needed mechanical213

strength of the S-PPWM wall. Precisely, for given material and volume, W d,214

the larger hd0, the larger the thickness of the device and then its weight, P d.215

As a consequence, in terms of the S-PPWM portability, for a given volume,216

it is important to minimize P d and then hd0. As shown in Fig. 3, for both the217

considered values of W d, P d increases rapidly with the maximum admissible218

value of the internal pressure head, hdmax. It is important pointing out that,219

in the below analysis, it is assumed hd0 = hdmax. A further constraint for hd0220

derives from legislation governing the use of high-pressure vessels. Precisely,221
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Figure 3: S-PPWM device weight, P d, vs. the maximum maximum allowable pressure
head, hdmax, for two values of the total volume, W d [source: Baglioni stainless steel vessel
catalogue, Perugia, Italy]

when hdmax is larger than a critical value, hcrit, more severe rules are pre-222

scribed in terms, as an example, of safety in the workplace. Moreover, to223

generate a large value of hd0, a high-power air compressor is required. Such224

an aspect must be taken into account when field tests are executed and the225

energy supply must be guaranteed by a portable AC generator.226

With regard to the role of the characteristics of the CV, the larger Ave,227

the larger ∆. However, the larger Ave, the larger the duration of the opening228

maneuver, θ, and then the less sharp the generated pressure wave. As men-229

tioned, this entails a worse performance in terms of accuracy in detecting ∆R230

and then leak location [18]. Moreover, the larger Ave, the larger the volume231

of the water supplied by the S-PPWM. This implies a larger volume, and232

then a larger P d, to avoid air entrance into the pipe. These observations,233

added to the fact that valves are often equipped with an anti water-hammer234
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mechanism, restrict noticeably the margins of choice of the CV.235

3.2. The role of the S-PPWM size and arrangement236

In this section attention is focused on the role of the volume of the S-237

PPWM, W d. As mentioned, W d is divided in two parts: the lower one238

occupied by water, W d
w,0, and the upper one by compressed air, W d

a,0 (the239

subscripts w and a refer quantities to water and air, respectively). On one240

side, the role of W d
w,0 is clear: when the CV is open and the S-PPWM supplies241

the pipe, air entrance must be avoided. On the other side, the role of W d
a,0242

is not merely the one of a sort of air cushion transmitting pressure from the243

compressor to the below water. In fact, as shown in [26], it influences the244

stability, ε, of the generated pressure signal, defined as:245

ε =
hMθ − hMT

hM0
=

E

hM0
(3)

where E = total decay of the pressure signal during the observation time,246

T (Fig. 4). The value of T depends on the procedure followed within TTBTs.247

Precisely, if attention is focused on the identification of ∆R, it is T = τ248

[15, 17]. It is worth noting that to minimize the decay of the pressure signal249

improves the performance of the procedure mainly in terms of leak sizing. In250

fact, the decay pattern does not impede the identification of the leak whereas251

it may cause an error on the measurement of ∆R and then the evaluation of252

the leak size.253

According to Eq. (3), the smaller ε, and then E, the more stable the pres-254

sure signal during T , the more accurate the evaluation of ∆R. With regard255

to such a feature, it is important to note the relevance of a precise evaluation256

of ∆R within leak detection surveys. In fact, the successive intervention may257

be decided or not depending on the size of the detected leak.258

Numerical experiments executed in [26] indicate that ε is a function of259

three dimensionless quantities:260

ε = f2(v, ζ, β) (4)

where v = W d
a,0/W d, ζ = Ave/A, and β = hd0/h

p
0. Precisely, ε increases261

with ζ and β, whereas it decreases with v. The mentioned numerical experi-262

ments pointed out that v = 0.20 guarantees a viable stability of the pressure263

signal whereas values of ζ smaller than 0.13 ensure a good performance. On264

the contrary, a single reference value of β cannot be indicated since ε increases265

linearly with such a quantity.266
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Figure 4: Pressure signal acquired at section M for a DN 600 single pipe, with a = 1000
m/s, L = 2000 m, hd0 = 15 bar, hp0 = 1 bar, v = 0.20, Ave = 1.5762·10−4 m2, and θ = 50
ms.
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4. Designing the S-PPWM: materials and methods267

