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Abstract

Severe slugging is a cyclic flow regime that causes pressure, flow and temperature oscillations which leads to an intermittent

delivery of liquid (oil and water) and gas to processing facilities during hydrocarbon extraction and transportation. These

oscillations can cause separator flooding, production reduction, platform trips and plant shutdown. This paper presents a novel

method for severe slug mitigation in a pipeline-riser systemwhich use an injectable venturi coupled to the pipeline-riser system

upstream of the topside test separator for severe slug mitigation. Injectable venturi is a venturi tube that has an opening at its

throat and a pipe inclined at 45° is inserted into this opening. Gas is injected through the pipe counter to the flow coming from

upstream of the injectable venturi to choke the working fluid passing through the throat of the injectable venturi. Flow regimes

maps, stability maps, severe slug envelopes and Hopf bifurcation maps were generated and used to demonstrate the

performance of the injectable venturi in mitigating severe slugging in a pipeline-riser system. A similar experiment was

conducted with the injectable venturi with no gas injection and the plain riser (without the injectable venturi coupled). The

results from the experiment show that with the injectable venturi coupled to the pipeline-riser system, severe slugging was

mitigated, the severity of severe slugging was reduced, the operating region of severe slugging (severe slug envelop) was

reduced and stability was achieved at a larger valve opening. Practically, these results imply that oil and gas production can

proceed more smoothly, thus, enhancing flow assurance. The injectable venturi with gas injection gave a better performance

than with no gas injection. Thus, the effectiveness of the injectable venturi is not due to the venturi itself, but due to gas

injection at the throat of the venturi.

Keywords: Injectable venturi; Severe slug mitigation; Bifurcation map, Severe slug envelop; Flow assurance; Stability

study

1. Introduction

The exploitation and uninterrupted transportation of hydrocarbon are of utmost importance to the oil and gas

industry. With the depletion of conventional oil reserves, oil and gas activities have shifted to deep offshore. Most

of these oil wells are only economically viable if they are tied back to the existing platform in order to reduce

capital expenditure (CAPEX). Thus, marginal fields once deemed uneconomical to explore, can now be

economically produced through a multiphase flow pipeline. The trend towards more satellite wells has led to

longer multiphase transport pipelines from the well clusters and wellhead platforms into the production platforms.

However, a few problems may arise during the transportation process. One of the major challenges is a

phenomenon called severe slugging.

Severe slugging is a cyclic flow regime that causes pressure, flow and temperature oscillations which leads to

intermittent delivery of liquid (oil and water) and gas to processing facilities during hydrocarbon extraction and

transportation. These oscillations can cause separator flooding, production reduction, platform trips and plant
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shutdown. The large and rapid variation in flow reduces the average flow output which could be as large as 50%.

This relative inefficiency results in substantial profit losses which may put a production company out of business

(Di Meglio et al., 2010). Therefore, there is a need to handle severe slugs in a more efficient way. Thus, it is

important to develop effective and efficient methods to eliminate or prevent such flow behaviour.

Severe slugging in an offshore field was first reported by Yocum (1973) where he identified the threat of severe

slugging to production facilities and the different approaches for severe slug elimination. Typical approaches

includes installing flow conditioners (Xing et al., 2013a, 2013b, 2013c; Almeida and Gonçalves, 1999, 2000;

Adedigba, et al.,, 2006; Adedigba, 2007) , intermittent absorber (Ehinmowo et al., 2016), multiple risers (Kaasa,

1990; Prickaerts et al., 2013), slug catchers (McGuinness and Cooke, 1993), using fixed or permanent choking

(Schmidt et al., 1979, 1980; Taitel, 1986; Taitel et al., 1990; Farghaly, 1987; Jansen et al., 1996) and using

different intrusive devices (Schrama and Fernandes, 2005; Brasjen et al., 2013). Xing et al. (2013a, 2013b) carried

out experimental studies and numerical study (Xing et al., 2013c) to investigate the effects of the wavy pipe on

the flow behaviour in a pipeline-riser system and to verify its effectiveness in severe slugging mitigation. Almeida

and Gonçalves, (1999, 2000) proposed and patented a Venturi device which prevented the formation of severe

slugging. Adedigba et al. (2006) and Adedigba (2007) used a helical pipe to converted stratified flow into bubble

flow, hence, mitigating severe slugging. Ehinmowo et al. (2016) proposed the use of an intermittent absorber for

severe slug attenuation at large valve opening. Kaasa (1990) used a sub-sea slug catcher with T-splitter to

distribute gas and liquid into two risers to prevent or mitigate severe slugging. Also, Prickaerts et al. (2013) used

two risers with the aid of a non-symmetric branch T-splitter for severe slug mitigation. McGuinness and Cooke

