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a b s t r a c t 

Slugging flow poses significant challenges to the offshore multiphase flowline and riser systems. Slug flow is 

characterized by an uneven flow regime whereby pipeline pressures, temperatures, or flow volume rates fluctuate. 

One of the most common causes of severe slugging is low pressures which causes buildup of fluid over time, 

consequentially causes flow and pressure oscillations. This mostly occurs in vertical risers or wells. The negative 

effects of severe slugging have prompted numerous studies, investments, and efforts to reduce or eliminate the 

slugging flow. Several active slugging control techniques have been investigated in the oil and gas industries 

for decades. However, many of these techniques still run the risk of limiting hydrocarbon production due to 

inappropriate over choking. Other challenges for active slug control include the fact that some systems rely 

mainly on subsea measurements such as riser base pressure, and most of these subsea measurements are costly, 

difficult to maintain, not always available, and can be unreliable. As a result, to achieve an efficient slugging 

control performance, reliable, robust, and efficient measurements that are more sensitive to slugging flow for 

control are required, which is the motivation for this work. The control of riser slug flow using non-radioactive, 

non-invasive, and non-intrusive Continuous-wave Doppler ultrasound has been investigated in this work, and 

provides good control performance. It achieved a larger valve opening than an open-loop unstable system. This 

outperforms manual choking, which maintains stability at a much lower valve opening. 
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. Introduction 

Offshore oil and gas production and exploration facility produc-

ion optimization has received a lot of attention in recent years, since

ny prospective increased hydrocarbon recovery can result in substan-

ial economic advantages. As a result, multiphase flow behaviour in

ipeline-flowlines, for which slugging flow belongs, is a major prob-

em in the offshore oil and gas sectors. A significant amount of time

nd money has been spent researching the slugging phenomenon. The

eason for this is that any change in operating conditions has the po-

ential to significantly alter pipeline flow behaviour. This has a substan-

ial influence on key aspects like safety, maintenance, and production

 Havre et al., 2000 ). 

Due to pressure and flow rate variations in the system, an unde-

ired flow regime occurs under certain operating circumstances, which

ay cause serious difficulties at topside processing facilities. This usu-

lly happens at the end of a well’s life, when the flow rates in the system

re significantly lower than what the system was intended for. A flow
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egime known as slugging flow causes these pressure and flow rate vari-

tions ( Payne et al., 1996 , Cao, 2011 ). 

Slugging flow has a detrimental impact on topside processing facil-

ties during offshore oil and gas production. Slugging is known to pro-

uce a reduction in operational capacity as well as undesired flaring.

ariations in pressure can put a strain on some elements of the sys-

em, such as bends and valves. In most situations, the burden of the

opside compressors and separators becomes so great that it causes ex-

ensive damage and plant closure, which is a major disadvantage for

il-producing companies ( Taitel et al., 1990 ). 

Avoiding slugging flow in the pipeline results in significant economic

dvantages. As a result, it is critical to forecast or identify the flow

egime before beginning production to address problems as soon as fea-

ible. Flow regime maps are typically created to forecast the flow regime

hat will occur in the pipeline ( Hewitt and Roberts, 1969 , Taitel, 1986 ,

arnea, 1987 ). The flow regime is approximated using the following

uantities: gas/liquid densities, pipe diameter, gas/liquid viscosities,

as/liquid surface tension, pipe inclination, and gas/liquid superficial

elocities ( Griffith, 1961 ). Because these quantities can change through-

ut the pipeline, so can the flow regime. The flow regime map is de-
mulation and Control Group, Cranfield MK43 0AL, United Kingdom, Phone: 

 6 December 2021 
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cribed by the flow regime’s dependency on the aforementioned factors

 Hewitt and Roberts, 1969 ). 