As discussed above, for a given CV, to design the S-PPWM, two quan-268

tities must be evaluated: the total volume, W d, and maximum operating269

pressure, hdmax (= hd0). These values must be a good compromise between270

the performance – ∆ (as large as possible) – and its portability (i.e., weight271

and size, as small as possible). Moreover, with the aim of limiting the cost272

of the device, the size of the S-PPWM must be selected among those in273

commercial catalogues.274

The suitability of W d
w,0 and W d

a,0, and then the one of W d, can be assessed275

by integrating numerically the equations governing the transient generated276

by the fast opening of the CV:277

∂h
∂x

+ Q
A2g

∂Q
∂x

+ 1
gA

∂Q
∂t

+ J = 0 (5)

∂h
∂t

+ a2

gA
∂Q
∂x

= 0 (6)

being the momentum and continuity equation, respectively; in Eqs.(5)278

and (6), Q = discharge, and J = friction term. Such equations, integrated279

numerically within the Method of Characteristics (MOC), give rise to alge-280

braic equations, in finite differences terms.281

For the case of the single pipe of Fig.2, as an example, the related bound-282

ary conditions can be written as [9, 10]:283

hMt = C−M
t +BM

t Q
M
t (7)

QM
t =

W d
a,t−W d

a,t−∆t

∆t
(8)

QM
t = Ave

√
2g
(
hdt − hMt

)
(9)

hdt (W
d
a,t)

n = constant (10)

at the S-PPWM – which are the compatibility equation along the negative284

characteristic line, the mass balance equation, the orifice equation, and the285

state equation for the air, respectively – and286

qlt = Ale

√
2g(hlt − zl) (11)

the orifice equation at the leak, with Ale = leak effective area, and zl =287

leak elevation (assumed as equal to 0 for the sake of simplicity), and288
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hR = constant (12)

at the constant level supply reservoir. In Eqs.(7)-(12), C− is a constant289

defined in the MOC along the negative characteristic line depending on the290

hydraulic resistance, pressure head and discharge at the downstream com-291

putational node (i.e., node M in Fig. 2) at the previous instant of time,292

B = a/gA, and n = 1.41 under the usual hypothesis of adiabatic thermody-293

namic transformation of the air; the subscripts t, ∆t, and M indicate the time294

elapsed since the beginning of the transient (i.e., when the CV valve opens),295

the time step, and the pipe section M immediately downstream of the CV.296

As mentioned, if, as usual, the measurement section is located immediately297

downstream of the CV, it is hMt = hpt .298

Once integrated the governing equations, the total volume of the water299

supplied by the S-PPWM, W d
w,tot, can be evaluated by means of the following300

relationship:301

W d
w,tot =

m∑
i=1

QM
i ∆t = W d

w,0 −W d
w,T (13)

with m = T/∆t. The assumption T = τ ensures that even a leak located302

very close to the supply reservoir can be detected with the S-PPWM still303

partially full of water. The effectiveness of the S-PPWM in terms of supply-304

ing water, with no air entry during the transient tests, is assured if it is W d
w,0305

> W d
w,tot.306

307

In the below numerical simulations, a stainless steel vessel will be consid-308

ered since nowadays such a material is the most used for devices in drinkable309

water pipe systems. However, no restriction to the proposed design proce-310

dure derives from such an assumption. According to the commercial stainless311

steel vessels and experiments carried out both in the laboratory and in real312

systems, it is assumed W d = 100 L, to which corresponds P d = 40 kg, and313

hdmax = 15 bar. It is worth noting that in the Italian legislation, such a value314

