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ABSTRACT

Air pockets entrapped in pipeline systems are required to be non-intrusively diagnosed by fluid
transients. In this study, experimental investigations are used to compare the transient transmission
and reflection effects of stationary in-line and off-line air pocket volumes along a pipe under zero
base flow conditions. Comparison with theoretical modelling indicated that the difference in the
transient response between the two configurations is primarily due to the inertia in the connecting
water column associated with off-line air pockets. This means that the transient response depends
on both the volume of the pocket and the dimensions of the cavity. Analysis in the frequency

domain showed that the off-line air pocket may be characterised by the resonant frequency, at
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which reflection is maximized, while the in-line pocket is characterized by a cut-off frequency
above which there is little reflection. The damping of the transient signal may also be used to

diagnose air, as the presence of air increases the damping rate by a factor of 3 to 4.

INTRODUCTION

A reliable water supply is essential for maintaining the health and economic prosperity of a
community, with significant investments required to install and maintain the infrastructure. For
long-term network operation, a regular condition assessment program is required to locate and
characterize anomalies, so a targeted repair or removal plan can be implemented. Fluid transients
are a potential tool for assessing faults, as different anomalies will have different effects on the
reflection and transmission of a transient wave. Measuring the evolution of pressure in the pipe
after the controlled generation of a transient wave can therefore allow the anomaly to be identified.

Entrapped air is a pipeline anomaly which can cause problems for network operators. Air
pockets can form in water supply pipes through a variety of mechanisms: as dissolved air leaving
solution in low pressure regions, or as entrained air entering the flow through joints and fittings or
vortex action (Lauchlan et al. 2005). Due to the buoyancy of air, it often collects at high points in
the system, either obstructing the main flow path (referred to as an "in-line" pocket), or in cavities
beneath valves and hydrants ("off-line"). Similar to a solid blockage, in-line air pockets reduce the
pipe cross-section at steady state, resulting in increased energy consumption and pumping cost.
Pumping accounts for approximately 75% of the energy costs for a distribution network, and in-line
air pockets can increases these costs by up to 30% (Pozos et al. 2010). Although the blockages
created by in-line pockets can inflate the operating costs of the system if left unchecked, off-line air
pockets do not pose the same risk. Being outside the main flow path, off-line pockets do not create
a blockage and are therefore less likely to compromise the hydraulic operation of the system. To
optimize the efficiency of network maintenance programs, techniques are needed to differentiate
between the two cases in transient condition assessment.

Currently, little is known about the interaction of transients with off-line pockets or how this

compares to an in-line pocket. Experimental studies into the transient interaction with an air

2 Jane Alexander, June 24, 2020



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

pocket in the main flow path have investigated the effects of base flow, pocket volume, and pocket
profile for a range of scenarios. These include the effect of air trapped at the end of a dead-end
pipe subject to a compression wave (Zhou et al. 2011) (Vasconcelos and Leite 2012) (Hou et al.
2014) (Zhou et al. 2018), the effect of air during the pipe emptying process (Coronado-Hernidndez
et al. 2017) (Fuertes-Miquel et al. 2019), and the effect of large air pockets entirely blocking the
flow path (Zhou et al. 2013). These studies have primarily focused on predicting the influence
of air on peak surge pressures caused by events such as pump shutdown, meaning transients were
generated using long valve movement times (in the order of 0.1-1 seconds) relative to the pipe
lengths used. The resultant interference from system boundaries meant that specific features of
the air pocket reflection and transmission could not be characterized. High frequency signals are
also required to identify the frequency-dependent behaviour specific to air pockets. The area of
focus for this study is in-line air pockets located in the middle of the pipe which do not obstruct
the flow entirely. The most comparable experimental study is that of Pozos-Estrada (2017), which
investigated the transient interaction with large in-line air pockets followed by a hydraulic jump
using a rapid solenoid movement, with the air found to reduce the transient amplitude and increase
the transient period. Wan et al. (2017) describes an experimental study to better understand the
effect of in-line air pockets on flow dynamics and head losses at steady state. Previous work by
Alexander et al. (2020) for the in-line pocket scenario showed that the amplitude of the reflected
wave could be accurately predicted using impedance theory, with larger pocket volumes resulting
in increased reflectivity. The presence of in-line air also results in frequency dependent attenuation,
with frequencies above the resonant frequency of the air being suppressed in the transmitted pulse.

