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[bookmark: _Toc103068260][bookmark: _Hlk104294716]Abstract 
This paper investigates the effect of liquid flow and oil pad thickness on the droplet size and separation performance. The findings show that increasing the inlet flow rates of the oil and water results in size reduction of the droplets. Increasing the thickness of the oil pad increases the size of the droplets.  The measured data were fitted with a simple Gaussian model, and the fitted parameters of mean, standard deviation and amplitude were determined for each data set. Trends have been obtained from the fitted parameters as a function of the Reynolds number. The key parameter to predict and fix the position of the Gaussian distribution was found to be the mean droplet size. Simple Ab initio calculation methods to estimate this parameter was tested against the experimental data to identify the most promising method to predict this parameter for modelling purposes. 
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1. [bookmark: _Toc78980495][bookmark: _Toc80798367][bookmark: _Toc103068261]INTRODUCTION
The multiphase separator is indispensable upstream topside equipment of the oil and gas production system. Much money spent on the purchase and service of this equipment annually by oil and gas production companies indicates its critical role in controlling product purity, a key factor in determining company market shares and profits. This equipment is overdue for this level of research, considering the rising global demand and the strategic nature of oil and gas production.
The current global position on climate change is to reduce fossil fuel usage to reduce carbon emissions at COP26 (Asselt, 2021). However, there is somewhat of a dichotomy in that the crude oil and natural gas industries have experienced rapid growth in recent years. The global average demand for crude oil and liquid fuels averages 100.6 million b/d for 2022, up 3.1 million b/d from 2021, increasing by 1.9 million b/d in 2023 to average 102.6 million b/d, according to the U.S. Energy Information Administration's (Short-Term Energy Outlook, 2022) Market Report. Production companies have increased production to meet this demand for crude oil and natural gas. Equally, the currently used reservoirs are depleted, and enhanced techniques are required to improve recovery efficiency; therefore, the production equipment must be replaced. This requires high capital investment and better design methods to maximise profits. Oil and gas companies use three-phase separator equipment to separate phases with different densities (oil, water, and gas) from producing wells, maximising revenue and increasing supply. According to the "Global Three-phase Separator Market in the Oil and Gas Industry 2018-2022" report, the oil and gas industry will spend USD 8.9 billion on three-phase separators by 2022 (Wood, 2018). Figure 1 is a schematic of an Oil and Gas production system to give a global picture of the location of the separator in an Oil production well.
A second driver for this work comes from the educational sector, where better laboratory apparatus is needed to educate engineers and technicians. DarbyTech is a Billingham, U.K -based firm that designs and builds technical training equipment and process rigs for engineering students pursuing careers in oil and gas production, downstream processing, petrochemical, chemical process, and utility and energy sectors. DarbyTech aims to model Real-world industry plants. They have recognised the importance of three-phase separators and developed a demonstrator to model this process. The current demonstrator has proved a commercial success, but it would like to improve its offering. DarbyTech sees a business opportunity to develop this product for universities and provide a three-phase separator demonstration unit that incorporates current research thinking as a "research apparatus" that allows for more in-depth experimental content suitable for graduate final year projects and postgraduate study. The goal is to create a prototype with applicable experimental content to explore and improve separation efficiencies. DarbyTech has obtained financial support from the European regional development fund (ERDF) under the INTENSIVE INDUSTRIAL INNOVATION PROGRAMME (IIIP) project reference 34R17P02148 and formed a partnership with Teesside University to develop the research content of the apparatus.
