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Among the intrinsic parameters identified in intermittent gas-liquid flows; slug frequency is known as the most complicated one to model. The present work concerns the investigation of slug frequency for various sub-regimes which might be found in intermittent flow. Experiments, near atmospheric pressure conditions, were carried out in a 13-meter long horizontal pipe with a 30 mm inside diameter. The study involved plug regime, less aerated slug and highly aerated slug flows. Comparison between different methods of slug frequency quantification, from pressure drop signal, was performed with counting, Wilkens & Thomas as well as the Power Spectral Density (PSD) methods. PSD was found to be the best method for slug frequency measurements. A new flow map, using dimensionless numbers as coordinates for the subregimes distinction, was established. After performing substantial comparisons between the present results and models available in the literature a new correlation is proposed including the sub-regime types.

Nomenclature

1 Introduction

Gas-liquid two-phase flows are encountered in various industrial applications including, without being exhaustive, crude-oil and gas production, crudes transportation, nuclear power plants, steam production and transport in power stations. The resulting flow regime would depend on the phasic flow rates, fluid properties, diameter and inclination of the pipe.

Among of the flow regimes which could be found in horizontal or near-horizontal pipes, intermittent flow is the most complex one to predict with annular flow. Indeed, this flow is characterized by an intermittency, in space and time, of both phases. For instance, a gas pocket flowing in a liquid layer succeeds a liquid slug which reaches the upper wall of the pipe (or blocks the whole section area). The intermittent flow, with constant phasic gas and liquid flow rates, could lead to large fluctuations of flow parameters such as local pressure, void fraction, mass flow rates of both phases and the velocity fields, in axial or radial directions (Kong et (2017)). These fluctuations may involve an amplification of the erosion-corrosion phenomenon (Villareal et al., 2006), the accelerating aging of pipes leading to an increase in equipement maintenance cost [START_REF] Deendarlianto | CFD studies on the gas-liquid plug two-phase flow in a horizontal pipe[END_REF]), the destruction of industrial devices [START_REF] Bagci | An investigation of two-phase slug flow in inclined pipelines[END_REF], [START_REF] Ahmed | Flow accelerated corrosion in nuclear power plants[END_REF], [START_REF] Wood | Corrosion Related Accidents in Petroleum Refineries[END_REF]) in addition to the generation of significant pressure losses, compared to other flow regimes.

Previous studies [START_REF] Mandhane | A flow pattern map for gas-liquid flow in horizontal pipes[END_REF], Vaze andBanerjee (2011, 2012), Kong and Kim (2017)) have divided the intermittent flow into two distinct regimes: plug and slug flows. The difference between the latters lies in the level of turbulence inside the slug body which is more important in slug flow compared to plug flow [START_REF] Kesana | Visualization of gas-liquid multiphase pseudo-slug flow using Wire-Mesh Sensor[END_REF]). For plug flow, the low level of turbulence results in the absence of gas bubbles into the liquid slug [START_REF] Barnea | Flow pattern transition for gas-liquid flow in horizontal and inclined pipes. Comparison of experimental data with theory[END_REF]). Regardless to the similarities between the two regimes, it is necessary to precise that their dynamic characteristics, such as pressure drop, local void fraction, gas-bubble shape, length and shape of the liquid slug, as well as local flow velocity are different. These discrepancies are due to the presence, in the slug regime, of gas bubbles and the resulting hydrodynamics phenomena inside liquid slugs (bubble breakup, collapse, agglomeration, coalescence and collision) (Thaker and Banerjee (2016a))

Several authors have denoted that the slug flow can also be subdivided into several sub-regimes. Lin and Hanratty (1987b), in their investigation of the pseudo-slug regime, showed that this sub-regime of the slug flow is characterized by the presence of large waves, touching briefly the top of the pipe wall without blocking the entire pipe section area. A flow map, summarizing their work, was proposed for a 25.4 mm and 95.3 mm ID pipe. [START_REF] Hanratty | Physics of gas-liquid flows[END_REF] described, in these maps, the lower boundary of the pseudo-slug region as the locations where large amplitudes waves were initiated. These waves could coalesce and touch the top of the pipe to form a possible slug. The higher boundary of this region was defined by the stability of a slug.

Using the cross-correlation between two absolute pressure signals provided by two taps, Lin and Hanratty (1987a) suggested to distinguish between the pseudo-slug and slug flow. The pseudo-slugs should not be confused with the roll-waves. The roll waves, according to [START_REF] Hanratty | Physics of gas-liquid flows[END_REF], are large-wavelength disturbances with steep fronts gradually sloping back.

In order to observe and compare pseudo-slug flow and churn flow regimes, [START_REF] Parsi | Do huge waves exist in horizontal gas-liquid pipe flow?[END_REF] used a spacial-temporal data obtained with a Wire-Mesh Senor (WMS) on a 67.2 mm ID pipe in both horizontal and vertical configurations. They found that the pseudo-slugs is a continuous gas core surrounded by a large interfacial wave, or a core including a gas-liquid mixture. The same characteristic feature was observed on the huge wave encountred in the churn flow. Using the same experimental setup, [START_REF] Kesana | Visualization of gas-liquid multiphase pseudo-slug flow using Wire-Mesh Sensor[END_REF] observed the simultaneous flow of liquid slugs, pseudo-slugs and high amplitude waves at low superficial gas velocity. Rahmandika et al. (2018), using a high speed camera for studying the transition stratified/slug flow on a 26 mm ID pipe, observed for intermediate gas flow rates, the roll waves were developed continuously, coalesce to formroll-waves with higher amplitudes. Once these rollwaves touched the top of the pipe, the pseudo-slugs were formed. [START_REF] Hudaya | The liquid wave characteristics during the transportation of air-water stratified co-current two-phase flow in a horizontal pipe[END_REF] carried out an experimental investigation on different structures, including pseudo-slug flow and roll waves, that exist in transition regions between stratified and slug flows. They quantified the frequency, the velocity, the wave amplitude and the wave length of theses structures and proposed correlations to estimate theses parameters. [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF] carried out series of experiments on the effect of tube inclination on elongated bubble motion with respect to tube diameter, liquid Reynolds and Froude numbers of the mixture FrM defined as = ⁄