of hdmax is the mentioned critical pressure value, hcrit.315

With regard to the choice of the CV, the extensive experimental activity ex-316

ecuted at the Water Engineering Laboratory (WEL) and in several real TMs317

indicates the pneumatic valve Prisma - Paw 3/4” (Ave = 1.5762·10−4 m2) as318

a reliable device. In fact, the duration of the opening maneuver, θ, of this319
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valve is only 50 ms. It is important to point out that in most cases such a320

value of θ ensures the validity of Eq.(1).321

5. S-PPWM performance assessment322

In this section, the performance of the proposed S-PPWM is checked in323

a large range of TMs characteristics. Precisely, elastic (i.e., concrete and324

metallic) and polymeric (e.g., polyethylene) water pipes are considered. As325

a consequence, representative values of the pressure wave speed, a, are 1000326

m/s [33, 34] and 400 m/s [35, 36], respectively. Regarding the size of the327

test pipe, the range of the explored nominal diameters, DN, is 400-1300 mm328

and 400-800 mm for elastic and polymeric pipes, respectively. According to329

the usual functioning conditions of real TMs, hp0 changes in the range 1-10330

bar. In fact, values of hp0 smaller than 1 bar are usually excluded since they331

can give rise to back-flow phenomena through leaks whereas values larger332

than 10 bar are quite unusual. With regard to the values of W d
w,0 and W d

a,0,333

according to [26], to ensure the pressure signal stability, it is set v = 0.20.334

For the considered cases, the values of ∆, given by Eq. (1), are reported in335

Fig. 5a and 5b, for elastic and polymeric pipes, respectively.336

Fig. 5 plots show that in all the considered cases safe transients are337

generated, with 6 m being the maximum value of ∆ (for a = 1000 m/s).338

Moreover, for given DN and hp0, in polymeric pipes the generated pressure339

wave is smaller than the one for elastic pipes because of the smaller value of340

a. Irrespective of pipe material, the smaller DN and hp0, the larger ∆. On341

the other hand, with increasing DN and hp0, especially for polymeric pipes,342

∆ decreases to values smaller than 1 m. However, as shown in [18, 25],343

such values may allow a reliable diagnosis of the test TM. As a consequence,344

in terms of the generated pressure wave, it can be affirmed that, for the345

given CV, hd0 = 15 bar is a proper design value in a large range of TMs346

characteristics and functioning conditions. However, such a value of hd0 can be347

reduced within a more deepened analysis of both the test pipe and equipment.348

To verify the adequacy of the chosen value of W d, the total volume of the349

supplied water, W d
w,tot – given by Eq.(13) – has been evaluated by integrating350

numerically the transient governing equations, in the time interval T = τ .351

In the executed numerical simulations, the pipe length, L, changes in the352

range 0.5-25 km, that is compatible with real TMs. Moreover, for the sake353

of safety, it is assumed hd0 = 15 bar and hp0 = 1 bar, corresponding to the354

most severe condition in terms of S-PPWM emptying. In fact, the larger the355
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(a)

(b)

Figure 5: Values of the generated pressure wave, ∆, for Ave = 1.5762·10−4 m2, hd0 = 15
bar, for different values of hp0 and DN, and for: a) a = 1000 m/s (elastic pipes), and b) a
= 400 m/s (polymeric pipes).
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Figure 6: Total water volume, W dw, tot, supplied by the S-PPWM during the observation
time, T = τ = 2L/a, vs. L and DN, for a = 1000 m/s (elastic pipes).

difference hd0 −h
p
0, the larger W d

w,tot. The results of the numerical simulations356

for elastic pipes (a = 1000 m/s) are shown in Fig. 6. In this figure, the357

contour lines are quite vertical meaning that the pipe diameter does not358

significantly affect W d
w,tot, whereas L plays an important role. Precisely, as359

might be expected, the longer the pipe, the larger the volume of the water360

supplied by the S-PPWM during T , and then the higher the risk of the361

device emptying. Moreover, very important, Fig. 6 shows that, for all the362

considered conditions, the value of W d
w,tot is smaller than 80 L. This ensures363

that the S-PPWM does not empty and then no air enters the pipe during364

the transient test.365

Because of the shown negligible dependence of W d
w,tot on the pipe diam-366

eter, for polymeric pipes (a = 400 m/s), in Fig. 7 the values of W d
w,tot are367

reported for just a single value of DN (= 600 mm). As a reference, in this368

figure the corresponding curve for an elastic pipe, with the same DN, is also369
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Figure 7: Total water volume, W dw, tot, supplied by the S-PPWM during the observation
time, T = τ = 2L/a, vs. pipe length, L, for DN 600, a = 400 m/s (polymeric pipe) and a
= 1000 m/s (elastic pipe).