Under previous research in this area, (Ahmed, 2021) identified a problem with current design methodologies, including Svrcek and Monnery (1994), Arnold and Stewart (2008) models. They assume a single nominal droplet size when setting the design calculations of 500 µm, leading to wildly erroneous results when calculating actual separation efficiencies and very conservative designs. There also seemed to be a paucity of actual data that could be used to refine these calculations (Ahmed, 2021). As a result, a need for a systematic investigation of the effect of droplet size on separation was identified. This was incorporated into the design of the Darbytech advanced separator demonstrator. Equally, understanding the effect on the droplet size would permit the refinement of CFD models to account for the droplet size distributions. This work addresses some of these issues, particularly the affordable measurement of droplet size and the effect of flow rates and oil layer thicknesses on droplet size.
The work presented in this paper is split into two sections:
Section 1 involves a structured experimental programme looking at two-phase oil-water separation. Measurements were limited to these phases because the water in the oil phase controls the separation. Two variables were examined - overall feed flowrate and oil layer thickness. These variables were chosen because they both influence the droplet size. Image processing software was used to determine each experiment's droplet distributions from captured images. The data were fitted with basic Gaussian models to see if this distribution properly represents the observed distribution. 
Section 2 predicted droplet mean diameters from Ab initio calculations as input for CFD and current design models to improve their accuracy. Three methods were used, and the data produced was compared with the observed diameters obtained from the experimental work. 
2. [bookmark: _Toc80798368][bookmark: _Toc103068262]THE CURRENT STATE OF ART CONCERNING DROPLET SIZE 
The diameter, volume, and number density of fluid droplets, as well as the size and distribution of droplets within the continuous phase, have a significant impact on the exchange of mass, momentum, and energy between dispersed phased liquid drops and continuous phased liquid flow from a physical standpoint (Yeoh & Tu, 2014). This explains why Ahmed et al. (2017) found that droplet diameter is a significant factor in determining the separation performance of multiphase gravity separators. Their findings were backed up by the work of Kharoua et al. (2012), who stated that "droplet diameter has been the leading primary cause of the gap between experimental and CFD results" As a result, several researchers (Stewart and Arnold, 2008, Wright & Douglas, 1966, Hopper & Jacobs, 1996, (Pourahmadi Laleh, 2010), (Walas & Stanley, 1990), (Ahmed, 2021), Oshinowo and Vilagines, 2020) have made assumptions about droplet size distribution for their experiments. 
Given this accepted dependence of separator performance on droplet size, there has been little published effort to examine this experimentally. Khalifat et al. (2019) suggested the reason might be as simple as the high-performance cost and technological issues in monitoring the internal flow behaviour of oil and water that experimental investigation is not viable. 
The only known experimental work for three-phase separators is described below. 
 (Song et al., 2010) Proposed a method for sizing three-phase separators using a droplet size distribution. They tested their method using a three-phase separator with a diameter of 4420mm and an overall length of 15850mm and using the Sauders-Brown equation with an appropriate k factor for gas-liquid separation and an actual retention time obtained from lab and field experiments to find the liquid-liquid separation. The results confirmed that oil and water droplets of more than 90 μm would separate from the gas. The water droplets smaller than 225 μm would be lost in the oil outlet with 4.5% separation efficiency. The oil droplets smaller than 60 μm would be lost in the water outlet of the three-phase separator. 
The complicated mathematics and long calculation times involved in simulating three-phase flows have focused on the more straightforward case of two-phase separators, with only a few studies focusing on three-phase separators. Most efforts have concentrated on the simulation of separators rather than costly experimental studies to investigate droplet size effects. The following is a synopsis of the essential published works.