( , g and D being respectively the mixture velocity, gravity and pipe diameter). The author pointed out, by studying the effect of FrM on the translational velocity of a slug unity (slug body with gaz's pocket), a physical discontinuity occured at ~ 3.5 in a 24.2 mm ID pipe. This may be explained by the existence of a transition between two slug flow sub-regimes. Thereafter, [START_REF] Bertola | Slug velocity profiles in horizontal gas-liquid flow[END_REF] and [START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF] observed the same discontinuity phenomenon. [START_REF] Paglianti | Characterization of subregimes in two-phase slug flow[END_REF] examined void fraction, translational velocity as well as slug length evolution by time signals analysis obtained from capacitance probe and gamma densitometer, in case of a pipe of 31.7 mm ID pipe with air and oil as working fluids. A physical discontinuity for a Froude number of the mixture FrM close to 6-7,5 was recorded indicating a transition from elongated bubbles to slug flow. The difference between the critical Froude number values found by [START_REF] Paglianti | Characterization of subregimes in two-phase slug flow[END_REF] and those obtained by [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF], [START_REF] Bertola | Slug velocity profiles in horizontal gas-liquid flow[END_REF] and [START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF] can be explained by the nature of the fluids used. Indeed, the latters used water as a liquid.

An extensive theoretical investigation combined with liquid holdup measurements at various points in a horizontal 76.3 mm ID pipe were carried out by [START_REF] Woods | Influence of Froude number on physical processes determining frequency of slugging in horizontal gas-liquid flows[END_REF]. The authors proposed a map to classify sub-regime of slug flow taking into account the distance from the inlet, where the slugs form, and the inlet Froude number Fri = ⁄ , with HLmax being the liquid height. This map has three zones: in the first one, the slug forms at distance from inlet > 40 ⁄ and for < 1. In the second zone, the slugs form at a distance > 40 ⁄ and for > 1. In the third one, the slugs appear at a distance < 40 ⁄ . The slugs formed for each zone have a particular hydrodynamics.

Based on the slug liquid length, observed in a 52 mm ID pipe, [START_REF] Kadri | A growth model for dynamic slugs in gas-liquid horizontal pipes[END_REF] divided the slug flow into three sub-regimes. A similarity is observed between their proposed map and that of [START_REF] Woods | Influence of Froude number on physical processes determining frequency of slugging in horizontal gas-liquid flows[END_REF]. Moreover, the length of the liquid slug depends on the mechanism of the slugs formation.

By investigating the morphology of the gas-liquid interface and the aeration inside the liquid slug in a 25 mm ID pipe, [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF] split the slug flow into five sub-regimes:

• The first one, so-called onset of slug flow, is composed of a stratified regime with briefly appearance of few slugs.This sub-regime is a transition between the separate phase flow and the intermittent flow. • The less aerated slug regime is characterized by liquid slugs containing few bubbles.

• The slug and plug flow regimes are characterized by the alternated presence of liquid slug without bubbles and aerated liquid slug. • The highly aerated slug flow which is characterized by slugs holding many bubbles.

• The slug and wavy zone regime is characterized by a wavy profile at the interface between the gas pocket and the liquid film.

Therefore, [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF], summarized their work by building a flow map that uses the physical parameters of the fluids as well as the inlet conditions as coordinates.

After studying the slug flow hydrodynamics, for either plug flowwhich includes the plug flow and plug and slug flows), less aerated slug flow and highly aerated slug flow (which include the highly aerated slug flow and the slug and wavy flow), Thaker and Banerjee (2016a) developed a flow map to undertake erosion and corrosion phenomena due to the intermittent nature of the flow. The proposed map is composed of eight zones, each zone is characterized by one or more erosion-corrosion mechanisms. [START_REF] Woods | Influence of Froude number on physical processes determining frequency of slugging in horizontal gas-liquid flows[END_REF]. [START_REF] Deendarlianto | Experimental study on the hydrodynamic behavior of gas-liquid air-water two-phase flow near the transition to slug flow in horizontal pipes[END_REF] carried out an experimental investigation on 16 mm, 26 mm and 50 mm ID pipe, in order to observe the hydrodynamic behavior of air-water two-phase flow near the transition to slug flow. The flow patterns observed (stratified smooth, stratified wavy, plug, slug and pseudo-slug) were used to develop a flow map for the three pipe diameters used. Similarities between the flow map obtained for 26 mm ID and the one of Lin and Hanratty (1987b) for 25.4 mm ID were observed. Similtiude between mechanism of slug initiation and the sub-regime was also found. Indeed, the wave growth mechanism (WG) is responsible for a transition from stratified smooth to plug or Less Aerated Slug flow (LAS). The wave coalescence (WC) induced the formation of Highly Aerated Slug flow (HAS) from stratified wavy or roll wave through pseudo-slug.