(1993) used slug catcher at the top of the well for severe slug mitigation. The idea was to prevent having

multiphase flow completely from the transportation line. However, these methods have their peculiar

disadvantages; slug catcher and flow conditioning require very expensive design changes. Pipeline choking is one

of the effective approaches to eliminate severe slugging in oil and gas production systems. Nevertheless, due to

the restriction caused by choking, oil production could be significantly reduced by fixed choking (Havre, Stornes

and Stray, 2000). Some automatic control strategies have been reported for severe slug mitigation (Havre et al.,

2000; Havre and Dalsmo, 2001; Siahaan et al., 2005; Di Meglio et al., 2012; Stasiak et al., 2012; Ogazi et al.,

2009, 2010; Henriot et al., 1999; Godhavn et al., 2005; Storkaas and Skogestad, 2004). However, it is difficult to

use a choke valve to eliminate severe slugging without reducing the production rate. Consequently, a robust and

efficient slug control solution is needed that will be robust enough to address this flow assurance challenge

adequately.

Gas injection or external gas lifting was first proposed by Yocum (1973), Schmidt et al. (1979, 1985) also

considered it in their work. Hill (1989,1990) reported from his study that gas lift helps in the attenuation of

slugging; enables more continuous production, and also helps to ensure smooth start-up of a pipe system that has

been shut down. However, its major drawback is the large amount of gas required to achieve stabilisation. In

addition, the additional cost to CAPEX due to compressor cost, and the lack of injection capabilities have caused

some operators to avoid this method. Nevertheless, the recent changes in the oil and gas sector have made gas

injection favourable. One of them is the “No flaring” environmental policy which enforces the availability of gas

compression facilities to all new development for export or re-injection of gas.

Schmidt et al. (1985) and McGuinness and Cooke (1993) stated that one of the necessary condition for severe

slugging to occur is that flow in the riser must be unstable. Consequently, if a technique can stabilise the flow in
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the riser, severe slugging can be eliminated. A novel mitigation technique for severe slugging in pipeline-riser

systems is presented in this paper. This study describes the use of an injectable venturi coupled to the S-shape

pipeline-riser system upstream of the topside test separator for severe slug mitigation. The availability of

compressors or gas for injection would not be a challenge due to the No flaring policy. Several experiments were

conducted on a 2″ pipeline-riser system with the plain riser and with the injectable venturi with and with no gas 

injection coupled. The injectable venturi with no gas injection (venturi) was used to compare the performance of

the injectable venturi in severe slug mitigation in order to be sure that the enhancement in the performance of the

injectable venturi over the venturi is entirely due to the gas injection and not the venturi. The stabilising and

attenuation performance of this concept on severe slugging is shown using, flow regime maps, stability maps and

severe slug envelopes.

This paper is structured as follows: Section 2 presents the design of the injectable venturi, Section 3 presents

the experimental facility and procedure. Section 4 presents the results and discusses the different observations

from the results, and Section 5 presents the conclusion of the study.

2. Design of injectable Venturi

Venturi here refers to a tube with convergent, throat, and divergent section that are generally used for

measurement and flow regulation purposes. The Venturi effect is the reduction in fluid pressure which occurs

when a fluid flows through a narrow constricted section of a pipe. The reduction in pressure results in an increase

in velocity which agrees with Bernoulli’s principle. It utilizes both the principle of continuity as well as the

principle of conservation of energy.

The gradual flowing area contraction (nozzle) followed by a gradual flowing area expansion (diffuser) of the

venturi helps in accelerating fluids and may account for the low loss of energy in a venturi. Generally, a venturi

produces less permanent pressure losses and high-pressure recovery due to the diffuser when compared to orifice

or nozzle. Thus, it saves energy.

An injectable venturi is a venturi tube that has an opening at its throat and a pipe inclined at 45° is inserted into

this opening. Thus, gas is injected counter to the flow coming from upstream of the injectable venturi to choke

the working fluid passing through the throat of the injectable venturi. Basically, it operates as a venturi and enjoys

the benefits associated with a venturi. However, gas is injected to further reduce the size of the throat in order to

further stabilise the flow. Fig. 1 shows a photograph of the tested injectable venturi installed in the pipeline.
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Fig. 1. Injectable venturi

This technique is applied to regulate the size of the throat of a normal venturi in order to be able to stabilise a

wider range of unstable flow regimes that may have required a new venturi design. Thus, injectable venturi is

more robust and offers more degrees of freedom than the conventional venturi. The idea of using the injectable

venturi in this study was initiated with the belief that the venturi principle could be enhanced and used to modify

the flow characteristics of severe slugging in order to stabilise the flow in the riser, thus, eliminate severe slugging.



5

3. Experimental facility and procedure

3.1 Experimental flow loops

The experiment was conducted at Cranfield University three-phase (air, oil and water) test facility shown in

Figure 2. This fully automated high-pressure test facility is designed to supply a controlled and measured range

of multiphase fluid (oil, water and air mixture). The experiments were conducted with two flow loops: the primary

loop (main test loop) and the secondary (gas injection loop).