depicted. It is noteworthy that both curves show an asymptotic behavior370

with its maximum value reached more rapidly for the polymeric pipe than371

for the elastic one. This is due to the fact that, because of the smaller value372

of a, in polymeric pipes the characteristic time lasts longer and then a larger373

amount of water is supplied by the S-PPWM.374

6. Detecting leaks using the S-PPWM375

Once the characteristics of the S-PPWM and transient test have been de-376

fined, the value of ∆R can be evaluated by means of the following relationship377

[31]:378
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∆R =

(
1 + 2

A

A2
le

ql0
a

)−1

∆ (14)

where ql0, the pre-transient discharge through the leak, is given by:379

ql0 = Ale

√
2g(hl0 − zl) (15)

By combining Eqs. (1), (14), and (15), ∆R has been determined for380

different values of ql0 and test pipe characteristics. In the below analysis, as381

discussed above, it is considered ∆M
R = 2∆R. As an example, varying DN382

(400-700 mm) and hp0 (1-6 bar) and assuming hd0 = hdmax = 15 bar, a = 1000383

m/s, and Ave = 1.5762·10−4 m2, the obtained values of ∆M
R are shown in384

Fig. 8a, 8b, and 8c for ql0 = 1 L/s, 2 L/s, and 5 L/s, respectively. With385

regard to such values of ql0, two comments are of interest. The first is that386

they must be considered as extremely small for a TM where much larger387

discharges are conveyed. The second comment is that they are smaller than388

the measurement error of the discharge flow-meters usually installed in large389

diameter TMs.390

These figures show that, for ql0 = 1 L/s, the maximum value of ∆M
R is 0.25391

m, whereas for ql0 = 5 L/s it is equal to about 1.2 m. Moreover, for all the392

considered values of ql0, the minimum value of ∆M
R drops to few centimeters393

when DN and/or hp0 increase. This implies that the detectability of extremely394

small leaks in the pressure signal decreases for large diameters and pipe395

pressure. As a consequence, if the detection of very small leaks is crucial, a396

preliminary analysis is recommended to choose the proper data acquisition397

system, location of the measurement section, and pressure transducer. That398

said, it is evident that the analysis of the pre-transient pressure signal is399

crucial to assess whether a given ∆R is readable. In the next section this key400

point is addressed in more detail.401

7. Refinement of the transient test procedure402

Once the S-PPWM has been designed, its performance can improve sig-403

nificantly if further arrangements are taken within a sort of second order404

design. In the below subsections, attention is focused on the stability of the405

pressure signal and entity of ∆, that are strongly linked.406
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(a)

(b)

(c)

Figure 8: Values of the pressure wave measured at section M, ∆M
R , for a = 1000 m/s, hd0

= 15 bar, Ave = 1.5762·10−4 m2, different values of DN and hp0 for: a) ql0 = 1 L/s, b) ql0
= 2 L/s, and c) ql0 = 5 L/s.
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7.1. Maximizing the stability of the pressure signal407