Despite decades of theoretical or experimental investigations an ultimate model that describes the intermittent flow phenomena in place is yet absent. This is due essentially to the complexity of the intermittent regimes, in regards of their variety and irregularity. The exact nature of the intermittent flows is not yet well known [START_REF] Fabre | Modeling of two-phase slug flow[END_REF]. Thus, to predict the intrinsic parameters of such flows, experimental studies and developed correlations are required to close the models and validate the numerical results as well [START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF]. Among these parameters, the slug frequency, defined as the number of slug liquid passing at a fixed position in the pipe per time interval, is of primary importance. According to [START_REF] Hill | Multiphase production through hilly terrain pipelines in Cusiana oilfield, Colombia[END_REF], the corrsion in pipes depend directly on the slug frequency. Due to the random nature of the initiation, evolution and dissipation along pipelines of the slug flow (Al-Safran (2012)), the frequency of slugs is considered as the most complicated parameter to quantify. Henceforth, a great effort has been devoted to the study the latter in recent years.

Numerous models for the slug frequency prediction can be found in the litterature, whether theoretical or semi-mechanistic [START_REF] Taitel | A model for slug frequency during gas-liquid flow in horizontal and near horizontal pipes[END_REF], [START_REF] Tronconi | Prediction of slug frequency in horizontal two-phase slug flow[END_REF] and [START_REF] Kadri | A probabilistic approach for predicting average slug frequency in horizontal gas/liquid pipe flow[END_REF] or empirical. The limits of theoretical models, due to the lack of physical knowledge on slug frequency phenomena, lead to use more empirical correlations. The main empirical correlations are summarized in Table 1 with the prevailing experimental conditions. A simple examination of correlations summarized in the table 1 shows that these correlations are quite different. Most of the empirical models were based on the methodology of [START_REF] Gregory | Correlation of liquid slug velocity and frequency in horizontal cocurrent gas-liquid slug flow[END_REF], who developed the first correlation for slug frequency estimation. In others words, there were based on experimental database generated at a laboratory scale on a small diameter pipe with air-water mixture. This correlations used superficial phasic velocities and pipe diameter as input parameters. Another approach is based on data collected from petroleum fields, this is the case for correlations of Hill andWood (1990, 1994) and [START_REF] Shea | Slug frequency prediction method comparison[END_REF]. This kind of correlation uses a parameter (liquid holdup) which is not easy to estimate. [START_REF] Shea | Slug frequency prediction method comparison[END_REF] estimated the influence of pipe's length (from the entry). Indeed, the liquid slugs coalesce and the slug frequency decreases along the pipe. [START_REF] Shea | Slug frequency prediction method comparison[END_REF]proposed a first correlation which takes into account this parameter (pipe's entry length). [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF] 2017)). [START_REF] Abdulkadir | Experimental study of the hydrodynamic behaviour of slug flow in a horizontal pipe[END_REF] found that the slug frequency data obtained in a 67 mm ID pipe with a mixture of air and silicone oil, can be well correlated using a gas based Strouhal number StG = ! " " ⁄ # and liquid volume fraction λL $ = " " + " ⁄ #. Such observation was already reported by [START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF] and [START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF] who used air-water mixture. One should note that [START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF] used databased on a large range of pipe diameters (19.05 mm -150 mm).

The distinction between plug and slug flows was not made in several studies with a focus on the slug regime or gathered both regimes under the slug flow designation. Accordingly, the correlations cannot be directly applied to the plug regime, due to their distinct aeration characteristic. Based on such statement, Thaker and Banerjee (2016b) measured the slug frequency of plug and slug regimes in a 25 mm inner diameter horizontal pipe. After comparing their results with a correlations of [START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF] and [START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF], the authors found that the correlations proposed by the above-mentionned authors correlate well the results for slug flow but underestimate those obtained for plug flow. Hence, they developed a new correlation for the prediction of the slug frequency relevant to both regimes.

Al-Safran (2012) explained that the slug frequency is randomless. The latter can be explained by the random and systematic errors inherent to experiments and field data sets on which the slug frequency correlations were based and by the different type of sub-regimes of slug flow These observations can be confirmed when we see the low number of slug frequency studies performed taking into account the nature of sub-regimes [START_REF] Woods | Influence of Froude number on physical processes determining frequency of slugging in horizontal gas-liquid flows[END_REF], Thaker and[START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF]2016a) and [START_REF] Dinaryanto | Experimental investigation on the initiation and flow development of gas-liquid slug two-phase flow in a horizontal pipe[END_REF]).

Such analysis of slug frequency correlations showed that each author develops a correlation according to the available databy taking Consequently, a great disparity between the predictions by different correlations exist and there is still no unanimous correlation valid for all conditions. Each correlation is relevant for experimental conditions in which it was developed.

Several experimental techniques, for slug frequency measurements, were developed. These were based on counting from a video recording (recently used by Thaker and Banerjee, 2016a,b) requiring then transparent pipes, on visualization and/or time signal processing of void fraction, liquid holdup or pressure. Techniques based on time signals can be classified into two categories: the counting method and spectral analysis.

The counting method, introduced by [START_REF] Hubbard | An analysis of horizontal gas-liquid slug flow[END_REF], consists on numbering traces on the time series left by the liquid slugs passage. The Spectral analysis method is based on the use of the Power Spectral Density (PSD) to extract the dominant frequency of the system. Using signals obtained from optical probe, Bertola andCafaro (2001, 2002) compared results from counting method with those obtained by PSD. They found that for low phasic superficial velocities both methods give close results. Nonetheless, for high flow rates, the PSD gives two or three dominant frequencies. The authors concluded that slug flow may have several characteristic frequencies and characterizing it with a single frequency value does not reflect the flow dynamics of such flow. Therefore using PSD to characterize slug frequency is recommanded. [START_REF] Wilkens | A simple technique for determining slug frequency using differential pressure[END_REF] introduced a new method for measuring slug frequency using differential pressure signal, this method relies on a threshold technique, already used for void fraction signal [START_REF] Nydal | An Experimental Investigation on Slug Flow[END_REF]) and for liquid holdup [START_REF] Losi | Modelling and statistical analysis of high viscosity oil/air slug flow characteristics in a small diameter horizontal pipe[END_REF]). The method was validated on a 52 mm pipe, using a video recording showing an average error of 5%.