Ahmed (2021) used VOF and Eulerian models included in the ANSYS Fluent simulation package to simulate a three-phase separator with a diameter of 300mm and a length of 900mm. Ahmed (2021) also incorporated the k-e model to simulate turbulent flow. For fixed flows of 2 and 10 GPM for both oil and water phases, they modified their model by changing the mean droplet diameter used from the normal 500 μm Ahmed (2021) to see if they could improve agreement between simulation and experimental results. They used the following six droplet diameters 100, 200,350,500,750 and 1000 μm. They found that the low flow of 2GPM CFD predictions using 500 μm underestimated the experimental results by 10 % for separation in the oil phase. Changing the droplet size did not affect the agreement. However, at 10 GPM, where it would be expected that the droplets have reduced in size, they discovered that the CFD overestimated the separation by 15% for 500 μm particles. When they reduced the diameter to 350 μm, they improved agreement to 1.5%. They concluded that the model is very dependent on mean droplet size and some way needs to be found to link flow rate to droplet size to improve design simulations. 
Ghaffarkhah et al. (2019) used several types of vessel configurations based on the fluid properties of an Iranian three-phase separator. Computational fluid dynamic (CFD) method for analysing the three-phase separation combined with the volume of fluid–discrete particle method (DPM) and three different turbulence models, i.e., standard k–ε, standard k–ω and RSM, studied with the droplet diameters of 1250, 1550,1850 2150 and 2500 mm. The simulation results show that the droplet coalescence occurred at less than 0.5% in 3, 6 and 7 cases. For 3,6 and 7 cases, the droplet break-up occurred at 15.10 %, 17.94 % and 18.375 %, respectively. As a result, the efficiency of the case (3) vessels was improved due to installation of vane-type inlet plate. 
(Oshinowo et al. (2014) and Oshinowo and Vilagines (2020) used (CFD) an Eulerian-Eulerian multiphase, to predict separation efficiency and a population balance model to predict the evolving droplet size distribution of the pilot-scale high-pressure three-phase separator with a length of 3m and a diameter of 0.7m. The evolution of the droplet sizes distribution is mounted vertically downstream of the perforated plate (750 mm from the inlet flange), and Sentech profilers are mounted downstream of the water outlet and upstream of the weir (2250 mm from the inlet flange). Two profiler locations with minimum and maximum droplet diameters of 25 μm and 400 μm. The droplet diameter increases with retention time and water fraction. The droplet sizes are smaller at a high flow rate, have a higher turbulent mixing level, and produce smaller droplets with less retention for droplet coalescence. The coalescence rate is not fast enough to grow the droplets to a larger diameter than in the lower flow rate cases. The larger droplets settle to the interface quickly, resulting in a higher droplet diameter above the interface. Aside from this, many CFD studies have been performed to find droplet diameter distributions, but the literature review revealed that little or no work had been done to confirm their distributions with actual separator bubble distribution data.
3. THEORY FOR AB INITIO CALCULATION OF DROPLET SIZE DISTRIBUTION. 
[bookmark: _Toc78980507][bookmark: _Toc80798370][bookmark: _Toc103068263]It is clear from the discussion above that if models are to be improved, a way must be found to estimate the mean inlet droplet size or droplet size distribution from the first principles. Therefore, it was decided to consider an Ab initio method to provide the first estimate of droplet size. 
Estimation of Bubble droplet size 
There are two methods used in the literature to describe droplet size. The first is based on the maximum droplet size, and the second uses the average droplet size.
[bookmark: _Toc80798371][bookmark: _Toc103068264]3.1 Maximum bubble droplet size
Several researchers have studied the maximum drop size in stagnant liquid Grace et al. (1978), Berkman et al. (1985) and Wilkinson et al., (1993). The physical explanation for the maximum drop size for a single drop rising with terminal velocity in a stagnant liquid with no disturbance at the interface follows. "When the drop's size exceeds the maximum stable drop size, internal circulation creates a centrifugal force at the drop surface, causing the drop to break up." So, when the centrifugal force overcomes the surface tension, the drop will be stretched in an irreversible process until a necking phenomenon occurs and the drop breaks into two smaller drops." Wilkinson et al. (1993) calculated the maximum stable drop diameter as follows:                                       
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The maximum stable drop diameter dmax will vary directly with the surface tension s and inversely with the density difference Dr. g is the acceleration of gravity. The value of the constant C was given by Grace et al. (1978) and Wilkinson et al. (1993) as C » 4 for liquid drops and C » 17 for gas bubbles. Under stagnant conditions, the maximum drop size can be used as a reference value for drop size under two-phase flow conditions.



