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ABSTRACT

The gas-liquid slug flow is a common phenomenon that
frequently occurring in the petroleum and chemical
engineering industrial fields. The investigation of slug flow on
sand transportation represents a key topic for design and
improvement of production rate in oil and gas wells. This
paper presents an experimental investigation using Acoustic
Emission (AE) technology to monitor sand transportation in
gas-liquid slug flow. The investigations were undertaken on
three-phase (air-water-sand) flow in a horizontal pipe where
the superficial gas velocity (VSG) had a range of between 1.0
ms-1 to 5.0 ms-1 and superficial liquid velocity (VSL) had a
range of between 0.5 ms-1to 2.0 ms-1. The experimental
findings clearly show a correlation exists between AE enefgy.
levels, sand concentration, superficial gas velocity (VSG),
superficial liquid velocity (VSL) and slug velocity (VS).
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1. INTRODUCTION

When gas and liquid flow tighter in a pipe the interface
between the phases may take the varieties of different
patterns, the most complex being probably slug flow. The
primary characteristic of slug flow is its inherent
intermittence. An observer looking at a fixed position along
the axis would see the passage of a sequence of slugs of
liquid containing dispersed bubbles, each looking somewhat
like a length of bubbly pipe flow, alternating with sections of
separated flow within long bubbles, see Figure 1. These two
states follow in a random-like manner, inducing pressure,
velocity and phase fraction fluctuations: the flow is unsteady,
even when the flow rates of gas and liquid are kept constant
at the pipe inlet.
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Figure 1 Slug Flow in Horizontal Pipe

Transport of sand particles in multiphase production and
transfer systems has attracted considerable attention since
the increasing amount of sand in horizontal pipelines
produces a stationary sand deposit which creates a pressure
drops and affects the rate of production [1]. The damage
caused by the sand particles depends upon several factors
such as fluid properties, flow regime, pipe material
propérties and sand characteristics (particle velocity and the
ineident angle of the eroding particles) [2].

There'is a need for sand monitors and/or erosion monitors
ingdifferent industries such as the oil and gas production
industry to provide continuous monitoring of well
performance to enable alleviate or at least reduce sand
production problems in multiphase flow. Sand monitoring
techniques can be classified mainly as either intrusive or
non-intrusive. Intrusive techniques are used inside the pipes
and include erosion based on sand monitoring probe. They
have the capability to supply a direct measurement of sand
erosion. Non-intrusive techniques are wused externally
(outside the pipe), for instance acoustic sand detectors, and
have advantages over the intrusive probes due to greater
sensitivity, cheaper installation and the ability to be
retrofitted in the most fields.

AE is defined as the class of phenomena whereby transient
elastic waves are generated by the rapid release of energy
from localized sources within a material [3]. The elastic
waves, typically in the frequency range from 25 kHz to 1MHz
propagate through the material and can be detected by an
AE sensor [4]. Many recent publications have shown that AE
technology can offer reliable quantitative information about
the process being monitored [5].

AE technology was employed to monitoring sand particles in
two-phase gas-sand flow system. El-Alej et al [6]
demonstrated that AE technology is capable in detecting the
presence of sand particles in two-phase flow. In this study,
AE signals generated by two-phase gas-sand flow system
with sand injection over a different range of VSG could
successfully be correlated. In another study undertaken by
Al-Lababidi et al [7], a correlated between AE signals and gas
volume fraction and VSG was established. Alssayh et al [8]
applied the AE technology to detect the slug velocity in two-
phase flow (gas-liquid).
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In this research work attempts were made to evaluate the
application of Acoustic Emission (AE) technology as a
monitoring tool for multiphase flow in horizontal pipes. The
study presents results of the use of AE for monitoring sand
transport and deposition characteristics in air-water slug
flow; this is in addition to correlating AE activity with sand
concentration levels for varying VSL and VSG.