It is clear that there is no consensus to classify sub-regimes of intermittent flow and obviously a lack of experimental work focusing on slug frequency measurement for different sub-regimes. Therefore, the aim of this work is threefold: comparing measuring thechniques, generate data for subregime mapping purposes and predict slug frequency. For that purpose three techniques of slug frequency measurements were compared: from differential pressure signal, namely the counting method, the Wilkens and Thomas method as well as the Power Spectral Density (PSD). The experimental results generated were used to propose a new map for the sub-regimes classification. Finally, after comparing the obtained results for each sub-regime separately, with different existing correlations, a new correlation has been proposed for the prediction of the slug frequency, which takes into account the sub-regimes of the intermittent flow.

Table 1. 2 Experimental facilities

The experiments were carried out on a two-phase flow loop, given in Figure 1 [START_REF] Arabi | Influence of a sudden expansion on slug flow characteristics in a horizontal two-phase flow: a pressure drop fluctuations analysis[END_REF], designed specifically for the investigation of two-phase flows in a horizontal configuration, near atmospheric conditions with water/air as working fluids. This installation consists of a closed liquid circuit; with an open gas circuit and a pipe of 13 m long and 30 mm inner diameter. The pipe is made entirely of transparent acrylic resin (PMMA), to allow flow visualizations, fixed on a metal structure that has been designed to overcome the flow induced vibration phenomenon (FIV) [START_REF] Miwa | Two-phase flow induced vibration in piping systems[END_REF].

A type compressor (GIS,GS35/500/600 type, 500 l capacity and 8 bar maximum pressure) is used to generate the gas phase while water is pumped from a tank; using a type noryle pump OSBY M2C18.40,. Both fluids are mixed in a T-type mixer with a horizontal injection of the liquid phase and a vertical downward injection for the gas. After passing through the pipe, the two phases are separated within a separation tank. The air escapes from the top of the tank; while the water is pumped to the liquid tank by a second pump.

The liquid flow rate was measured using the GE PT878 ultrasonic flowmeter, while the Krohn VA40 type rotameter (measuring range 1110-9400 l/h) measured the gas flow rate.

The flow patterns were observed and identified with a camera type Nikon D3400 with a maximum resolution of 6000 × 4000 pixels. The photography is positioned face to the pipe with about 1m nearer. The images which were taken in burst mode, were aquired at axial distance of 173 D from the input mixer. To optimize the image quality, a series of LED lamps were used as the light source. The position of photography, An acquisition system composed of a Freescale MPX-2010 DP type differential pressure sensor (pressure range: -10 to 10 kPa), an amplification and filtering system, an acquisition card and a PC were used to obtain the differential pressure signal. The pressure differential choice, as instrumentation, was motivated by the fact that the pressure parameter (precisely the fluctuations of the pressure signal) has been used for a long time to characterize two-phase flows dynamics [START_REF] Elperin | Flow regime identification in a two-phase flow using wavelet transform[END_REF][START_REF] Wang | Nonlinear analysis on fluctuation feature of two-phase flow through a T-junction[END_REF][START_REF] Arabi | Influence of a sudden expansion on slug flow characteristics in a horizontal two-phase flow: a pressure drop fluctuations analysis[END_REF] and estimating the void fraction [START_REF] Wang | A new method for voidage correlation of gas-liquid mixture based on differential pressure fluctuation[END_REF]. In addition, such type of instrumentation has proved its many advantages: easy to use, robust, reliable and usable in various conditions, inexpensive, practically non-intrusive and widely used in the industry [START_REF] Van Ommen | Timeseries analysis of pressure fluctuations in gas-solid fluidized beds-A review[END_REF]. Such differential pressure sensor has the advantage, over the absolute pressure sensor, of filtering pressure fluctuations from outside the interval between two measuring points connected to the pressure sensor [START_REF] Bai | Chaotic behavior of fluidized beds based on pressure and voidage fluctuations[END_REF]).

The sampling system was connected to the pressure taps located in the lower part of the pipe; following the methodology described by Gaspari et dos Reis (2007). The location of the pressure taps was put at a distance of 173.33 and 193.33 D far from the inlet mixer. These distances were choosen after some preliminary observations ensuring that the slug frequency is relatively constant at a distance of 150 D far from the imput. [START_REF] Dinaryanto | Experimental investigation on the initiation and flow development of gas-liquid slug two-phase flow in a horizontal pipe[END_REF] who used a diameter pipe (26 mm) close to the one used in this study, found a relative stabilization of slug frequency at 100 D from the entrance. For each pair of flow rates; a signal, with duration of 30s, was sampled with a frequency of 500 Hz.

Table 2 summarizes the largest uncertainties in measuring the parameters used in our study. The accuracy on measuring flow rates, diameter and pressure drops were provided by the devices' manufacturers. The superficial velocities of each phase (VSi), which depend on the flow rate (Qi) and pipe diameter (D), was calculated according to:

" = 4 & ' ( (1) 
The uncertainties of phasic superficial velocities were estimated based on Moffat's method (1988). Indeed, the total uncertainty of VSi comprises the accuracy of all parameters used in its calculation. It is obtained by appropriately combining the standard uncertainties of these input parameters. The combined standard uncertainties of the estimate VSi, denoted by function U is calculated from the following equation :

) " # = ± + , -! -& ) & #. ( + , -! - ) #. ( (2) 
Where f is the function of VSi in term of input parameters, U(Qi) and U(D) is a standard uncertainly of phasic flow rate and pipe diameter, respectively.

Table 2.