Fig. 2. Schematic of the Three-Phase Test Facility: Overall Structure

3.1.1 Primary loop

The main test loop consists of three parts: a 40 m horizontal pipeline to ensure full development of multiphase

flow; an S-shaped riser with total height of 11.75 m and upper limb, lower limb and downcomer of 6.28 (45°) m,

4.69 (90°) m and 0.8 (45°) m in height respectively; and a 5.2 m horizontal topside section. This configuration
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was used throughout the experiments; however, an injectable venturi was incorporated upstream of a choke valve

when we needed to study the effects of injectable venturi on the system. The injected gas supply from the

secondary loop was cut off for venturi experiments. Thus, the hole in the venturi throat was sealed and the device

operated as a normal venturi. Fig. 3 shows a simplified pipeline-riser system with the injectable venturi installed.

The inner diameter of the choke is the same as for the pipeline (54.8 mm); thus, when the valve is fully opened,

the pressure drop over the choke can be ignored. All pipes of the 2" test section have an internal diameter of 54.8

mm and are made up of stainless steel, except the riser which is made up of transparent PVC pipe and the 0.4 m

high transparent Perspex segment located at the riser base for visual observations of flow in the riser.

Air and water were used as working fluids in this study; they are supplied and metered at the supply and

metering section. The test matrix for the experiments ranged from 5 m3/hr to 300 m3/hr (0.35 m/s – 39.03 m/s

superficial velocities) for air and 0.1 kg/s to 5 kg/s (0.05 m/s – 2.48 m/s superficial velocities) for water. Air is

supplied from a bank of two compressors connected in parallel. When both compressors are run in parallel, a

maximum air flow rate of 1410 m3/hr FAD at 7 barg can be supplied. The air from the two compressors is

accumulated in an 8 m3 capacity receiver to reduce the pressure fluctuation from the compressor. Air from the

receiver passes through a bank of three filters (coarse, medium and fine) and then through a cooler where debris

and condensates (present in the air) are stripped from the air before it goes into the flow meters.

Water is supplied from a 12.5 m3 capacity water tank, which is a multistage Grundfos CR90-5 pump with a

duty of 100 m3/hr at 10 barg. Speed control is achieved using frequency variable inverters. The pumps are operated

remotely using DeltaV.

Fig. 3. A simplified pipeline-riser system with injectable venturi installed
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3.1.2 Secondary loop

The gas injection flow loop consists of a stainless steel horizontal pipeline, a flexible tube, pressure regulator,

pressure control valve, flow transmitter, pressure gauge, two ball valves and two non- return valves. The horizontal

pipeline is 2 m long and the flexible tube has a total height of 13 m and they are both ½".

The loop uses the same air supply as the test loop, however, the air is regulated by the pressure regulator and

the required amount of gas injected into the system is controlled by the pressure control valve (PCV). The PCV

is controlled remotely by a LabVIEW program designed for this purpose and the gas was injected at 50 m3/hr.

The flexible pipe is connected to the throat of the venturi at 45° such that it opposes the flow coming from upstream

the injectable venturi to the throat.

3.2 Instrumentation and data processing

The test facility is powered and fully controlled by the DeltaV® plant management system, which is a Fieldbus

based Supervisory, Control and Data Acquisition (SCADA) system supplied by Emerson Process Management to

ensure that the system is monitored, the desired operating conditions are achieved and the required data are

recorded.

The flow rates of the air and water are regulated by their respective control valves. The air is metered by a bank

of two Rosemount Mass Probar flow meters of ½" and 1" diameter respectively. The smaller air flow meter

measures the lower air flow rate (up to 150 Sm3/h) while the larger one meters the higher air flow rate up to 4250

Sm3/h (subject to compressor capacity). The water flow rate is metered by a 1" Rosemount 8742 Magnetic flow

meter (up to 7.36 l/s) and a 3" Foxboro CFT50 Coriolis meter (up to 30 kg/s).

The air from the two-phase topside separator is metered by a 1" Rosemount Vortex flow meter while the

water/oil mixture is metered by a 2" Micro Motion Mass flow meter. A by-pass line with a manual valve is

installed across the 2" flow meter to facilitate experiments which require large liquid flow rates. The pressure at

the test section was measured by GE Druck PMP 1400 pressure transducers of range 0–6 barg and uncertainty

±0.25% of full scale. The temperature at the gas metering section was measured by thermocouples of range 0–

100 °C and uncertainty ±1% of full scale.

All signals were acquired in the DeltaV Historian database and a high-speed multifunction National Instrument

modules NI 9215 at a frequency of 1 Hz and 100 Hz respectively, which was sufficient for this study. These

modules are housed by the National Instrument chassis NI cDAQ-9172 which transmitted the converted digital

signals to the LabVIEW program. The sampling time of the signals was 600 seconds. A LabVIEW-based data

acquisition and analysis program was used for data acquisition and processing. The DeltaV SCADA system is

used to remotely operate the rig and perform the experimental procedure including pressurising and depressurising

the system, control, shut down and data acquisition.
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3.3 Differential pressure normalisation

Pressure analysis was used for identifying flow patterns and defining the different stages of severe slugging

cycle. Thus, the differential pressure of the entire riser length (riser base to top side) was used to analyze the

various flow patterns present in the test matrix. This differential pressure was normalized to make the differential

pressure signal results comparable.