2. EXPERIMENTAL SETUP

The experimental investigation involved the assessment of
concentration of sand in three phase flow (air-water-sand)
in a horizontal pipe. Different VSG and VSL ranging from
1.0ms-1to 5.0ms-1and 0.5ms-1 to 2.0ms-1 respectively were
applied.

The experimental test rig(Figures 2and 3) was constructed
using ABS plastic (class E) pipes. The total flow length of the
loop is 32 m, with the inner diameter equal to 0.05 m. The
test section consists of a Perspex window for observation.
The AE acquisition system employed piezoelectric
transducer (Physical Acoustic Corporation type WD) with an
operating frequency of 100 kHz - 1 MHz. The acoustic
sensors were connected to preamplifier set at 40 dB, see
Figure 4. The AE waveforms were aquired at a sampling rate
of 5 MHz. For the acquisition of traditional Acoustic Emission
generated from the flow, the detection threshold level was
set at 32 dB above electronic background noise.
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Three timing parameters; the hit definition time (HDT), hit
lockout time (HLT) and peak definition time (PDT) were
used to aquire AE waveforms. The function of HDT is to
enable the system to determine the end of the hit, close out
the measurement processes and store the measured
attributes of the signal. The HLT is used to inhibit the
measurement of reflections and late-arriving parts of the AE
signal, so that data from wave arrivals can be acquired at a
faster rate, whilst PDT is used to enable determination of the
time of the true peak of the AE waveform. These parameters
were se(;t 60000 ps, 6000 ps and 1000 ps respectively.

Xﬂ was continuously set to acquire AE absolute

ules) over a time constant of 10 ms (milliseconds)

e
t ampling rate of 100 Hz. The absolute energy is a
sure of the true energy and is derived from the integral

f the squared voltage signal divided by the reference
resistance (10 k-ohms) over the duration of the AE signal [9].
The following equation can be used to calculate the AE
energy:-

T
() dit
AE Energy:l/R'rD vi(e)

Where v(t) is the time dependent voltage from the AE
sensor, and T the duration of the entire event over which the
integration is performed. This energy is directly proportional
to the electrical energy of the AE signal in the measured
bandwidth by a constant of system electric impedance [10],
which in this instance was 10 kQ.

Water was circulated in the flow loop using a centrifugal
pump with a maximum capacity of 40m*/hr and a maximum
discharge pressure of 5barg. The water flow was metered
using an electromagnetic flow meter, ABB K280/0 AS model
with range of 0-20 m3/hr. The water reservoir tank had a
capacity of aproximately 1500 liters.

A mixture feeder unit as shown in Figure 5 was installed
upstream of the test section. The mixture feeder unit consists
of a cylindrical stirred vessel (800 mm diameter and 500 mm
high), with a 365 mm diameter axial flow impeller. The
mixture of sand-water was feeded into the flow loop through
a sand injection point installed after the water and air mixing
point using variable speed progressive cavity pump (PCP)
with capacity of 5 1/m and Sbarg maximum discharge
condition.

The mixture feeder unit created a homogeneous sand-water
mixture at atmospheric conditions. The mixture was injected
into the flow as a dense slurry of sand at a speed of 0.126
m/s using a pump. The type of sand used in the test was
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Congleton HST50 with an average sand particle diameter of
200um, and a mixture density of 2650 kg/m3. The sand
concentrations studied are listed in Table 1.
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Figure 5 Water-Sand mixture feeder unit
Table 1 Sand in-situ volume concentrationsused in
test

Sand concentration Sand volume Sand weight
(1Ib/1000bbl) fraction (Cv) (g)

100 1.08E-04 173

200 2.15E-04 346

300 3.23E-04 520

400 4.31E-04 693

500 5.37E-04 866

& o)\ Gas Pocket
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Figure 6 Size distributionof sand particles

Air volumetric flow rate, water flow rate, line pressure,
differential pressure and temperature were incorporated to
read the test conditions. Prior to testing, the test was started
the test rig was flushed with clean water several times and
then dried with compressed air to remove sand particles in
the test area.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