Figure 1 3 Adopted methods for slug frequency quantification

Counting method

The counting method, as implied by its name, is based on the peaks'counting (noted as NP), defining the slug frequency fs as follows:

! / = 0 1 2 (3)
Where T is the time signal duration expressed in seconds (s).

A pressure-drop signal example for a intermittent flow is provided in figure 2. The signal is composed of various fluctuations where each peak can reveal the liquid slug passage (Weismann et al., 1979).

Figure 2

It should be observed that the passage of two-phase flow, especially in the intermittent flow case, may generate vibrations of the pipeline, as demonstrated by [START_REF] Zhong | Effect of Slug Flow on Pipe Vibration in Horizontal Pipeline[END_REF]. It will lead to the appearance of some additional peaks within the signal which delivered by the differential pressure sensor. In some cases of the slug flow, roll waves or pseudo slugs can be found within the flow (Lin and Hanratty, 1987a and b;[START_REF] Rahmandhika | Visualization study in the transition flow pattern of stratified to slug flow of air-water two phase flow in a horizontal pipe[END_REF][START_REF] Deendarlianto | Experimental study on the hydrodynamic behavior of gas-liquid air-water two-phase flow near the transition to slug flow in horizontal pipes[END_REF]. These waves (noted as sham liquid slugs) can generate some additional peaks into the signal. Thus, the counting method may overestimate the slug frequency value [START_REF] Lin | Influence of the gas and liquid superficial velocity on slug frequency[END_REF].

Wilkens & Thomas Method

Wilkens and Thomas (2008) developed a new method which takes into account only peaks generated by the real liquid slugs since the pressure fluctuation amplitudes of the sham liquid slug are less than those of the real liquid slug. Such distinction between the peaks can be made based on the minimum pressure drop calculation (generated by the passage of a slug body between the pressure sensor terminals). The [START_REF] Wilkens | A simple technique for determining slug frequency using differential pressure[END_REF] method relies on the following steps: a) Calculation of the slug velocity is considered equal to the velocity of the gas-liquid mixing:

/ = = " + " (4) 
b) Calculation of the slug Reynolds number:

34 / = 5 / / μ / = 5 " μ (5) 
As ρs and μs are the density and the slug viscosity, respectively, which are considered equal to the water density and its viscosity as well.

c) Calculation of the Fanning friction factor (Ff): for a smooth pipe and a Reynolds number in the range of 3000 to 3 ×10 6 , Eq .6 gives an accurate estimation of Ff according to [START_REF] Wilkens | A simple technique for determining slug frequency using differential pressure[END_REF]. 

d) Estimation of the minimum stable slug length:

; ≥ 10 " + 5# (7)
The latter is valid for VSL values between 0.1 and 2.0 m/s. e) Calculation of the pressure drop required for one slug:

=> ?;@/ABC = 2 7 ; 5 / / ( (8) 
It is worth noting, that if the minimum stable length (Eq. 7) is greater than the differential pressure tap spacing (i.e. 20D or 600 mm in our case), the use of the experimental differential pressure tap spacing as minimum stable length is required f) Representation of the straight line of the pressure drop required for a slug on the differential pressure signal. This line serves as threshold.

g) Counting only the peaks that exceed the threshold.

h) Calculation of the slug frequency using the equation below:

! / = 0 1D 2 (9)
Where NPT is the number of peaks exceeding the threshold (Fig. 3).

Figure 3 3.3 Power Spectral Density (PSD) method

The Power Spectral Density (noted as PSD) is a mathematical operation that indicates the power distribution of a time series across the frequency spectrum. The latter is defined as the Fourier Transform of the autocorrelation of a temporal signal.

In signal processing, the Fast Fourier Transform algorithm (FFT) is generally used to obtain the Fourier Transform. The PSD is adapted to analyse the system's periodicity. As the widely used slug frequency being a periodicity which is approximated by the intermittence of slug flow [START_REF] Lin | Influence of the gas and liquid superficial velocity on slug frequency[END_REF], it makes sense to use the PSD for the characterization of the slug frequency. PSD was also used by [START_REF] Bertola | Experimental characterization of gas-liquid intermittent subregimes by phase density function measurements[END_REF] to characterize the plug/slug flow transition. Figure 4 shows the frequencies spectrum obtained by using the PSD on the pressure drop signal provided in figure 2. The apparition of several peaks is noted. The emerging peak (i.e. the peak with the largest amplitude) represents the dominant frequency while the other peaks represent harmonics. The existence of harmonics revealed that the slug frequency is not a standard periodic function. In fact, the process for generating slugs is stochastic as demonstrated by [START_REF] Woods | Frequency and development of slugs in a horizontal pipe at large liquid flows[END_REF]. First of all, a distinction between the sub-regimes of the intermittent flow was made. The approach, suggested by [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF], based on the visualization of the morphology of air-water interface and the presence of aeration inside the liquid slug, was adopted. The recognition and distinction between such sub-regimes was based on the analysis of photographies snaped.

Three intermittent flow sub-regimes were observed: Plug flow regime, less Aerated Slug (LAS) and Highly Aerated Slug (HAS).

• The plug flow regime, figure 5(a), is characterized by the absence of gas bubbles within the liquid slug (also called liquid plug). Meanwhile in some cases, the liquid plug can exhibit small amounts of air bubbles, which have detached at the tail of the gas bubble (Thaker and Banerjee, 2016a). The elongated bubble have an asymmetric round nose, and ends with a hydraulic jump of liquid phase; which does not reach the top of the pipe.