Previous transient-based studies regarding oft-line collections of air have been most commonly
focused on predicting air chamber dynamics. Air chambers utilise the cushioning properties of
air for surge protection. Given this application, the focus has been on predicting peak surge
pressures, and few experimental studies have focused on the case of smaller air pocket volumes
in the order of 1-10 ml. The scope of this study is small air pocket volumes which may feasibly

form in unwanted locations and disrupt system operations. Previous field and laboratory tests using
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small air pocket volumes have generated transients using pump shutdown or manual valve closure,
and studied the influence of air volume and base flow on the maximum and minimum system
pressure, cavity pressure, and cavity water level (Di Santo et al. 2002) (Besharat et al. 2016) (Kim
et al. 2014). Similar to previous work regarding in-line pockets, the transient generation times
are long relative to the pipe length. The low frequency content of the input waves and associated
boundary interference means that the specific reflection and transmission characteristics of each
pocket configuration could not be observed in detail. Bhattarai et al. (2019) noted that optimization
of the air chamber design process has largely focused on numerical analyses. As a result, limited
experimental investigations have involved high-frequency transient testing of small off-line pockets
using valve movement times in the order of 1-10 ms. Kim (2008b) and Bergant et al. (2018) carried
out high-frequency transient testing for the case where the off-line cavity is entirely filled with air
and there is no separating water column between the main pipe and the air-water interface. The
off-line pocket was found to reduce the local wave speed and created out-of-phase reflections. For
this scenario, a simple accumulator model (Wylie et al. 1993) was able to accurately predict the
response. However, for pockets which do not fill their cavity, the properties of the connecting fluid
section may be important (Kim 2010). Subsequent high-frequency tests by Ferreira et al. (2018)
using a small acrylic off-line cavity found that the off-line air introduces additional damping and
can amplify transient pressures compared to the no-air case.

The previous studies on air pocket dynamics have only focused on one type of pocket, but no
studies have directly compared the behaviour of in-line and off-line pockets within the same exper-
imental system. Such comparisons will identify clear distinguishing features for their identification
and provide pipeline operators confidence in implementing invasive bleeding procedures in the
case of an in-line air blockage. The purpose of this study is to carry out experimental investigations
into the reflection and transmission of a high frequency transient through a pipe with zero base
flow with an air pocket part way along its length for a range of air volumes and initial hydrostatic
pressures. Two different air pocket configurations were tested: in-line, where the air pocket is

located in the main flow path, and off-line, where the pocket is located in a cavity outside the
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main pipe. This study focuses on off-line pockets which partially fill the cavity and do not create
any flow blockage. The tests for both configurations were carried out on the same experimental
system, and the transients were generated using computer-controlled rapid valve movements. This
study is part of a series of articles within a broader context on air pocket dynamics, and follows
earlier experimental and numerical investigations of the in-line pocket configuration by Alexander
et al. (2019) and Alexander et al. (2020). The results are used to identify the effects of pocket
configuration on transient behaviour in the time and frequency domains. Any differences in the
wave behaviour can lead to techniques to identify whether the air pocket is in- or off-line with the

flow and hence determine if it is at risk of causing a restriction of the main flow.

EXPERIMENTAL PROCEDURE

The experimental apparatus shown in Fig. 1 was constructed in the University of Canterbury
Fluids Laboratory. The 41.6 m steel pipe has an internal diameter of 22.25 mm, and is set at a
constant angle of 3.5°, resulting in a height difference of 2.51 m between the two ends of the pipe.
Figure 2 shows the test sections used for the in-line and off-line configurations. For the off-line
scenario, a steel cavity 177 mm long (lcqviry) With an internal diameter of 8.5 mm (dcaviry) Was
screwed to the top of a steel crest section in the middle of the pipe. At the base of the cavity was a
short neck section of length 24.9 mm (/.. ) and diameter 6.3 mm (d,,.c). Air was inserted at the top
of the cavity via a bleed valve. For the in-line case, air was inserted directly into the main pipe at the
top of the crest section. The air was inserted at room temperature using a measuring syringe, which
enabled the volume of air to be measured at atmospheric pressure. Once the test was complete,
the air was removed using the syringe and its volume measured again to check that the air had not
moved outside the cavity. At the downstream end of the pipe, 27.10 m from the air pocket, was a
reservoir to pressurize the system. At the upstream end of the pipe, 14.50 m from the air pocket,
was a Baccara GEM-SOL Direct Operated side discharge solenoid valve (2.4 mm orifice, 1/4-inch
port) which was programmed to open and close over a period of 6 ms to generate the transient pulse.
The pressure disturbances were measured at four locations using PCB Piezotronics Model 102A07