Slugging flow prevention or control has significant economic ben-

fits, which is why a great deal of time and money has been invested

n the quest for a solid solution to the issues created by slugging flow.

lugging can be prevented or controlled by a variety of methods, in-

luding design modifications. For example, expanding the size of the

eparators, installing a gas lift or slug catcher, or altering the pipeline

opology. As a result, the installation and management of this new tech-

ology is costly. The next technique is to change the system operating

onditions by restricting the topside valve. As a result, the main down-

ide of this approach is a decrease in production rate owing to increased

ressure in the pipeline ( Pedersen et al., 2017 ). 

Much research has been conducted over the last few decades on the

se of active control as a technique for flow stabilisation. Schmidt et al

 Schmidt et al., 1979 ) successfully built an automated control system

n a pipeline-riser system using a topside choke valve as an actuator.

edne and Linga ( Pal and Harald, 1990 ) demonstrated that by using a

I controller and a pressure sensor to estimate the difference in pressure

bove the riser, it is feasible to stabilise the flow. Recently, several con-

rol approaches have been successfully applied to an offshore production

ystem ( Havre et al., 2000 , Courbot, 1996 , Godhavn et al., 2005 ). 

The active control system modifies the flow regime map’s borders,

reventing slugging in areas where the slug was expected. Thus, it is

ossible to maintain the same average flow rate as previously without

xperiencing large variations in pressure and flow rates. 

The advantages of using active control are enormous. It is more cost-

ffective and efficient than deploying new equipment, and it may effi-

iently minimise large liquid surge movement in the system, reducing

train on the system. As a result, system maintenance difficulties will

e decreased, and a significant amount of money will be saved. Fur-

hermore, active control allows for higher output rates than traditional

hoking of the topside valve. 

Pressure measurements at the riser base or farther upstream are some

f the measures that have been used during subsea multiphase measure-

ents. Subsea measurements have been shown to be useful in slugging

itigation/control. As a result, in the absence of these metrics, slug mit-

gation/control becomes more difficult ( Taitel et al., 1990 ). Subsea mea-

urements are frequently unavailable, costly to implement, and less ac-

urate than topside data. It is critical to determine the potential of slug

ontrol using just topside measurements, therefore the birth of topside

easurements. However, several issues were raised, such as the pos-

ibility of enhancing system performance by utilising a single topside

easurement or a mixture of topside information; are these findings the

ame or equivalent to those obtained when a controller based on subsea

easurements was deployed. To answer these issues, novel multiphase

ow topside measurements that will provide acceptable control perfor-

ance are being explored. Some of the work on slug flow control using

opside measurements can be found in ( Nnabuife et al., 2021 ), which

ncludes the Inferential Slug Control (ISC) ( Cao et al., 2013 ). The ISC

ystem detects the production of slugs inside a pipeline or riser using

umerous accessible measurements on a platform and actively operates

 control valve to attenuate the slug before it enters a sensitive area of

he process system in real time. It is envisaged that by installing such a

evice, slug flow fluctuations would be reduced, leading to the reliable

nd safe operation of offshore production systems. Because of the lower

verage pipeline pressure after slugging is attenuated, an instantaneous

oost in output may be realised. Separators and other equipment will be

hielded from the slug’s harmful kinematic effects. The ISC system also

mployed the use of gamma signals, which are radioactive in nature. 

The ability to describe the characteristics of multiphase flows utilis-

ng non-radioactive, non-invasive, quick reaction, and suited for opaque

ystems has sparked the interest of numerous industrial applications. As

 result, ultrasonic methods credibly satisfy all of these requirements.

hen compared to conventional techniques such as X-ray and Gamma-

ay, there are several benefits to using ultrasonic techniques measure-
2 
ents such as speed, high precision, greater sensitivity, safety, and ease

f deployment ( Zhai et al., 2013 , Nnabuife et al., 2020 ). 