The gas-liquid slug flow is a common phenomenon that
frequently occurs in the industrial petroleum and chemical
engineering, which is why an investigation of slug flow on
sand transportation represents a key topic for improving
design and production rates in oil and gas wells. Sand
transport in horizontal pipes is strongly enhanced by slugs
[11], and so an investigation was undertaken using Acoustic

Emission (AE) technology to monitor sand transportation in
gas-liquid slug flow. The investigations were carried out for
the three-phase (air-water-sand) flow in a horizontal pipe
for a total of twenty velocities. Four superficial liquid
velocities, VSL (0.5, 1.0, 1.5 and 2.0) ms™ were tested. At
each VSL, there were five superficial gas velocities VSG (1.0,
2.0,3.0,4.0 and 5.0) ms™.

Slug flow consists of the slug body and the film or gas pocket
zone. The slug flow was observed at velocity values from
(VSL 0.5 ms™ and VSG 1.0 ms™). This flow regime is
characterised by a formation of turbulence at the front of
slug. Under different conditions of sand concentration
distribution, some sand particles accommodated on the pipe
wall is collected by the energy produced from the turbulent,
then the sand particles is lifted into the turbulent core of the
slug body. The behaviour of sand particles in slug body and
film zone is schematically shown in Figure 7.

In the case of short film zone, active sand particles move to
the front, then slide, while in the case of long film zone, the
particles tend to settle (length of film zone affected by
consumption of kinetic energy generated by friction force).
With increasing the VSG, an increase in the length of the film
zone was noted. This can be attributed to values of high VSL
and VSG that led sand particles to transport with the flow as
they are left up by the turbulence generated at the front of

slug, seEigure 7.
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Figure 7 Schematic sand behaviour in slug flow regime

4. EFFECT OF VSL, VSG AND SAND
CONCENTRATION ON AE-ENERGY LEVELS

A summary of the results obtained from the tests is
presented in Figures 8 and 9, which present the general
observations of the effect of the quantity of injected sand on
the AE for the different VSL and VSG. The results reveal that,
at constant VSL an increase in AE energy was noted with
increase in the quantity of injected sand for VSG values
ranging from 1.0 ms™ to 5.0 ms™. For the same quantity of
injected sand the higher VSG and VSL, the higher the AE
energy recorded levels.

For sand concentration of 100lb/1000bbl (0.285 kg/m?, Cy
= 1.08E-04) it was noted that AE energy levels increased
gradually as VSL increased from 0.5 ms™ to 2.0 ms™ and VSG
increased from 1.0 ms™ to 5.0 ms™, see Figure 8.
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Figure 8AE-Energy levels VS VSL & VSG for sand
concentration of 1001b/1000bbl

Figure 9 shows that the AE energy levels increased with an
increase in sand concentration to 300lb/1000bbl (0.856
kg/m?, C_V = 3.23E-04). This was attributed to the increase
in the number of sand particles impacting on the pipe wall
which results in an increase in number of elastic waves
generated. Also, the increase in VSG increases the velocity of
sand particles in the stream so that the probability of the
sand particles hitting the steel pipe also increases, resulting
in an increase of AE energy levels [6].
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Figure 9AE-Energy levels VS VSL & VSG for sand
concentration of 3001b/1000bbl

Investigations in the time-frequency domain were
undertaken with wavelet-analysis (AGU-Vallen Wavelet).
Typical AE waveforms for sand concentrations of
1001b/1000bbl at VSL of 0.5 ms-1 and VSG of 3.0 ms-1 and
5.0 ms-1 are shown in Figures 10 and 11. The waveform
show very distinctive result at different gas flow rate of the
test performed where the maximum amplitude of the
waveform at VSG of 5.0 ms-1is higher than the maximum
amplitude of the waveform at VSG of 3.0 ms-1, see Figures 10
and 11 (top). For instance, the maximum amplitude at VSG of
5.0 ms-1 is 0.04 mV, while the maximum amplitude at VSG of
3.0 ms-1is 0.03 mV, see Figure 10 (top).