dynamic pressure transducers with a sampling frequency of 10,000 Hz. The transducers have a
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345 kPa measuring range, a natural frequency of over 250 kHz, and an uncertainty of 3.45 kPa.
PT1 was located at the upstream end next to the solenoid valve. PT2 was located 6.21 m upstream
of the air pocket section, while PT3 was located 6.30 m downstream of the air pocket section.
PT4 was located at the centre of the crest. The pressure response was recorded by the transducers
for five seconds following the generation of the transient, enough time for the system to return to
steady-state.

To prevent air being moved to another location by the flow, the tests were carried out with no
base flow. The theory governing the air pocket dynamics (Eqns. 3-7, presented in the following
section) highlights that the transient response due to an air pocket is governed by the pressure of the
air pocket and its volume. The presence of flow does not affect these parameters, so it is expected
that the findings may also be applied to scenarios where there is flow in the system. Flow may
affect the geometry of the air pocket, but for small pocket volumes such as those used here, these
changes will be in the order of 0.01 m, beyond the bandwidth of the input signal. Nine off-line air
pocket volumes were tested, ranging from 1.25 ml to 29.4 ml at atmospheric pressure (V = {1.25;
5.0; 8.9; 12.8; 17.1; 21.0; 23.8; 25.7; 29.4} ml). Only air volumes which are fully contained by the
off-line cavity are considered in this investigation, as the largest pocket volumes tested have shown
that once the off-line pocket volume exceeds the size of the cavity its behaviour tends to that of a
similarly sized in-line pocket. Eleven in-line pocket volumes were tested in this range (V = {2.9;
3.5; 7.1; 7.8; 9.9; 11.3; 15.5; 16; 16.5; 21.6; 26.5} ml). The sensitivity of the syringe to hand
operation meant identical volumes were not used for each pocket configuration. Tests were run for
each air pocket volume at initial hydrostatic pressures ranging between 0.5 bar and 3.0 bar in 0.5 bar
increments. Tests were also carried out with no air injected into the system for each configuration to
isolate the effect of the off-line attachment. According to Henry’s Law (Sander 2015), the increase
in pressure will result in some dissolution of the air in the crest section. However, this dissolution
is expected to be in the order of 0.01 ml, and is minor compared to the total volume of air inserted.
The full volume of air inserted at the beginning of the test was retrieved from the crest section at

the end of the test, confirming that no air had dissolved or moved elsewhere in the pipe. To control
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experimental error, testing was repeated ten times for each set of experimental conditions. The
intervening period between tests was approximately one minute, to ensure the transient disturbances
had damped entirely before starting the next test. A standard error was calculated for each time
step in each experimental scenario. Over the time period of interest, including the incident pulse
and first reflected and transmitted pulses measured at the transducers, the average standard error

was less than 0.05% of the pressure reading.

GOVERNING EQUATIONS FOR NUMERICAL SIMULATIONS
Numerical modelling using the Method of Characteristics (MOC) will be used to explain key
observations in the time domain. The governing mass and momentum equations for 1D unsteady

pipe flow are (Wylie et al. 1993)

oUu o0H

i —_ he = 1
0H da*>dU
—+——=0, 2
8t+g6‘x @

where H is the piezometric head, U the fluid mean velocity, a the pipeline wave speed, x the distance
along the pipe, ¢ the time, g acceleration due to gravity, and & the friction loss per unit length.
These can be used to form positive and negative characteristic equations to solve for velocity and
pressure along the pipe at each time step. The approach used is outlined in Alexander et al. (2019),
and both steady and unsteady friction are included in the modelling using the weighting function
method defined by Zielke (1968).