Firstly, the static differential pressure of the entire riser length of the empty riser was measured and recorded.

Secondly, the riser was filled with water and the static differential pressure recorded. Finally, the riser was emptied

and the static differential pressure of the empty riser was recorded again. The average of the two empty static

differential pressure (����,���) was calculated and subtracted from the static differential pressure value of when
the riser was filled with (������) water to give the reference differential pressure (∆��,�) as:

∆��,� = ������ − ����,��� (1)

The reference differential pressure corresponds to the static fluid differential pressure of the riser. The

differential pressure for each test point (∆�) within the test matrix was recorded at a sampling rate of 100 samples
per seconds for a duration of 600 seconds. The dimensionless normalized differential pressure ∆�∗ was determined
as:

∆�∗ = 1− ∆�∆��,� (2)

According to Matsui (1984; 1986) for flows with negligible acceleration and friction pressure losses, ∆�∗
would be indicative of the phase in the measurement section. Thus, the value of this dimensionless normalised

parameter would be close to either 0 or 1 if the measurement volume between the two pressure taps were occupied

by the liquid phase or gas phase, respectively (Shaban and Tavoularis, 2014). The normalised differential

pressures were used to generate probability density function (PDF) and power spectral density (PSD) graphs

which were used to identify the various flow regimes objectively.

3.4 Calculation of PDF and PSD of normalized differential pressure

PDF is used to specify the probability of a random variable falling within a particular range of values and is

defined as:

�(� ≤ � ≤ �) = � �(�)���
� (3)

where �(� ≤ � ≤ �) is the probability that the variable � lies between � and �, and � is the normalised differential
pressure across the entire riser length (∆�∗).
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The PDF was computed in MATLAB program by separating the values of ∆�∗ into 500 bins, each having a
width of 0.002, which corresponded to a vector of 500 representative features.

The PSD is a frequency domain characteristic of a time series that is suitable for detecting the frequency

components hidden in a stochastic process (Matsumoto and Suzuki, 1984). It can be used to reveal the

distinctiveness in the signal of flow regimes present in a multiphase flow (Abbagoni and Yeung, 2016). Fast

Fourier transform is used to create the PSD spectrum, which assumes that the process signal (normalised

differential pressure) is stationary and ergodic. The PSD function ��(�), of a discrete signal �(�) is defined as
the Fourier transform of the autocorrelation sequence ��(�) of the signal (Xie et al., 2004):

��(�) = � ��(�)������/��∝
���∝

(4)

where �� is the sampling frequency.
For an unlimited amount of data and real-valued continuous data, the autocorrelation sequence can be

approximated by a time-average given as (Xie et al., 2004):

��(�) = lim�→� 1

2� + 1
� �(� + �)�(�)�
����

(5)

The signal was recorded for a finite time interval during the experiment, this may present some distortions to

the spectrum. Consequently, a modified form of the PSD, called the Welch method, is adopted. Welch (1967)

subdivided the signal sample into small length N-point overlapping segments, applied a window function to each

data segment, calculated the periodogram of each of the segments and then averaged the periodograms in order to

obtain the estimated power spectrum. Thus, the PSD of the ∆�∗ was computed in MATLAB program using
Welch’s average periodogram method.

The PSD was estimated using a segment length which was computed as the next power of two greater than the

number of samples and a Hanning window at 50 % overlap was applied in order to reduce the variance of the

estimates.

4. Results

4.1 Flow pattern characterisation in S-shape pipeline-riser system

The flow pattern in a pipeline-riser system have been classified by several researchers (Montgomery and

Yeung, 2002; Li et al., 2017; Tin, 1991; Schmidt et al., 1979, 1980; Park and Nydal, 2014; Matsui, 1984;

Malekzadeh et al., 2012; Li et al., 2013; Ye and Guo, 2013; Taitel et al., 1990). The flow patterns were classified
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into ten categories viz.: severe slug type I (SS-I), severe slug type II (SS-II), severe slug type III (SS-III),

transitional severe slug type I (SST-I), transitional severe slug type II (SST-II), oscillation flow (OSC), bubble

flow, slug flow, churn flow and annular flow. They were additionally broadly categorized as severe slugging,

transitional severe slugging and stable flow.

4.1.1 Severe slugging (SS)

Severe slugging typically exhibits cyclic behaviour and has been previously identified by several researchers

(Tin, 1991; Li et al., 2013; Schmidt et al., 1985; Baliño et al., 2010; Malekzadeh, 2012; Montgomery, 2002).