A thin long tail is also found. Such sub-regime is encountered for low values of gas superficial velocity. • The Less Aerated Slug (LAS), figure 5(b), is characterized by the presence of small and distinct numbers of bubbles within the liquid slug. The gas bubbles detach themselves from the gas bubble tail -reason to the increased shear stress at the interface between the bubble tail and the liquid slug nose-and flow to the upper part liquid slug until reaching the tail. This flow is also characterized by the gas bubbles with a bullet-shaped nose and blunt tails. This regime was observed for intermediate values of the gas flow rate. • In the sub-regime Highly Aerated Slug (HAS), the flow is so fast that it was impossible to take a single slug body at the same time, therefore, figure 6 combines two captured images. Compared to the LAS (figure 5(b)), this flow was characterized by secondary eddies (i.e. swirl) as shown in fig. 5(c). Bubbles inside the liquid slugs were also observed. The bubbles size, within such chaotic (and strong) slugs, were smaller than those observed in the LAS flow. In addition, the number of bubbles grew untill becoming indistinguishable. Such regime was observed for high gas flow rate.

Figure 5

The results were compared with the transition lines of Thaker and Banerjee flow map [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF] as displayed in figure 6. This map uses phasic dimensionless superficial Reynolds numbers as coordinates system. These dimensionless numbers are given respectively for the gas phase (ReSG) and liquid phase (ReSL) as:

34 " = 5 " μ (10)

34 " = 5 " μ (11) 
where D is the pipe diameter, VSG and VSL are the gas and liquid superficial velocities, ρG and ρL are the gas and the liquid densities, respectively. The µG and µL are viscosities of gas and liquid, respectively.

One should note that a slight shift between our transition and those reported by Thaker and Banerjee [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF] is observed; due to the subjective nature of the adopted method for the distinction between the two sub-regimes and the conditions of each experiment.

Figure 6

The sub-regimes observations obtained were also compared with the transition lines of [START_REF] Dinaryanto | The characteristics of the sub regime of slug flow in 16 mm horizontal pipe[END_REF] in figure 7. This map uses the superficial velocities of both phases as coordinates. It can be seen that the [START_REF] Dinaryanto | The characteristics of the sub regime of slug flow in 16 mm horizontal pipe[END_REF] flow map predicts better the transition lines of the present study than the Thaker and Banerjee map. The results using the PSD and Wilkens &Thomas were found to be close, in some cases, to a plug flow and less aerated slug flow. The impact of the superficial liquid velocity on the slug frequency was found to be very significant. Such impact was already reported by [START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF] for the case of the three sub-regimes studied. As expected, the counting method overestimates the results compared to the other methods.

Figure 8

To quantify such difference, the results obtained with the PSD method were compared with the Wilkens &Thomas and the counting methods in Figures 9 and 10, respectively. Thereby, in the case of plug flow and less aerated slug flow, the Wilkens & Thomas method slightly underestimated the results; compared to those given by the PSD. For the present data, the difference lies in the range of -20% to +60%. Such disparity between results can be explained by the presence, confirmed by visual observations, of several liquid slugs within the space separating two pressure taps. Moreover,Wilkens & Thomas method was developed (and validated) under the presence of a single liquid slug in the space between two pressure taps. Up to our knowledge, there was no work devoted to the validation of this method when several slugs existed simultaneously between two pressure taps. For the HAS case, the difference in frequency given by the threshold and the PSD methods becomes significant; compared to the others sub-regimes. For the HAS case, the difference between the two methods was found to be more significant (up to +700%). This indicates the limit of the Wilkens & Thomas method. Indeed, the calculated minimum pressure drop (using Eq. 3) is obtained by assuming that the slug body density is equal to the liquid phase density, neglecting thus the presence of gas bubbles in the slug body. These bubbles are very important in the HAS flow case (Fig 5c).

Figure 9

Figure 10 From Figure 10, as mentioned previously , the counting method overestimates the results compared to the spectral analysis (up to ten times the value). In fact the counting method does not differentiate between the peaks left by the passage of real and shame liquid slugs (see for instance section 3.2). Consequently, the PSD method seems to be the most worthwhile for slug frequency estimation for all the sub regimes.

Comparison with literature data

The slug frequency results obtained by PSD, for the various sub-regimes, and those given by [START_REF] Woods | Influence of Froude number on physical processes determining frequency of slugging in horizontal gas-liquid flows[END_REF], Thaker and Banerjee (2016a) and [START_REF] Dinaryanto | Experimental investigation on the initiation and flow development of gas-liquid slug two-phase flow in a horizontal pipe[END_REF] (summarized in Table 3) are plotted in Fig. 11 using the Gas Based Strouhal number (StG) as a function of the Lockhart-Martinelli parameter X. The two parameters are defined in equations ( 12) and ( 13) respectively. 

With H> HI ⁄ # , H> HI ⁄ # represent liquid and gas pressure gradients respectively.

Figure 11

It appeared that all data gave a linear fit with a positive slope. Hence, the slug frequency can be well correlated using the gas based Strouhal number, whatever the nature of sub-regime and the diameter of pipe. Such observation was already reported by [START_REF] Azzi | Gas-liquid two-phase flow division at a micro-T-junction[END_REF] and Abulkadir et al. (2016).

In the same context, the present results as well as those of the literature (Table 3) are plotted in figure 12 using the gas based Strouhal number versus the mixture Froude number (FrM) which defined in equation 14. The choice of such dimensionless number was motivated by two factors. Firstly, the Froude number introduces the impact of the gravity, since the slug forms when air inertia (or growth of wave) is dominant over gravity. Secondly, such dimensionless number has been already used to represent the translational velocity of slug unit [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF][START_REF] Bertola | Slug velocity profiles in horizontal gas-liquid flow[END_REF], the average void fraction in the liquid slug, the length of the slugs [START_REF] Paglianti | Characterization of subregimes in two-phase slug flow[END_REF], the shape of gas pocket [START_REF] De Oliveira | Bubble characterization in horizontal air-water intermittent flow[END_REF] and the Slippage number [START_REF] Abdelsalam | New dimensionless number for gas-liquid flow in pipes[END_REF].