The simple accumulator model is used to incorporate air pockets into the MOC grid. It is

assumed the air pocket behaves according to a polytropic relationship

HpAV" =Cy, 3)

where Hy is the absolute head at the pocket, V the pocket volume, n the polytropic exponent, and
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C4 the polytropic constant which can be calculated using the initial conditions. Wylie and Streeter’s
model for a simple accumulator is commonly used for in-line pockets and simple off-line pockets,
and it neglects inertia and friction in any connecting sections (Wylie et al. 1993). The governing
equations are outlined in Alexander et al. (2019). However, for off-line pockets separated from the
main pipe by a short water column, friction and inertia in the water column may also be considered
(Wylie et al. 1993). This will be referred to as the lumped inertia model. The process is outlined in
detail by Karney and Mclnnis (1992) and Kim (2008a). Based on a discrete linearized momentum
equation applied to the connector, at a given time index j the head at the pocket interface is linked
to the head at the junction with the main pipe according to the following:

HJJ - HJS =Ce + CcZijt (4)

8l
_ s J ¢ t
Ce1 = Hj—l - Hj—l - gﬂ'DgAlQ;fl (5)

81, 161,

Co = +
‘ gnDIAt  gn?D)

09| ©)

where H” is the head at the junction, H S the head at the water surface, Q¢ the flow into the cavity,
l. and D, the length and diameter of the connection between the main pipe and the air, Az the time
step, and f. the friction factor of the flow in the connection. The subscript j — 1 corresponds to
the quantities calculated in the previous time step. The friction factor is calculated using the flow
velocity in the connection at the end of the previous time step. The inertia and friction contribution
in both the cavity and neck section were included in order to obtain the most accurate result.
Merging Eqn. 4 with Eqn. 3 and the characteristic equations for flow within the pipe, a relationship

can be obtained which contains ij’ as the only unknown:

0.5At
A

Ce = BQ" + H - (Zj—l + Q5 + fotl)) —Cer - Ccfox’)*
)

(Vj_l - O.SAZ‘(Q?C[ + Q;ftl)) =Cy
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In the above equation, H is the atmospheric pressure, A is the cross-sectional area of the cavity,
and At is the time step of the MOC. The term C, is the MOC constant for the junction calculated

using the positive and negative characteristic coefficients (Karney and McInnis 1992).

RESULTS

Time Domain Observations

The experimental investigations involved the collection of pressure measurements both upstream
and downstream of the off-line and in-line air pockets, capturing both the reflected and transmitted
waves. Note that the pressure responses obtained for the no-air case were comparable for the
system configurations with and without the off-line attachment. A minor reflection from the crest
section of less than 5% of the incident pulse amplitude was observed for both the in-line and
off-line configurations. This indicates that, in this experimental scenario, the cavity alone does not
create a significant transient reflection, meaning the observed responses for the air pocket cases
may be assumed to be relate predominantly to the presence of the air. In the experiments, the air
pocket volumes were measured outside the pipe at atmospheric pressure before and after each test
using a measuring syringe. This volume was converted to a pressurised volume inside the pipe
(V) using the reversible polytropic relation (Eqn. 3). A polytropic exponent of 1.2 was used,
as this mid-range value has been commonly used in previous research on air-water interactions
(Wylie et al. 1993) (Martin 1976) (Izquierdo et al. 1999) (Carlos et al. 2011). Figure 3 presents
measured pressure traces for a range of in-line and off-line air pocket volumes to show the effect of
air pocket volume on the response. Figure 4 presents measured pressure traces for a set of in-line
and off-line pocket volumes with similar in-pipe volumes (within 5% of the average V,, quoted in
the figure caption) at a range of initial hydrostatic pressures, to show the effect of initial pressure
on the response. The pressure traces presented have been normalized by the initial hydrostatic
pressure such that H* = Hio’ where H is the measured pressure disturbance at any time and Hy
is the steady state initial hydrostatic pressure. The elapsed time ¢ is normalized by the pipeline
period T = 47L, calculated using the pipe length, L, and the experimental wave speed (1348.5 m/s).

The experimental wave speed was estimated by cross-correlating the transient traces measured at
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PT1 and PT2 for the no-air case. The time lag at which the cross-correlation of the two signals
was maximized represents the pulse travel time between the two sensors. The solenoid movement
generating the transient commences at 7+ ~ 0.085.