Generally, it is encountered at relatively low gas and liquid superficial velocity and can be described in four stages;

the slug formation, slug production, bubble penetration, and gas blowdown and liquid fall-back. In this study,

three types of severe slugging were identified in this study: SS-I, SS-II and SS-III.

Severe slug type I (SS-I): This has been identified previously by various researchers as classical severe or severe

slugging (Ehinmowo et al., 2016; Tin, 1991; Baliño et al., 2010; Xing et al., 2013a; Schmidt et al., 1985). It

exhibits the four-stage cyclic behaviour of severe slugging; the slug formation, slug production, bubble

penetration, and gas blowdown and liquid fall-back as shown in Fig.4a. The PDF (Fig.4b) has a two-peak

distribution where one peak occurs in the period of slug generation and the other peak in the period of slug

production. The pressure impact when gas blowout occurs is manifested as the long tail of the distribution. The

PSD (Fig.4c) exhibits two clear peaks, the lower frequency peak is more dominant and has a larger PSD amplitude.

Severe slug type II (SS-II): This occurs when the gas velocity increases such that bubble penetration occurs just

when the slug front arrives at the top of the riser. The penetration of gas tends to accelerate the liquid slug into the

separator and causes gas blowout. SS-II typically exhibits three stages in each individual cycle as can be seen in

Fig.4d. Thus, there is no stable slug production stage as in SS-I since the process of slug formation is followed

immediately by bubble penetration. The PDF (Fig.4e) has three-peak distribution with the smallest at lower

pressure. The PSD (Fig.4f) has multiple peaks and a major peak with a large PSD amplitude that has a higher and

strong dominant frequency than SS-I.

Severe slug type III (SS-III): This manifested at higher flow rates when compared with SS-I. There is continuous

gas penetration at the riser base during the slug production stage as can be seen in Fig.4g. This is as a result of the

higher friction of the fast-moving liquid carrying gas into the separator. The PDF (Fig.4h) shows one major peak

and two other peaks at pressures lower and higher than that of the highest peak. This corresponds to the pressure

differences before and after the gas penetration. The PSD (Fig.4i) has a major peak with a strong dominant

frequency and two other smaller peaks in the frequency domain. The PSD amplitude of the major peak is larger

than that of SS-I and SS-II.



11

Fig. 4. Differential pressure over the riser (time series), PDF and PSD of the differential pressure over the

riser during different types of severe slugging flow (a,b,c) ��� = 0.05 m/s, ��� = 0.44m/s (SS-I); (d,e,f) ��� = 0.25
m/s, ��� = 2.0 m/s (SS-II); (g,h,i) ��� = 0.74m/s, ��� = 0.81 m/s (SS-III).
4.1.2 Transitional severe slugging (SST)

This is a transitional flow regime between severe slugging and stable flow. The major difference between

transitional severe and severe slugging is that the dominant pressure difference over the riser is smaller for SST,

thus, the slug length is less than one riser length. Three types of transitional severe slugging were identified in this

study: SST-I, SST-II and OSC.

Transitional severe slug type I (SST-I): This tends to occur at higher gas and lower liquid flow rates. The

pressure difference over the riser (Fig.5a) shows multiple gas penetration between two proportionately larger

differential pressure leaps. The characteristics of SST-I are quite similar to those of SS-III, but with frequent gas

penetration at the riser base and smaller pressure fluctuations. The PDF (Fig.5b) has a two-peak distribution, the

higher peak occurs at higher pressure whereas the lower peak occurs at a lower pressure. The PSD (Fig.5c) has

multiple peaks and a major peak with strong dominant frequency and PSD amplitudes smaller than those of SS-I,

SS-II and SS-III.

Transitional severe slug type II (SST-II): This is observed at higher liquid and lower gas flow rates. The pressure

difference over the riser (Fig.5d) shows more frequent gas penetration at the riser base and multiple smaller and

larger differential pressure leaps. The PDF (Fig.5e) shows a Gaussian-like distribution that is spread out almost

evenly. The PSD (Fig.5f) has multiple components that spread throughout the frequency domain and the highest

peak occurs at a lower frequency than that of SST-I.

Oscillation flow (OSC): This transitional severe slug exists at higher gas flow rates than SST-II. The pressure

difference over the riser (Fig.5g) shows frequent cyclic pressure fluctuations without the spontaneous vigorous

blowdown. The PDF (Fig.5h) shows a flatten peak and the distribution spread out over higher pressures. The PSD
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(Fig.5i) has multiple high and low peaks spread throughout the frequency domain with the dominant frequency

peak occurring at a higher frequency when compared to SST-II.

Fig. 5. Differential pressure over the riser (time series), PDF and PSD of the differential pressure over the riser

during different types of transitional severe slugging flow (a,b,c) ��� = 0.51 m/s, ��� = 5.21 m/s (SST-I); (d,e,f)��� = 0.99 m/s, ��� = 4.71m/s (SST-II); (g,h,i) ��� = 1.73 m/s, ��� = 8.08 m/s (OSC).