= (14)
Our three sub-regimes data and those of Thaker and Banerjee (2016a), appeared to be located in the same areas unlike to the localization of their previous map [START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF]; see for instance Fig. 6), in which a gap in the transition line is observed as mentioned previously. Such results confirm that this type of representation can be used as a flow map to predict the different sub-regimes of the intermittent flow. The dashed line represents the transition between the plug and the less aerated slug flow. The solid line represents the transition limit between the less aerated slug and the high aerated slug flow. Such transition line is occurred at a value of the mixture Froude number, FrM, of about 3.5 to 5, which is close enough to ones of [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF] and [START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF] which is equal to 3.5.

The transition line of our developed map reproduced the data of Thaker and Banerjee (2016 a or b?), whom classified the sub-regimes according to the morphology of the flow structures. Nevertheless, this map did not provide accurate results to be able to distinguish between the different zones, previously presented by [START_REF] Woods | Influence of Froude number on physical processes determining frequency of slugging in horizontal gas-liquid flows[END_REF] and [START_REF] Dinaryanto | Experimental investigation on the initiation and flow development of gas-liquid slug two-phase flow in a horizontal pipe[END_REF]. Consequently, such map isn't valid for cases using the mechanism of formation classification of sub-regimes for the intermittent flow.

Figure 12 4.4 Comparison with previous slug Frequencies' correlations

The obtained slug frequency data for the three sub-regimes are compared separately with various empirical correlations (as summarized in table 1) [START_REF] Gregory | Correlation of liquid slug velocity and frequency in horizontal cocurrent gas-liquid slug flow[END_REF]Greskovitch and Shrier, 1972;[START_REF] Heywood | Slug flow of air-water mixtures in a horizontal pipe: Determination of liquid holdup by γ-ray absorption[END_REF][START_REF] Fetter | Development of a clamp-on acoustic two-phase flow meter[END_REF][START_REF] Nydal | Statistical characterization of slug flow in horizontal pipes[END_REF][START_REF] Jepson | Slug flow and its transitions in large-diameter horizontal pipes[END_REF][START_REF] Manolis | The effect of pressure on slug frequency in twophase horizontal flow[END_REF][START_REF] Zabaras | Prediction of slug frequency for gas/liquid flows[END_REF][START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF][START_REF] Shea | Slug frequency prediction method comparison[END_REF][START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF][START_REF] Gokcal | Prediction of slug frequency for high viscosity oils in horizontal pipes[END_REF][START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF][START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF][START_REF] Al-Safran | Probabilistic modeling of slug frequency in gas/liquid pipe flow using the Poisson probability theory[END_REF]and Baba et al., 2017) in figure 13. In the aim to quantify the disparity between each model predictions and the experimental data, the statistical approach previously developed by [START_REF] Govan | A note on statistical methods for comparing measured and calculated values[END_REF] was adopted. The latter is based on the computation of two statistical parameters such F and S (see for instance equations 15 and 16). Starting by the statistical parameter F which is a correction factor, in other words, the average factor by which the calculated value must be multiplied to give the experimental value; then the S statistical parameter which is a transformed standard deviation. Values of F and S of each case are summarized within Table . 4.

= 1 4IK L# (15) = 4IK 3# -1 (16) With : L = 1 N O 4 P# ; QR (17) 
4 P# = ST U ! / ?V P# ! /@ W P# X (18)

3 = Y 1 N O 4 P# -L# ( ; QR (19) 
And n is the data number.

Unlike the plug flow case, as shown by Figure 13 and referring to Table 4, the developed correlations of [START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF] and [START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF] give good predictions in case of slug flows (both LAS and HAS). Such observation was previously confirmed by [START_REF] Thaker | On intermittent flow characteristics of gas-liquid two-phase flow[END_REF]. The same observation is also valid for correlation of Gregory andScott (1969), Greskovitch &[START_REF] Greskovich | Slug frequency in horizontal gas-liquid slug flow[END_REF], [START_REF] Heywood | Slug flow of air-water mixtures in a horizontal pipe: Determination of liquid holdup by γ-ray absorption[END_REF][START_REF] Heywood | Slug flow of air-water mixtures in a horizontal pipe: Determination of liquid holdup by γ-ray absorption[END_REF][START_REF] Fetter | Development of a clamp-on acoustic two-phase flow meter[END_REF].

In addition, the correlation of Al-Safran (2016), with F and S values of about 1 and 0, respectively, predicted well the present plug flow and HAS cases. When [START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF] correlation is found better for the LAS regime prediction. However, correlations that have been developed using oil as a working fluid (i.e. Gokcal et al (2010) and [START_REF] Baba | Slug frequency in high viscosity oil-gas two-phase flow: Experiment and prediction[END_REF]) underestimate significantly our experimental data.

Moreover, the calculated correction factor F given by each correlation is found different for each sub-regime; especially with the [START_REF] Jepson | Slug flow and its transitions in large-diameter horizontal pipes[END_REF] one (see for instance Figure 13f). Such capital observation may prove that there is no ultimate correlation available and reliable for the three sub-regimes.Thus, it is seems important to search a unified correlation which takes into account the nature of such sub-regimes, which constitute the main objective of the next section.

Figure 13

Table 4

Developed slug frequency' correlation

The present study is concerned by the development of a unified correlation that predicts the slug frequency, taking into account the sub-regime nature. Thenceforth, from our experimental data, the gas based Strouhal number (StG), versus the liquid volume fraction (λL) (eq. 20), is displayed through figure 14.

Based on the primary presentation of [START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF] and [START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF] (see for instance Eq. 19), an optimum fitting of our empirical data; for each sub-regime; is displayed throughout Figure 14, the computed coefficients A, B and C of eq. 21, are summarized in Table 5.