The standard ultrasonic pulse-wave Doppler (PW) has been used in

edicine since 1986. The main disadvantage of PW is its inability to

easure maximum velocity ( Zhai et al., 2013 ). The PW Doppler ultra-

onography can only measure velocities unambiguously up to a max-

mum limit linked to the depth of examination. The highest Doppler

requency shift that a PW Doppler device can detect is half the pulse

epetition frequency (PRF). When a result, as the depth of the exam-

ned region increases, the PRF must be decreased to provide the pulses

dequate time for another round trip. As a result, lesser velocities can

e observed in deeper channels ( Takeda, 1999 ). The difficulty of maxi-

um velocity measurement is more significant when measurements on

igh-velocity flow regimes, such as slug flow, are required. 

The suitability of Continuous-Wave Doppler methods for slug flow

ontrol was explored in this paper. The CW Doppler has no upper limit

n the highest velocity it can measure. Because of the low sample rates

sed in PW Doppler, this is not the case. To estimate or extract Doppler

hift from an ultrasound signal, the velocimeter analyses the phase con-

ection between each continuous returning pulse ultrasound and a sig-

al from the reference oscillator. Because angular measurements repeat

hemselves every 2 𝜋 radians, the greatest phase change that may be

een on each side of the two pulses is limited to a range of –𝜋 to + 𝜋 ra-

ians. As a result, if the target travels more than 𝜆/4 times the distance

etween the samples, its velocity may be misinterpreted. This disadvan-

age stems from the sampling theorem statement, which stipulates that

o avoid ambiguity, a signal must be sampled at least twice its maximum

requency ( Atkinson and Wells, 1977 , Okamura et al., 1989 ). 

The following are the main contributions of this paper: (i) this pa-

er demonstrated the use of ultrasonic signals in the Inferential Slug

ontroller (ISC) for slug flow control, which will also improve ISC func-

ionality; and (ii) this is the first known attempt to use Continuous Wave

oppler Ultrasound (CWDU) for slug flow control in an S-shaped riser.

his paper is organised as follows: Section 2 discusses the ultrasonic

ensor and algorithm utilised in this research, Section 3 covers the ex-

erimental setup, Section 4 shows the data obtained, and Section 5 sum-

arises this work. 

. Measurement Sensor and Algorithm 

.1. Continuous Wave Ultrasonic Doppler 

Doppler Effect (Doppler shift) is the frequency fluctuation of an

coustic wave that occurs when there is movement between the acous-

ic receiver and the source, and the frequency shift is proportional to

he acoustic source velocity ( Weinstein, 1982 ). Thus, computing the

requency shift between the acoustic receiver and the source yields

he velocity of the acoustic source. A fixed frequency acoustic beam

s constantly discharged from the transducer (ultrasonic) into the flow

n the ultrasonic Doppler method, and the sound wave is reflected by

oving the scatters [ ( Nnabuife et al., 2020 ). The dispersed acoustic

eam is received by another ultrasonic transducer, and the flow veloc-

ty is calculated using the frequency shift based on the Doppler Effect

 Nnabuife et al., 2019 ). 

The outline of the instrumentation process needed to detect shifts

n Doppler of the received ultrasound Figure 1 and described below:

ssuming the signal transmitted is 

 𝑡 ( 𝑡 ) = 𝜀 𝑡 cos 
(
𝑤 𝑠 𝑡 

)
(2.1) 

and the corresponding received signal from one of the scatters is 

 𝑡 ( 𝑡 ) = 𝜀 𝑟 cos ({ 𝑤 𝑠 + 𝑤 𝐷 } 𝑡 + 𝜃1 ) (2.2) 

where 𝑤 𝑠 = 2 𝜋𝑓 𝑠 , 𝑤 𝑅 = 2 𝜋𝑓 𝑅 and the phase based on the scatterer

istance from the phase shifts initiated within the receiver and the trans-

ucer is 𝜃 ( Cobbold, 1989 ). 
1 
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Figure 1. Principles of Ultrasonic sensor ( Nnabuife et al., 

2019 ) 
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Multiplying the two signals electronically will give 