4.1.3 Stable flow (STB)

Stable flow was generally observed at relatively high gas flow and liquid flow rates, and it has the lowest

pressure amplitudes. Its pressure trend over the riser profile remains roughly constant with smaller fluctuation,

and the gas and liquid flow continuously into the riser without complete blockage of the pipeline. Four types of

stable flow were identified in this study: bubble, slug, churn, and annular.

Bubble flow: This is manifest when the gas and liquid continuously flow through the riser with very small

deviations as shown in Fig.6a. It appears as a continuum of liquid with dispersed gas bubbles. The PDF (Fig.6b)

shows a single peak with the highest normalised differential pressure when compared to other flow regimes in the

stable category. The PSD (Fig.6c) has multiple peaks, and two peaks with dominant frequencies. The highest peak

occurs at a lower frequency when compared to the other with dominant frequency and has PSD amplitude higher

than the rest in the frequency distribution.

Slug flow: This fluctuates more frequently and has a smaller amplitude than SST-I, SST-II and OSC as can be

seen in Fig.6d. This is evident with the intermittent nature of the liquid slug, and it exhibits the largest pressure

fluctuation amongst all the stable flow regimes. The PDF (Fig.6e) shows a Gaussian-like distribution that is spread

out almost evenly at higher normalised differential pressure, it has the second highest normalised differential

pressure when compared to other flow regimes in the stable category. The PSD (Fig.6f) has multiple components
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spread throughout the frequency domain. It has two peaks with dominant frequencies, the major peak has a higher

and stronger dominant frequency. This major peak occurs at a frequency higher than that of bubble flow.

Churn flow: This flow regime appears at a high gas flow rate and low liquid flow rate. It exhibits smaller

amplitudes and fluctuates more frequently than the slug flow as shown in Fig.6g. The PDF (Fig.6h) also exhibits

a Gaussian-like distribution that is spread out almost evenly, however, it occurs at a lower normalised differential

when compared to slug flow. The PSD (Fig.6i) has multiple high and low peaks spread throughout the frequency

domain. It has multiple peaks with dominant frequencies.

Annular flow: This is manifest at higher gas flow rate and low liquid flow rates. Annular flow fluctuates at very

high frequency and exhibits very small amplitudes as shown in Fig.6j. The PDF (Fig.6k) shows a single peak that

occurs at the lowest normalised differential pressure when compared to other flow regimes in the stable category.

The PSD (Fig.6l) has two major peaks with dominant frequency and other smaller multiple components in the

frequency domain. The largest peak occurs at a lower frequency and exhibits the strongest dominant frequency.

Fig. 6. Differential pressure over the riser (time series), PDF and PSD of the differential pressure over the riser

during different types of stable flow (a,b,c) ��� = 1.73 m/s, ��� = 0.36 m/s (Bubble flow); (d,e,f) ��� = 2.55m/s,��� = 2.44 m/s (Slug flow); (g,h,i) ��� = 0.25 m/s, ��� = 13.84 m/s (Churn flow); (j,k,l) ��� = 0.05 m/s, ��� =
18.88 m/s (Annular flow).

4.2 Flow pattern map

The experimental data was used to generate flow pattern maps in order to obtain an overview of the different

flow pattern within the test matrix. The flow pattern map for the pipeline-riser without the injectable venturi is
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shown in Fig.7. The figure shows ten flow patterns which are present in the test matrix. These were further

broadly classified as severe slugging, transitional severe slugging and stable flow.

The test points within the test matrix were converted to their respective superficial liquid and gas velocities

and were used as coordinates to indicate the distribution of each flow pattern. The flow pattern regions obtained

in this study are consistent with Tin's (1991) steep S-shape riser flow pattern map as shown in Fig.7. However,

the range for each region is different due to the difference in test loops. In his study, Tin (1991) categorised his

flow pattern map as severe slugging 1, severe slugging 1b, transition, oscillation and stable flow.

Fig. 7. Flow pattern map for the plain riser compared with steep S-shape riser flow regime map by Tin (1991)

4.3 Effects of injectable venturi on flow in the pipeline-riser system

The effects of the injectable venturi on the flow behaviour in pipeline-riser systems were studied. Similar

techniques used in developing the flow regime map for the pipeline-riser without the injectable venturi were

applied to develop the flow pattern map for the pipeline-riser with the venturi and the injectable venturi applied.