The time-frequency plot, see Figures 10 and 11 (bottom) for
sand impacts on the pipe in slug flow regime were different

for the two cases both in terms of intensity and frequency
range. From Figure 10 (bottom) it was evident that the
energy intensity levels between 150 kHz to 280 kHz were
highest for sand impacts (100 to 200 ps) during slug body. In
this region sand particles were observed more activated due
to the turbulence generated. Whereas, in film region sand
particles are subjected to slow their speed and the level of
intensity was decreased significantly.

Figure 11 (bottom) shows the maximum intensity of the AE
energy for 100lb/1000bbl injection occurring at frequencies
up to 350 kHz (150 ps to 300 ps) during the slug body stage,
and the maximum intensity of the AE energy at frequencies
up to 300 kHz (300 ps to 500 ps) during the film region
stage. Comparison of figures 11 and 10 (bottom) show that
the higher frequency content in Figure 11 (top) was
attributed to the variations in gas flow rate from 3.0 ms-1 5.0
ms-1. The increase in the gas flow rates leads to an increase
in slug velocity significantly which in turn accelerates the
velocity of sand particles in the flow. Therefore, the
probability of the sand particles hitting the steel pipe will

increase as the VSG increases, resulting in the higher
frequency content.
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Figure 10Time domain (top) and Time Frequency
domain (bottom) plots for sand concentration of
100lb/1000bbl impacting on a steel pipe at VSL of 0.5
ms ™ and VSG of 3.0 ms™

Figures 11 and 12, which are typical of all other test results,
also demonstrate variations in the amplitude and frequency
content as a variation in liquid flow rates. For instance, in
Figure 11 (top), the maximum amplitude at VSL of 0.5 ms-1

is 0.04 mV, while the maximum amplitude at VSL of 1.5 ms-1
is 0.06 mV, see Figure 12 (top). Also, the maximum intensity
of the AE energy for VSL of 0.5 ms™ and VSG of 5.0 ms™ at
frequencies up to 350 kHz (150 ps to 300 ps), see Figure 11
(bottom). Whereas, the maximum intensity of the AE energy
for VSL of 1.5 ms™ and VSG of 5.0 ms™ at frequencies up to
600 kHz (20 ps to 100 ps), see Figure 12 (bottom).
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Figure 11Time domain (top) and Time Frequency
domain (bottom) plots for sand concentration of
1001b/1000bbl impacting on a steel pipe at VSL of 0.5
ms™ and VSG of 5.0 ms™

Comparison of figures 11 and 13 show that the higher mass
concentration of sand (300lb/1000bbl, Figure 13-bottom)
showed significantly more particle impacts on steel pipe,
evident by the presence of higher frequency content (above
600kHz) across the
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Figure 12Time domain (top) and Time Frequency
domain (bottom) plots for sand concentration of
1001b/1000bbl impacting on a steel pipe at VSL of 1.5
ms™ and VSG of 5.0 ms™

recorded time frame in comparison to that recorded for
100lb/1000bbl of sand concentration (Figure 11-bottom).
The increase in the quantity of sand injected leads to an
increase in the number of sand particles impacting on the
pipe’s walls. This results in an increase in number of elastic
waves generated by the impact, which in turn resulting in
the higher frequency content. The variations in sand
concentrations also demonstrate variations in the amplitude.
For instance, in Figure 11 (top), the maximum amplitude for
sand concentration of 100lb/1000bbl is 0.04 mV, while the
maximum amplitude for sand concentration of
300lb/1000bbl is 0.1 mV at constant VSL and VSG, see Figure
13 (top).
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Figure 13Time domain (top) and Time Frequency
domain (bottom) plots for sand concentration of
3001b/1000bbl impacting on a steel pipe at VSL of 0.5
ms ! and VSG of 5.0 ms™ 5 Effect of slug velocity VS on
AE-Energy levels