As discussed above, setting hd0 at 15 bar and reducing hp0, maximize ∆.408

On the other side, this implies large values of β (=
hd0
hp0

) and then a smaller409

stability of the pressure signal. Then, when planning a transient test, it is410

crucial to adjust the value of hd0 and hp0 in order to reduce ε as possible, but411

keeping ∆ large enough for sizing even small leaks. In this context, it is412

important evaluating the minimum allowable value of ∆, as discussed in the413

next subsection. Another option is to increase the initial air volume, W d
a,0,414

with respect to W d
w,0. Such a refinement is viable only if the total supplied415

water, W d
w,tot, is smaller than W d

w,0. On the contrary, minimizing ε by means416

of a single CV with distinctive characteristics is not an easy action because417

of the mentioned poor marketplace of fast opening valves. A possible option,418

but to be checked before in the lab, is to to connect the S-PPWM and the419

test pipe by means of two valves in series .420

7.2. A criterion for evaluating the minimum detectable reflected pressure421

wave422

The quality of the measured signals is due to the characteristics of the423

used measurement equipment – e.g., probes, cables, and connections – and424

test pipe characteristics. With regard to the former feature, a preliminary425

in-field check is needed before the execution of the tests as the performance426

of the measurement equipment may deteriorate in time. With regard to427

the latter feature, the flow conditions in the TM, and the distance of the428

measurement section from singularities (e.g., curves) must be taken into ac-429

count. However, since the evaluation of the performance of each single com-430

ponent/feature is quite difficult to execute in the field, a global approach431

could be followed. As an example, it could be based on the analysis of the432

pre-transient pressure signal, according to the encouraging results obtained433

at Water Engineering Laboratory where several tests have been executed in434

steady-state conditions on a high density polyethylene pipe (L = 188 m, DN435

110) supplied by a reservoir. As an example, in Fig. 9, three pre-transient436

pressure signals acquired with an acquisition rate of 2048 Hz at section 1437

(Fig. 10a) of the laboratory pipe are reported. The chosen duration of the438

pre-transient observation, Tpt (= 5 s), is merely illustrative and obviously439

larger values of Tpt can be adopted.440

Plots on the left side of Fig.9 report the change of the pressure head with441

respect to the mean value ∆h (= h− h̄, with h̄ being the mean value of h).442
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Figure 9: Change of the pressure head, ∆h, with respect to the mean value (plots on the
left), with indicated the relevant standard deviation, σ1

0 , and corresponding fast Fourier
transforms (plots on the right) for different values of the pre-transient Reynolds number
at the measurement section 1, Re10, of the laboratory pipe at WEL (Fig.10a).
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Plots on the right side show the corresponding fast Fourier transforms of ∆h443

for a frequency, f , up to 100 Hz. As expected, for a given equipment, the444

larger Re1
0 the larger ∆h, with Re1

0(= Q0D/(Aν)) being the pre-transient445

Reynolds number at the measurement section 1, and ν = water kinematic446

viscosity. Such a behavior is confirmed by the fast Fourier transforms of447

∆h, reported in the plots at the right side of Fig. 9. Precisely, when Re1
0 is448

equal to 0 (still water), the frequency content of the pressure signal is small,449

whereas it increases with Re1
0. To quantify the entity of the changes of ∆h450

with Rei0, the standard deviation, σi0, of the ∆h signals of Fig. 9 has been451

evaluated. Successively, a range [−2σi0; +2σi0] has been traced in this figure452

by red dashed lines. Fig. 10b shows the behavior of σi0 vs. Rei0 in different453

sections of the laboratory pipe (Fig.10a) by using a pressure transducer with454

a different full scale and distance from the data acquisition system (DAQ).455

Even if a detailed analysis of the quantities affecting σi0 is beyond the aims456

of this paper, it can be observed that, for a given Rei0, the curves of Fig.457

10b differentiate according to the location of the measurement section, used458

pressure transducer, and length of the electric connections to DAQ.459

On the basis of such results, a possible criterion for evaluating the mini-460

mum detectable reflected pressure wave is to assume ∆R,min equal to a thresh-461

old value, σth, evaluated on the basis of the measured pre-transient pressure462

signal. As an example, it could be considered ∆R,min = σth = 2σi0. In such463

a context, in a real TM preliminary measurements must be executed in the464

accessible pipe sections to choose the best location in terms of the pressure465

signal quality (i.e., the smaller σi0 the better).466

8. Operative procedure for designing the S-PPWM467

On the basis of the obtained results and discussion, the procedure for468

designing the S-PPWM can be delineated as shown in the flow-chart graph469

of Fig.11.470

The first step of this procedure includes a preliminary survey of the TM471

accessible sections where the S-PPWM can be installed and pressure signal472

measured. Three are the results of this survey. The first is the identifica-473

tion of the pressure value representative of the pre-transient pressure regime,474