Fig.8, Fig.9 and Fig.10 show the flow pattern maps for the plain riser, and with the venturi, and the injectable

venturi applied respectively.
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Fig. 8. Flow pattern map for the plain riser

Fig. 9. Flow pattern map for the riser with injectable venturi with no gas injection applied
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Fig. 10. Flow pattern map for the riser with injectable venturi with gas injection applied

Comparing Fig.8, Fig.9 and Fig.10 it can be seen that previously severe slugging and transitional severe

slugging test points have been converted to stable ones. In addition, the severity of severe slugging and transitional

severe slugging have been reduced as some test points have been converted from SS-I to SS-II, SS-II to SS-III,

SST-I to SST-II and SST-II to OSC. Furthermore, some stable flow regimes have been converted to more stable

ones (e.g. slug to bubble and churn to annular). Venturi produces less permanent pressure losses and high-pressure

recovery, hence, it saves energy. The gradual flowing area expansion (diverging section) of the venturi helps in

accelerating the two-phase flow in the pipeline-riser. Thus, breaking down severe slugging, reducing its severity

and in some instances converting them to stable flow. On the other hand, some stable flows were converted to

more stable ones. These explains why the performance of the injectable venturi with no gas injection is better than

that of the plain riser. However, the injectable venturi with gas injection map (Fig. 10) gave a better performance

in terms of improving the stability in the pipeline-riser since it enhances the performance of the venturi (injectable

venturi with no gas injection). Thus, the application of the injectable venturi with and with no gas injection reduced

the severity of severe slugging in some test points. It also eliminated severe slugging in some test points, as we

can see that some of these test points were converted to stable flow. However, the injectable venturi with gas

injection had the best performance when compared to the injectable venturi with no gas injection. This implies

that severe slugging can be eliminated and the severity of severe slugging can be reduced by applying injectable

venturi to pipeline-riser systems. This practically translates to an improvement to the stability of the system, thus,

enhancement of flow assurance.

4.4 Severe slug envelopes

Stability map was generated to further demonstrate the severe slug attenuation benefits of the injectable venturi

coupled to the pipeline-riser system. This map was generated by grouping severe slugging and transitional severe
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slugging from the flow pattern maps and re-categorising them as severe slugging. The stable flow remains as it

was previously defined in Sections 4.1 and 4.1.3. Thus, the stability map is divided into two regions: unstable

(severe slugging) and stable (stable flow). Fig.11 shows the combined stability map for the plain riser, the

injectable venturi with and no injection. The envelopes were created by tracing the stability boundaries (outer

severe slugging data points) for each case. These envelopes were used as a yardstick to measure, demonstrate and

compare the severe slug elimination performance of the pipeline-riser with the injectable venturi applied.

It can be seen that the severe slug envelope of the injectable venturi with gas injection is the smallest followed

by that of the injectable venturi with no gas injection when compared to that the plain riser. Thus, the coupling of

the injectable venturi with no gas injection to the pipeline-riser system has led to a reduction of the severe slugging

operating region within the test matrix. However, the coupling of the injectable venturi with gas has led to a further

reduction of the severe slugging operating region within the test matrix. In addition, more severe slugging test

points were eliminated and converted to stable ones. These test points would have required choking the topside

choke valve to be converted to stable flow. This would require a reduction in choke valve opening. However, with

the injectable venturi applied the choke valve will be fully (100%) open at those test points. This practically

implies that oil and gas production may be increased. Additionally, it implies an improvement to the stability of

the system, thus, enhancement of flow assurance.

Fig. 11. Severe slug envelops for the pipeline-riser with and without the injectable venturi
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4.5 Stability study

Having established the effects of injectable venturi with gas injection on flow in a pipeline riser system, there

was a need to ascertain if its severe slug mitigation capability is due to the venturi itself or due to injection. In

other words, whether the gas injection enhances severe slug mitigation capability or not. Thus, stability studies

were carried out for the plain riser, injectable venturi with no injection and with injection.

Hopf bifurcation and the traditional choking techniques were combined and used for the study. The study was

conducted on a severe slugging condition of ��� = 0.25 m/s and ��� = 3.1 m/s for water and air respectively. Fig.
12(a) shows the riser base pressure bifurcation map for the plain riser. It was observed that as the pipeline-riser

system is choked by reducing the valve opening the back pressure increases, the severity of slugging was reduced

and the flow condition changed from severe slugging to stable flow. Bifurcation (critical valve opening) occurred

at 21 % valve opening and average riser base pressure value of 2.7 barg. A similar procedure was used to develop

the riser base pressure bifurcation map for the severe slugging condition investigated for the injectable venturi

with no injection as shown in Fig. 12(b). Bifurcation occurred at a larger valve opening of 23% and a lower

average riser base pressure value of 2.5 barg. The low loss of energy is due to the gradual change in geometry of

the injectable venturi. This may account for its ability to achieve stability at a lower riser base pressure.

Fig. 12. Riser base bifurcation map at ��� = 0.25 m/s and ��� = 3.1 m/s for (a) plain riser (b) injectable
venturi with no injection (c) injectable venturi with injection
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Fig. 12(c) shows the riser base pressure bifurcation map for the injectable venturi with gas injection. Similarly,

bifurcation occurred at a larger valve opening and a lower average riser base pressure as with the no injection

case. However, it occurred at a valve opening of 27 % and average riser base pressure value of 2.3 barg which are

higher and lower than that of no injection case respectively. Thus, comparing Fig. 12(a) and Fig. 12(b), there was

a 17.4 % increase in valve opening and an 8 % reduction in the riser base pressure. This proves that the

performance of the injectable venturi is not due to the venturi itself but due to the gas injected into the venturi.