In previous work by Alssayh [8], a total of sixteen tests with
different values of VSG and VSL were undertaken to
determine the slug velocity VS using AE technology. Results
showed that, the average of slug velocity VS is 11.54% higher
than the mixed velocity Vmix (the total value of liquid

velocity plus gas velocity).
T %obtained in this research work (Table 1&2)
show ear correlation between slug velocity and AE-

evels. Figure 14 shows that an increase in slug

el results in an increase in AE-Energy for a constant
quantity of injected sand. This can attributed to the sand

S

articles become very energetic due to the kinetic energy
imparted by the turbulence of the slug front [11]. This
results in an increase in the probability of sand particles
hitting the bottom of steel pipe. Therefore, number of elastic
waves generated by impacts will increase, which in turn
increase the AE-Energy levels [6].

Table 1VSL, VSG, Vmix and VS

Mixed Average of
Flow measured Slug
Velocity Velocity (VS)
(Vmix)m/s m/s

Liquid Gas Flow
Flow Velocity

Velocity (VSG)m/s

(VSL)m/s

0.5 1.0 1.5 1.73

0.5 2.0 2.5 2.89

0.5 3.0 3.5 4.04

0.5 4.0 4.5 5.19

0.5 5.0 5.5 6.35

1.0 1.0 20 2.31

1.0 2.0 3.0 3.46

1.0 3.0 4.0 4.62

1.0 4.0 5.0 5.77

1.0 5.0 6.0 6.92

1.5 1.0 2.5 2.89

1.5 2.0 3.5 4.04

1.5 3.0 4.5 5.19

1.5 4.0 5.5 6.35

1.5 5.0 6.5 7.50

2.0 1.0 3.0 3.46

2.0 2.0 4.0 4.62

2.0 3.0 5.0 5.77

2.0 4.0 6.0 6.92
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Figure 14Trend of AE-Energy with increasing slug
velocity (VS ms-1) for a constant quantity of injected
sand (1001b/1000bbl)

Table 2AE-Energy with increasing slug velocity (VSms-1)
and sand concentration (1Ib/1000bbl)

AE- AE- AE-
Energy Energy Energy
atto- atto- atto-
joules joules joules
&= Fc= [5C =
100Ib/100 | 2001b/100 | 3001b/100
Obbl) Obbl) Obbl)

AE- AE-
Energy Energy
atto- atto-
joules joules
T = 185 =
4001b/100 | 500Ib/100
Obbl) Obbl)

1856.78 1876.01 2622.46 2899.28 2909.06

6445.99 6677.86 6761.30 7701.68 8481.52

9449.89 11504.4 13680.9 14360.1 159159

18235.2 21567.1 234135 254624 320624

21399.6 23826.9 26971.8 29407.6 32464.3

36814.6 44998.6 46986.1 49224.2 57920.1

46294.1 51288.1 57111.5 58926.8 68064.2

58683.4 76619.5 78318.3 88851.3 91448.6

91031.4 97428.7 103268. 105545. 116875.

A summary of results from the numerous tests is presented
in Figure 15, which presents the general trends observed for
the effect of the quantity of injected sand and slug velocity VS
on AE. The results show that AE energy levels increased with
an increase in the quantity of injected sand for the same slug
velocity VS. Also, AE energy increased with an increase in
either quantity of sand injected or slug velocity, VS.

- 100 1b/1000bbl

- 2001Ib/1000bbl

- 3001b/1000bbi

<+ 4001b/1000bbl

v 5001Ib/1000bbl

AE Energy (atto-Joule)

Slug Velocity (vs) [m/s]

Figure 15Trend of AE Energy with increasing slug
velocity (VS ms-1) for different quantities of injected
sand (1Ib/1000bbl)

5. CONCLUSIONS

This work presents the capability of acoustic emission (AE)
technology to monitor sand particle concentration in slug
flow. The results of the investigation showed that, AE energy
levels were influenced by variation of superficial liquid
velocity (VSL), superficial gas velocity (VSG), slug velocity
and sand concentration.AE energy levels increased with an
increasgdin the VSL, VSG, VS and sand concentration.
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