hp0. The second result is the evaluation of the threshold value, σth – as the475

minimum value of σi0 – and then the one of ∆R,min. The third result is the476

selection of the location of the measurement section.477
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Figure 10: Experiments executed at the Water Engineering Laboratory (WEL) of the
University of Perugia, Italy: a) laboratory pipe with indicated the location of the mea-
surement sections, data acquisition system (DAQ), and full scale of the used pressure
transducers, and b) standard deviation of the pre-transient pressure signal, σi

0, vs. pre-
transient Reynolds number, Rei0.
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Figure 11: Operative procedure for the S-PPWM design.
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Once fixed the value of the maximum admissible discharge that can be478

lost through the leak, ql0,max, the second step allows evaluating the mini-479

mum leak effective area, Ale,min, that can be detected, by means of Eq.(15).480

Successively, given ql0,max, Ale,min and ∆R,min, as well as the test pipe cross-481

section, A, and pressure wave speed, a, the value of the pressure wave, ∆,482

that must be inserted is given by Eq. (14).483

Within the third step, firstly the needed value of hd0 (= hdmax) to generate484

∆ is evaluated by Eq. (1). On the basis of such a value of hd0, the proper air485

compressor can be identified. Successively, given the pipe length, L, and the486

chosen observation time, T , the total volume of the supplied water, W d
w,tot,487

is obtained by integrating numerically the transient governing equations. In488

such a calculation, a first attempt value of the volume of the S-PPWM must489

be assumed. On the basis of the executed experiments, the value 100 L can490

be reliably considered.491

In the fourth step, chosen the device material and according to the value492

of hd0 (= hdmax), the corresponding list of commercial devices is selected. This493

will allow identifying, on the basis of the fixed value of the initial air volume,494

W d
a,0, the total S-PPWM volume, W d, and its relevant weight, P d. Once495

evaluated W d and P d, a final decision can be taken about the suitability496

of the designed device in terms, as an example, of its portability. In case497

it were unsuitable, a different (larger) value of the the minimum detectable498

leak must be assumed. Of course, such a decision have implications on the499

quality of the survey and then performance of the stakeholder.500

9. Conclusions501

Nowadays, overarching principles for adequate water resources exploita-502

tion impose more attention to the condition of pressurised transmission mains503

(TMs), very important but aging infrastructures conveying water from the504

source to cities or large groups of users. This new approach somehow redeems505

the negligence of water managers in the past years and allows countering the506

deterioration of most TMs.507

In this paper, criteria for the optimal and market-oriented design of the508

Smart-Portable Pressure Wave Maker (S-PPWM) for fault (leak) detection509

are presented. S-PPWM is an improved version of the PPWM device refined510

at the Water Engineering Laboratory (WEL) of the University of Perugia,511

Italy, and successfully tested both in laboratory [30, 18, 27, 28] and real [25]512

pipe systems. Such a device can be used within fault detection surveys of513
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TMs based on the execution of safe transient tests (the so-called Transient514

Test-Based Techniques - TTBTs).515

The proposed design procedure addresses two crucial issues: i) to mini-516

mize the volume (and then improving the portability), and ii) to allow eval-517

uating easily the minimum detectable leak, for a given test TM. Such a518

procedure takes into account not only the characteristics of the instrumen-519

tation device and possible measurement sections but also the functioning520

conditions of the test TM. In such a context, putting first the safety of the521

test pipe in terms of maximum generated overpressures, particular attention522

is also devoted to preventing air entry during transient tests to not affect the523

performance of the TM.524
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