Similarly, comparing Fig. 12(b) and Fig. 12(c), there was a 29 % increase in valve opening and a 15 % reduction

in the riser base pressure. This reduction in the riser base pressure achieved by coupling the injectable venturi to

the pipeline-riser system leads to an increase in production. Reservoirs are often considered to have reached the

end of their useful life sometime before they are actually exhausted due to low pressures which give rise to severe

slugging. This result suggests that the operational life of a reservoir might be extended by adopting this technique.

Hence, oil recovery in brown fields would be enhanced. Also, the result shows that injecting gas at the throat of

the venturi improves the performance of the conventional venturi. Practically, these imply an improvement to the

stability of the system and increase in oil and gas production.

4.6 Discussion

Flow conditioners are simple, and they mostly do not cause problems for pigging operations. However, the

major drawback for this method is the very expensive installation cost and maintenance due to subsea deployment.

An intermittent absorber is cheap and simple to install since it does not require subsea deployment. However,

designing and seizing an appropriate intermittent absorber that will achieve optimum slug attenuation or

elimination is difficult. In addition, it will be difficult for an intermittent absorber to accommodate large slugs or

variations in flow. The multiple risers method is viable since it does not impose back pressure on the system. The

main idea here is to avoid having multiphase flow completely in the pipeline riser in order to avoid severe slugging.

However, it is not economical as it will significantly increase CAPEX and OPEX (Operational Expenditure) due

to design changes, subsea deployment, the requirement of multiple single-phase pipelines and increase in the

frequency of pigging operations.

Slug catchers (deployed at the top of the well or just before the processing system) are very good at mitigating

severe slug. However, due to space and weight limitations at platforms, it is very expensive to implement. In

addition, it is not able to deal with all slug sizes due to its limited buffer volume. Furthermore, determination of

the actual slug catcher size that will accommodate all slugs and optimise the process is also complicated and a

serious challenge. Permanent choking is one of the effective approaches to eliminate severe slugging in oil and

gas production systems. However, due to the non-linearity of multiphase flow, fixed choking will be ineffective

during sudden changes or variations in fluid velocities, which could either make the system stable or unstable. In

addition, it does not provide an optimal solution in terms of production optimisation even if the valve is choked

to the optimal point (open-loop bifurcation point).

It has been demonstrated experimentally that the injectable venturi is a viable and effective method for severe

slugging mitigation. It is a cheaper option when compared to other methods that require expensive installation
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and maintenance which will significantly increase CAPEX and OPEX. In addition, its installation at the topside

is an additional advantage when compared with other methods that require subsea installation. Furthermore, it has

been demonstrated that the injectable venturi with gas injection has the potential of increasing production and

enhancing recovery. However, the effects of controllers on the performance of the injectable venturi need to be

investigated.

5. Conclusions

The performance of the injectable venturi on severe slugging mitigation has been presented. It was studied and

compared with that of the plain pipeline-riser in terms of flow regime maps, severe slug envelopes and Hopf

bifurcation maps. The flow regimes in the pipeline-riser system have been objectively categorised into ten flow

regimes. The working principle of the injectable venturi has been presented. Experimental evidence from the study

shows that:

 The pipeline-riser system can be stabilised with the application of an injectable venturi

 The effectiveness of the injectable venturi is not due to the venturi itself, but due to gas injection at the

throat of the venturi

 An injectable venturi is effective in mitigating severe slugging

 The severity of severe slugging was reduced in some test points, thus, an injectable venturi can be used

to reduce the severity of slugging in a pipeline-riser system

 Severe slugging was completely eliminated in some test point within the test matrix, thus, injectable

venturi can be used to eliminate severe slugging in a pipeline-riser system

 Severe slug operating region can be reduced by applying an injectable venturi to the pipeline-riser system

 An injectable venturi coupled to a pipeline-riser can stabilise flow at a larger valve opening and a lower

pressure when compared to the plain pipeline-riser. This practically implies an increase in oil and gas

production.

This is an economical severe slug mitigation method, its installation at the topside is an additional advantage

when compared with other methods that require subsea deployment. The increase in brown fields due to

diminishing reserves of oil from reservoirs have made oil recovery very vital. Reservoirs are often considered to

have reached the end of their useful life sometime before they are actually exhausted due to low pressures. Thus,

this technique potentially will help to extend the operational life of a reservoir, thus enhancing oil recovery and

flow assurance.

The potential impact of the findings of this study would go a long way in helping the oil and gas industries in

areas such as: production management, well testing, reservoir management and custody transfer. Further work is

needed to ascertain if its performance could be improved with the application of controllers.
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