The first waves reflected and transmitted by the air pockets have been boxed and labelled in
Figs. 3 and 4. Several key differences were observed between the two configurations, particularly
with regard to the sharpness of the reflected and transmitted pulses. This indicates that the in-line
and off-line have different frequency dependent effects. The pulses from both pockets are followed
by extended low pressure tails. This may also be observed for a solid blockage (Meniconi et al.
2016). The sharpness of the transmitted pulse for the off-line configuration suggests that majority
of the incident pulse’s high frequency content is transmitted. The converse is true for the in-line
configuration. These differing effects mean that as the transient progresses the shape of the pressure
trace for the off-line pocket case varies significantly from that measured for the in-line pocket case.
The frequency-dependent response is explored in further detail in the following section.

Numerical modelling can be used to explain the difference in transient shape observed for the
in-line and off-line air pocket cases. The simple accumulator model has previously been used to
model the in-line pocket scenario, and though it was found to result in timing and amplitude errors
it was able to capture the general shape of the transient response (Alexander et al. 2019). It has
also been used in previous research to successfully model the off-line case where the air entirely
fills the cavity and there is no connecting water column (Kim 2008b). The outputs of the simple
accumulator and lumped inertia models are compared to the experimental observations upstream
and downstream of the pocket section for the off-line air pocket in Figs. 5 and 6, which correspond
to air pockets occupying 16% and 75% of the cavity respectively. The lumped inertia model
predicted the response for the off-line case with much greater accuracy than the simple accumulator
model across the range of volumes tested. Repetition of the lumped inertia modelling with inertia
included, but without friction in the cavity and neck, resulted in a maximum difference of 3.9% in
the modelled output for the first reflected and transmitted peaks. This indicates that inertia in the

cavity and connector was the primary cause of the differences observed in the response due to air
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pocket configuration. In the field off-line pockets may not entirely fill their confining cavity, such
as those connecting hydrants to the main pipe, meaning the inertia effects identified represent a
distinction between the two configurations in real-world applications. Key features captured by the
lumped inertia model include the smoothing of the low pressure tail following the reflected pulse,
and the high frequency pressure fluctuations created during transmission.

The damping of the transient signal is expected to follow an exponential function (Wang et al.
2002). This can be fitted by obtaining the average transient amplitude in the time domain or the
harmonic amplitude in frequency domain for each period of the transient trace. The exponent of
the exponential function represents the damping rate. The average amplitude per period in the
time domain for the no-air case and example in-line and off-line pockets is shown in Fig. 7. The
three scenarios follow exponential damping trends. For the no-air case, the damping rate ranged
between (.13 and 0.19 for the experimental settings tested. Figure 7 shows that the presence of air
significantly increases the damping rate to an average rate of 0.40 for the in-line air configuration,
which was consistent across the range of pocket volumes tested. Greater variation with pocket
volume was evident for the off-line case, where the damping rate increased with pocket volume
from 0.29 to 0.55 across the range tested. The 95% confidence intervals included on Fig. 7 for the
exponential fit show that damping may be subject to greater variability for the air pocket case. This

may be attributable to the frequency dependent effects of air.

Frequency Domain Observations

A discrete Fourier transform (DFT) can be used to quantify the frequency distribution of
the incident, reflected, and transmitted pulses for each air pocket configuration. The DFT was
carried out on the entire pulse, meaning both the main peak and extended tails of the reflected and
transmitted waves were included in the analysis. Figure 8 compares the DFT amplitudes of the
frequencies contained in the incident and resultant pulses for in-line and off-line air volumes. The
DFT amplitude is normalized by the initial hydrostatic pressure (h* = HLO), while the frequency is
normalized by the pipeline fundamental frequency (w* = 47La)).

The general trends observed in Fig. 8 are consistent across the range of pocket volumes
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tested. The incident pulse for both configurations contains frequencies ranging between w* = 0
and w* = 70. It has been observed in previous work that the in-line air pocket response is
frequency dependent, with high frequency content (w* > 20) being primarily reflected by the
pocket (Alexander et al. 2020). For the in-line pocket, the cut-off frequency, where the transmitted
DFT amplitude is first less than 5% of the incident DFT amplitude, was identified as a diagnostic
tool (marked in Fig. 8(a)). The cut-off frequency was found to increase with decreasing pocket
volume. For the off-line pocket configuration, the DFT showed that the reflection contained a
frequency band ranging between w* = 0 and w* =~ 35. The reflected DFT amplitude reached
a peak, corresponding to a local minimum in the transmitted frequency distribution, at w* = 3,
though this value decreased with increasing pocket volume. The high frequency content outside
this range was primarily transmitted.