 𝑡 ( 𝑡 ) 𝑥 𝑟 ( 𝑡 ) = 𝜀 𝑡 𝜀 𝑟 cos ( 𝑤 𝑠 𝑡 ) cos ([ 𝑤 𝑠 + 𝑤 𝐷 ] 𝑡 + 𝜃1 ) (2.3) 

 𝑡 ( 𝑡 ) 𝑥 𝑟 ( 𝑡 ) = 

𝜀 𝑡 𝜀 𝑟 

2 
{ cos ( 𝑤 𝐷 𝑡 + 𝜃1 ) + cos ( 

[
2 𝑤 𝑠 + 𝑤 𝐷 

]
𝑡 + 𝜃1 )} (2.4)

Hence, the resulting signal is finally low-pass filtered to get rid

f the 2 𝑓 𝑠 source frequency and leaving only the Doppler signal

 Cobbold, 1989 ). 

 𝐷 ( 𝑡 ) = 

𝜀 𝑡 𝜀 𝑟 

2 
cos ( 𝑤 𝐷 𝑡 + 𝜃1 ) (2.5)

However, because the received ultrasound signal has reflected ultra-

ound of larger amplitude than the signal backscattered from the moving

catterer, further signal processing may be required ( Kuang et al., 2021 ).

oppler shifts at a low frequency in this form of reflected ultrasound. As

 result, to eliminate this anomaly, band-pass filtering may be required

 Cobbold, 1989 ). 

The continuous wave ultrasound Doppler (CWUD) used for this study

s a non-invasive flowmeter made by United Automation ltd, which is

ocated in Southport, England. The CWUD is appropriate for measuring

ltrasonic reflecting fluid in any flow. It calculates frequency changes,

nalyses ultrasonic data, and estimates flow velocity. The CWUD esti-

ates the frequency shift of signals reflected by discontinuities or scat-

ers in the moving fluid, such as bubbles ( Nnabuife et al., 2019 ). To

inimize air cavities trapping between the sensor and the conduit sur-

ace, a glycerin gel was used to provide a sufficient bonding between

he exterior conduit surface and the sensor. The CWUD contains two in-

ependent crystal transducers integrated into a single probe that sends

nd receives ultrasonic signals at 500 kHz continuously ( Nnabuife et al.,

020 ). 

The CWUD utilized in this work contains two piezoelectric crystal

omponents integrated into a single transducer. The transducer is con-

inuously energized by the meter’s electronic circuit; one of the trans-

ucers produces an ultrasonic signal, while the other receiving trans-

ucer gives the output signals ( Cobbold, 1989 ). The flowmeter electron-

cs then collect and amplify the incoming output signals. The processed

utput signal is the Doppler frequency shift signal, which was collected

sing a data acquisition card (NI-PCI-6040E) and a LabVIEW applica-

ion that regulated the 10 kHz sampling frequency for every 0.1s for

ach dataset ( Kremkau, 1975 ). 

. Experimental Setup 

.1. The Two-phase Flow Test Loop 

The experiment was conducted on a 2-inch multiphase flow S-shape

iser at Cranfield University’s oil and gas facility. A schematic is shown

n Figure 2 . A clamp-on non-invasive Doppler ultrasonic transducer with
3 
 ± 10V excitation voltage and a frequency of 500 kHz was connected

o the topside of the S-shape riser. On the S-shaped riser, the ultrasonic

eam incidence angle was 58 degrees with regard to the flow direction

 Kuang et al., 2020 ). To facilitate the transfer of ultrasonic energy, a

oupling substance known as the gel was placed between the pipe wall

nd the Doppler transducer. The Doppler ultrasonic flow meter’s elec-

ronics (DFM-2, United Automation Ltd, Southport, UK) were modified

o capture the voltage signals of the Doppler frequency shift for future

tudy. The Doppler frequency shift voltage signals were acquired using

he LabVIEW data acquisition system at a sampling frequency of 10 kHz

nd then evaluated using spectral analysis. The air utilized was provided

y a bank of two parallel linked compressors. When both compressors

re operating simultaneously, a maximum airflow rate of 1410m 

3 /hr

AD at 7 barg is possible ( Nnabuife et al., 2019 ). To decrease compres-

or pressure fluctuation, the air from the two compressors is collected

n an 8m 

3 capacity receiver. Air from the receiver is routed through a

ank of three filters (coarse, medium, fine) and then via a cooler, where

ebris and condensates are removed before the air is sent to the flow

eters. A bank of two Rosemount mass probar flow meters with 12"