$ = " = " " + " ( 20 
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Figure 14

Afterwards, the developed correlation is plotted against the experimental data. As shown in figure 15, good agreement is observed with an maximum gap of about ± 25% for any subregime. A comparison between this figure with a predictions of different correlation (figure 13) show that our correlation was only model which predict all the data in this interval.

The computed statistical parameters for such developed correlation are given into Table . 6, for which the correction factor of each sub-regime is found to be around unity ( FPlug= 0.997, FLAS= 1.007, FHAS= 1.008) when the transformed standard deviation in close to zero (SPlug= 0.089, SLAS= 0.082, SHAS= 0.085). Such noteworthy upshots obtained from the developped corellation exhibit better experimental prediction compared to correlations found in the literature (see Table .4).

Table 5

Figure 15 Table 6 Finally, the selected correlations and the correlation developed were compared with Thaker and Banerjee data (2016a). These data was not used in developement in our correlation. Parameters F and S, to assess the predictions of each correlation, are summarized in Table 7. First of all, it can be seen that the predictions of correlations depend on the nature of the sub-regime. This is the same observation as that observed with our experimental results. It also appears from Table 7 that our correlation predicted the results of Thaker and Banerjee (2016a) well for slug flow with FLAS = 0.999 and FHAS = 1.027. For plug flow, the prediction of the developed correlation is correct (FPlug = 0.919 and SPlug = 0.120) but it is below the predictions of the correlations of [START_REF] Fossa | Intermittent flow parameters from void fraction analysis[END_REF] (FPlug = 0.942 and SPlug = 0.060) and the correlation of [START_REF] Wang | An experimental study of the statistical parameters of gas-liquid twophase slug flow in horizontal pipeline[END_REF] (FPlug = 0.929 and SPlug = 0.088). However, these correlations predicted the data for LAS flows (FLAS = 0.932 and FLAS = 0.896 respectively) and HAS (FLAS = 0.909and FLAS = 0.865 respectively) less well compared to the developed correlation. We can conclude that our correlation is the one that gives the best predictions of Thaker and Banerjee's data (2016a).

Table 7 5 Conclusions

The present work deals with the slug frequency of intermittent water / air flow in a horizontal pipe of 0.03 m ID. The study concerned the plug flow, the less aerated slug and the highly aerated slug. The measurements of the slug frequency were obtained using the differential pressure signal. After comparing the counting method, Wilkens and Thomas method and PSD, it has been found that the latter is the most suitable for measuring the slug frequency. A new map that uses the dimensionless numbers was proposed to classify the sub-regimes of intermittent flow based on the morphology of liquid slug. After comparing the experimental results with existing correlations, it was found that the correlations do not predict the outcome for the three sub-regimes in the same way. A new correlation, developed from the experimental data, which takes into account the nature of sub-regime was proposed. This correlation gave the best prediction for experimental data including Thaker and Banerjee (2016a) data which was not used in its developpement. HI -= 0.184J 
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	Authors/ Year Gregory and Scott (1969) Grescovitch and Shrier (1972) Heywood and Richardson (1979) Wren et al. (2005) Woods et al. (2006) Wang et al. (2007) Fetter (1988) Hill and Wood (1990) Nydal et al. (1992) Jepson and Al-Safran (2009)	Developed Correlation for Slug Frequency = 0.0226 = 0.0226 = 0.0434 = 1.278 = 1.2 P 19.75 2.02 + + 2.02 + 9.63 + 1.2 HI -= 0.05J 1 -1.675J + 0.768J = 0.0175 21.3 + RF) * = 0.8 + 1.53RF) * + 0.27 = = 0.088 ) + 1.5* 3600 . 10 .#$% &' HLe is stratified equlibrum 0.275	. . .! -34.1 .!" .	Diameter of pipe 0.019 m and 0.035 m 0.032 m and 0.038 m 0.005 0.0763 m and 0.095 m 0.05 m 0.042 m -0.09 m 0.053 m and From 0.050 m to 0.590 m 0.058 m	Working fluids CO2/water Air/water Air/water Air/water Air/water Air/water -Air/water Various fluids, not communicate Air/oil
	Taylor (1993) Hill and Wood (1994) Manolis et al. (1995) Silva et al. (1997) Cai et al. (1999)	= 3600 + + = -24.729 + 0.00766. /./ /% &' * + 24.721. . 1 2% &' * )0.00759 + 0.01* = 1 )1 -0.05 -* .! 3 4 0.068 * = 3 4 1 -= 0.003756 78 .$ . 9: + 56 78 = . 9: = 5 ; < ⁄ = 0.0148 20.308 . $"/ + 1.3436 = > ? 36 1.25 . + 1.25 > ? = 0.018 * . 9:?	0.3 m Same datas Hill and Wood (1990) 0.078 m 0.0444 m 0.100 m	Air/water Same datas Hill and Wood (1990) Air/water Air/water Air/water CO2/water
	Shell slug frequency correlation Zabaras (2000) Fossa et al. (2003) Shea et al. (2004)	= A B0.04856 .$ + 0.7356 .!2 ))56 + 56 -* . -1.1756 . #2 * C 56 = D ⁄ 56 -= -D ⁄ = 0.0226 19.75 + . * )0.836 + 2.75<EFG* HI -= 0.044J 1 -1.71J + 0.70J HI -= K L M , N LO J = + -= 0.47 ."1 . P Q .11	Not communicated From 0.025 m to 0.203 m 0.019 m, 0.04 m, 0.042 m, 0.06 m, 0.0763 m, 0.095 ùm and 0.150 m Not communicated	Not communicated Air/water Air/water Not communicated
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