The frequency dependent effects observed are unique to air pockets due to their compressibility;
other common faults such as leaks and solid blockages do not impose such changes on the shape
of the incident pulse (Brunone 1999) (Meniconi et al. 2011). A physical understanding of the
frequency dependent effects of off-line pockets could be used to inform condition assessment
techniques. The reflectivity of a pipeline anomaly such as the off-line air pocket is determined
by its impedance relative to that of the main pipe. Previous research by Wylie (1965) states that
impedance may be maximized at the resonant frequency of a system. In the medical field, theory
has been developed to estimate the resonant frequency of air bubble within a blood vessel (Jang
et al. 2009). The same principles may be able to predict the effects of off-line pockets in water
supply infrastructure. The resonant frequency, w, of an air pocket confined to a tube can be obtained

from

2 2
ﬂ _ cavity 11 + ll ’ (8)
wo ARo \L, -2 +AL L-2+AL
where 7.4,y is the radius of the confining cavity, Ry is the radius of the sphere which would be
formed by the same pocket volume in an infinite fluid domain, L and L, are the length of pipe from
the centre of the pocket to the end of the cavity in each direction, /, is the length of the pocket, and

AL is an end correction factor given as 0.6274yiy, which accounts for the inertia of liquid outside
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the cavity (Jang et al. 2009). This end correction factor was determined theoretically by Levine
and Schwinger (1948). The resonant frequency of the same pocket in an infinite fluid domain, wy,

is calculated by

_ 1 3nP0
~ 27Ry o)

, ®)

wo

where n is the polytropic exponent, Py is the ambient pressure, and p is the fluid density (Minnaert
1933). The resonant frequency of the off-line air pocket therefore varies with its volume, pressure,
and the dimensions of the cavity it is confined to. A limitation of the application of Eqns. 8 and 9
in this situation is that the transient nature of the problem means that the pressure and volume of the
pocket are constantly changing. However, modelling using the lumped inertia approach introduced
previously suggested that the maximum variation in the resonant frequency due to transient effects
was less than 2%, meaning that for these experiments the resonant frequency at steady state can
be considered representative for the transient duration. Figure 9 shows the theoretical resonant
frequencies for the range of experimental scenarios compared to the local minimum frequency of
the transmitted pulse DFT, which will be referred to as the primary suppressed frequency (marked
in Fig. 8(b)). The suppressed frequency was used because the off-line pocket resulted in some
irregularities in the reflected pulse DFT at low frequencies (w* < 4). In general, the theoretical
resonant frequency agreed well with the frequency at which the transmitted DFT reached a local
minimum, supporting the hypothesis that the reflectivity of the pocket was maximized due to
resonance. The average error between the theoretical and observed resonant frequencies was
approximately 11%. Figure 10 shows that the experimental primary suppressed frequency also
increased with initial hydrostatic pressure for a given in-pipe volume of air. This is in agreement
with Eqn. 9. Similar to the time domain observations, the response of the pocket in the frequency

domain was dependent on both the pocket volume and the cavity characteristics.

CONCLUSIONS AND RECOMMENDATIONS
The effects of air pocket configuration on high frequency transient reflection and transmission

have not previously been investigated experimentally. This study compares experimental observa-
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tions for similar air pocket volumes in the main flow path (in-line), and in a cavity adjacent to the
flow (off-line). The results can be used in transient detection programs to differentiate in-line pock-
ets which are blocking the main flow from off-line pockets which do not obstruct flow, improving
the efficiency of network maintenance operations.

Variations observed in the time domain between the two configurations were due to differing
frequency-dependent effects. Numerical modelling showed that the variations were primarily due
to inertia in the water column connecting the off-line pocket to the main pipe, meaning that both the
pocket volume and the cavity characteristics influenced the transient response. Further analysis in
the frequency domain was used to quantify the frequency dependent effects of pocket configuration.
It was found that the reflectivity of the off-line pocket is maximized at the resonant frequency of
the air pocket, with good agreement observed between theoretical and experimental results. In-line
air may be characterized using a cut-off frequency, above which signal content is reflected. The
observations in the frequency domain have identified a useful approach for differentiating between
the two pocket configurations during transient detection. The defining DFT features (the cut-off
frequency and the primary suppressed frequency) are simple to distinguish and may also be used to
characterize the pocket size. This will enable maintenance resources to focus on potentially more
significant in-line air blockages. This further emphasizes the need for high frequency wave testing,
as the input signal must contain the frequency range needed to identify these features. The transient
damping rate may also be used to diagnose air as a preliminary step.