nd 1" diameters was used to measure the airflow rate. The water flow

ate was provided by a water tank with a capacity of 12.5m 

3 . Two mul-

istage Grundfos CR90-5 pumps provided water to the flow loop. At 10

arg, the water pump has a duty of 100m 

3 /hr. Frequency variable in-

erters are used to control the speed ( Nnabuife et al., 2019 ). DeltaV is

sed to control the water pumps remotely. A 1" Rosemount 8742 mag-

etic flow meter (up to 7.36 l/s) and a 3" Foxboro CFT50 Coriolis meter

up to 30kg/s) were used to measure the water flow rate. Air and water

ere gravity separated after the experiment in an 11.12m 

3 horizontal

hree-phase separator. The air is discharged into the atmosphere after

eparation and cleaning in the three-phase separator, while the water

rom the three-phase separator enters its 1.6m 

3 coalesces, where it is fur-

her cleaned before being returned to the storage tank ( Nnabuife et al.,

020 ). The internal diameter of the 2-inch flow loop test facility utilized

n this experiment is 54.8mm, the length is 40m, and the inclination is

°. A transparent pipe in the 2-inch flow loop test portion allows for flow

egime monitoring. At the topside facility, the continuous wave ultra-

onic Doppler measurement equipment was installed in the test section

 Nnabuife et al., 2021 ). 

. Results and discussions 

.1. Flow Regime Map 

Flow Regime maps are excellent tools for gaining an overview of

he flow regimes that may be expected for a given set of input data.

ach map, however, is not generic enough to be applicable to other

ata sets. It describes the geometrical distribution of a multiphase fluid

assing through a conduit. This distribution is described using several
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Figure 2. Schematic diagram of 2" S-shape riser 

Figure 3. Experimental flow regime map for 

the 2 ” S-shaped riser ( Taitel et al., 1990 ) 
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ow regimes, with the distinction between each usually qualitative and

ather arbitrary ( Wu et al., 2017 ). Figure 3 depicts the experimental

ow regime map for the 2 ” S-shaped riser. 

The flow regime map was examined to estimate the operating con-

itions under the severe slugging phenomenon. The selected operating

oints that fall into the slugging regime are gas flow rate of 10 Sm 

3 /h

nd liquid flow rate of 1 kg/s with superficial velocities of 0.6941 m/s

nd 0.4952 m/s respectively. 

.2. Bifurcation Map 

A sampling point of 1 kg/s water and 10 Sm 

3 /h of air, which falls

ithin the slugging flow region from Figure 3 , was considered for further

ow stability study. For controller design, an initial point of determining

he critical point is vital, following which a controller will be developed

o stabilize the system in the open-loop unstable zone. The bifurcation
4 
ap is produced by maintaining a constant flow rate and changing the

alve opening. At the pivotal valve opening, the pressure sensitivity con-

ributed by the valve to system stabilization may be calculated. Figure 4

epicts the bifurcation map for the flow condition selected from above.

Figure 4 presents the bifurcation map for the boundary condition of

he 2’’ S-shaped riser which the system stability was obtained at a valve

pening of 21%, which corresponds to a pressure of 3.8 bar. From the

esult of the bifurcation map, stabilizing the system at the open-loop

nstable region where u > 21 % will be aimed to obtain a desired stable

on-oscillatory flow regime. 