This study was limited by the breadth of experimental conditions considered, with the potential
for other scenarios to be investigated in the future. The tests were carried out without any base
flow, which may affect the geometry of the in-line pocket, which is more susceptible to movement
and shearing due to its location in the main flow path. This study also only considered pockets
which were entirely in-line or off-line. However, in the field pockets may form in off-line cavities
and become large enough to intrude into the main flow path. Further testing would provide greater

understanding of whether it is possible to characterize this case.

14 Jane Alexander, June 24, 2020
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NOTATION

The following symbols are used in this paper:

A

a

Ca

D
deavity
dneck

dcormector

H
h
hy

L

lcavity
lneck
Leonnector

n

P

pipe cross-sectional area
pipeline wave speed

polytropic constant

pipe diameter

off-line cavity diameter
off-line neck diameter

off-line cavity connector diameter
pressure head

DFT amplitude

total friction loss

spatial index

temporal index

pipe length

off-line cavity length

off-line neck diameter

off-line cavity connector length
polytropic exponent

pressure
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Py = ambient pressure

0 = flow
r = piperadius
Feavity = oOff-line cavity radius
Ro = air pocket radius assuming a sphere
t = time
U = velocity
V, = pressurized air pocket volume
Veavity = off-line cavity volume
Vyipe = pipe volume
W = weighting function
x = distance
z = elevation
v = kinematic viscosity

= density and

w = frequency.
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Fig. 1. Diagram of experimental set-up
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Fig. 2. Section A-A’: Diagram of air pocket configurations (a) in-line, (b) offline. An example
pocket profile is filled in gray.
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Fig. 3. Experimental pressure disturbances for a range of in-line and off-line air pocket volumes at
an initial hydrostatic pressure of 3.0 bar: (a) In-line configuration trace measured at PT2, upstream
of the pocket, (b) In-line configuration trace measured at PT3, downstream of the pocket, (c)
Off-line configuration trace measured at PT2, and (d) Off-line configuration trace measured at PT3.

24 Jane Alexander, June 24, 2020



Fig. 4. Experimental pressure disturbances for in-line (V) ~ 6.6 ml) and off-line (V, ~ 5.2 ml) air
pockets at a range of initial hydrostatic pressures: (a) In-line configuration trace measured at PT2
upstream of the pocket, (b) In-line configuration trace measured at PT3 downstream of the pocket,
(c) Off-line configuration trace measured at PT2 , and (d) Off-line configuration trace measured at
PT3.
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Fig. 5. Experimental and modelled transient pressure traces for an off-line air pocket (V,, = 1.59 ml)
at 3.0 bar for (a) Pressure trace measured at PT2, upstream of the pocket, and (b) Pressure trace
measured at PT3, downstream of the pocket.
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Fig. 6. Experimental and modelled transient pressure traces for an off-line air pocket (V,, = 7.56 ml)
at 3.0 bar for (a) Pressure trace measured at PT2, upstream of the pocket, and (b) Pressure trace
measured at PT3, downstream of the pocket.
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Fig. 7. Average absolute amplitude per period measured at PT1 for the (a) no-air case, (b) in-line
pocket (V,, = 5.24 ml) and (c) off-line pocket (V, = 5.43 ml), alongside exponential fits and 95%
confidence intervals for each scenario.
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Fig. 8. DFT amplitude of incident, reflected, and transmitted pulses at an initial hydrostatic pressure
of 3.0 bar for (a) in-line air pocket (V, = 5.24 ml), and (b) off-line air pocket (V, = 5.43 ml).
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Fig. 9. Comparison of the primary suppressed frequency observed in the transmitted pulse DFTs
with the theoretical resonant frequency of the air pockets. Corresponding experimental and theo-
retical results are linked by dotted lines.
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Fig. 10. Primary suppressed frequency for a range of initial hydrostatic pressures.
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