.3. Controller Design 

As a slug mitigation technique, an active control system operates at a

igher valve opening than manual choking. Following the establishment
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Figure 4. Bifurcation map of 1 kg/s of water and 10 Sm 

3 /h of air 

Figure 5. Gas perturbation for 1kg/s water 
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f the open loop system’s stability point, the next goal is to control the

ystem at a higher choke valve opening than in an open loop system. 

This would act as a baseline for determining the effects of the pro-

osed measurement on the system. The riser base pressure indicates

he pipeline system throughput, whereas the pressure gradient indicates

he system’s stability. Stability is estimated by 𝐷𝑃 ∕ 𝑑𝑄 > 0 whereas

𝑃 ∕ 𝑑𝑄 < 0 is an unstable flow. 

At a choke valve opening of 25%, the inferential slug controller (ISC)

as designed to suppress the system. Tandoh et al. ( Tandoh et al., 2016 ),

escribed a methodology for designing controller parameters. Accord-

ng to ( Tandoh et al., 2016 ), the minimum gain K of the ISC for any

referred pressure drop gradient at a specific choke valve opening could

e estimated using the mathematical expression below in the quest to

uppress slug flow at a higher choke valve opening. 

𝑑Δ𝑃 𝑣 
𝑑 𝑄 𝑔 

= 

2 𝑎 𝑄 𝑔 

𝑢 2 
+ 

2 𝑎 𝑄 

2 
𝑔 

𝑢 3 
𝐾 [ 𝑊 

𝑇 𝑑𝑌 

𝑑 𝑄 𝑔 

] 

here 𝑎 is a constant associated with valve coefficient, mixture density,

nd the given reference liquid flow rate; 𝑄 𝑔 is the gas flow rate, and 𝑢 is

he valve opening ranging from 0 to 1; 𝐾 = 𝑑 𝑢 ∕ 𝑑 𝑐 is the controller gain

o be designed, and 𝑊 

𝑇 𝑑 𝑌 ∕ 𝑑 𝑄 𝑔 is estimated from the weighted devia-
5 
ions in measurements resulting from the perturbation of 𝑄 𝑔 . Figure 5

epict the gas perturbation for 1kg/s of water. 

Since the Inferential Slug Controller (ISC) can use any available sig-

als from the riser system’s topside, approximated velocity measure-

ents using ultrasonic signals were used in this study. The measurement

ignal weights were used to estimate controller gains in a cascade setup

or the ISC. 

.4. Active Controller Data Analysis 

Following the establishment of the bifurcation point by controlled

hoking and the pressure gradient supplied by the valve, the next aim

s to regulate the system response at greater valve openings. This was

ccomplished by adjusting the active controller based on ultrasonic

ata obtained at the initiation of slug flow in the pipeline-riser system.

igure 6 depicts a graphical representation of the riserbase pressure re-

ponse with their equivalent valve opening utilising Doppler ultrasound

elocity measurement. 

Slug flow stability using velocity measured from CW Doppler was

ble to stabilize the flow from a valve opening of 22% open-loop un-

table to 26%. Hence, this shows good control performance, having in
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Figure 6. Riserbase pressure response with their equivalent valve opening using velocity measurement from CW Doppler ultrasound 
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ind that, using manual choking, the flow was stabilized at 21% valve

pening. 

. Conclusion 

An effort was made to control the riser slug flow using velocity mea-

ured by CW Doppler ultrasound. The results proved that velocity from

W Doppler was able to stabilise the flow from a valve opening of

2% open-loop unstable to 26%. Hence, this shows good control per-

ormance, having in mind that, using manual choking, the flow was

tabilised at 21% valve opening. 

The study led to the following findings: 

• A novel approach to slug flow control has been described. 

• When compared to manual choking, active feedback control im-

proves slug reduction by adjusting the pressure drop across the valve.

• Also, with the assistance of a robust slugging controller, the proposed

technique may yield more benefits. 

• The proposed method may be able to replace the use of a Gamma

densitometer, which is dangerous to human health. 
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