Hinze's (1955) work calculated bubble and drop sizes in a turbulent flow. The balance between the turbulent shear stress ( ), which tries to deform and break up the drop or bubble, and the surface tension force (), which resists this deformation, was used to define the dimensionless group the critical Weber number ( ), 
	
	

	(2)

	Hesketh et al. (1987) rearranged the definition of the critical Weber no (equation 2) to give an expression for dmax to give rise to our first method for predicting the droplet diameter 
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[bookmark: _Hlk97215554]The Weber number then needs to be calculated to determine the dmax. Sevik and Park (1973) described the critical Weber number for the continuous and the dispersed phase for liquid as. 
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Where  are densities of the continuous and the dispersed phase
The second method considered was based upon the work of (Hesketh et al. 1987) for gas-liquid systems where maximum bubble droplet diameter for turbulent flow in a horizontal pipe as a function of fluid properties, pipe diameter and continuous phase velocity as,
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Hamad (2001), proved that (Hesketh et al. 1987) could be used for liquid-liquid mixtures when determining maximum droplet diameters in liquid-liquid mixtures of kerosene and water 
[bookmark: _Toc103068265][bookmark: _Hlk97215514]3.2 Average bubble droplet size 
 The third method used for droplet sizing is based on the average diameter. Herring and Davis (1976) used Hinze's (1955) theory to calculate the mean bubble diameter in a two-phase pipe flow for gas-liquid mixtures. The resulting structure's turbulent kinetic energy and surface tension energy are equivalent. The turbulence and surface tension effects were assumed to interact for moderate void fraction and velocity. The total kinetic energy per unit volume (E) was given by Herring and Davis (1976) as: 
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Where the pressure (p) is zero, rearranging gives equation 6
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Where q is turbulent velocity fluctuation , is continuous phase axial velocity fluctuation, : continuous phase radial velocity fluctuation, w: continuous phase angular velocity fluctuation, : local volume of fraction and rm is mixture density

The total kinetic energy per unit volume (E) over the pipe cross-section was assumed to be equal to  based on Laufer's work (1954). Consequently, the total energy per unit volume becomes:
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It should be noted that terms one and two in this equation are mixture density dependent, when a gas-liquid mixture is considered, the mixture density is reduced, and the third term becomes significant. When liquid-liquid mixtures are used, this is not the case. The density is much higher and dominates the calculation, possibly leading to erroneous calculations 
Rearranging equation 8 for average diameter ( gives equation 9.
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For turbulent pipe flow, the centreline velocity can be expressed as, 
	
	
	

	(10)




Where,  : average area mixture Mean velocity = , A: cross-sectional area of the pipe and md, mc: dispersed and continuous liquid mass flow rate, respectively.
To calculate the kinetic energy q2, the data published by Hamad et al. (2013) for kerosene-water two-phase flow in the vertical pipe are used. The turbulence fluctuation for single- and two-phase flow at different mixture velocities and volume fractions. 
 Perry and Green (2007), used a simple weighting of maximum diameter (see equation 11) to give the average diameter. They used the Rosin-Rammler (1933) particle size distribution function to estimate the weighting factor. It is proposed to convert the dmax calculated by methods 1,2 and 3 to calculate dave using the method of Perry and Green (2007) 
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Their second method (method 5) uses the theory for power dissipation in nozzles to directly calculate the average diameter (see equation 12). 
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In summary all five methods will be tested against the experimental data to see which method can best predict the actual mean droplet diameter. 
4 EXPERIMENTAL SETUPS
A variable geometry experimental apparatus was developed at Teesside University to investigate the effect of the L/D ratio on separator performance by Ahmed (2021). This apparatus has been modified to allow the measurement of droplet size.
4.1 [bookmark: _Toc78980497][bookmark: _Toc80798374][bookmark: _Toc103068267]Overview of the Experimental Test-Rig
The Teesside University horizontal three-phase separator (HTPS) is made from transparent polypropylene, allowing visual observation of the separator's flow regimes. It has a fixed diameter of 300 mm and a length range of 600 mm to 1500 mm, giving an adjustable L/D ratio of 2:1 to 7:1. The length is modified by adding in a mix of pipe sections of 300mm and 600mm. 
Figure 2 shows the Piping and Instrument Diagram (P&ID), and Figure 3 shows a photo of the experimental rig setup.
The separator is equipped with two Clarke SPE800 pumps with a power capacity of 800 Watt with a 230V motor, each capable of pumping 53 l/min of liquid with a maximum head of 40m. Potable water was used for the heavy liquid, and Shell Tellus s2 MX industrial hydraulic fluid was used for the light liquid. The water was coloured Green using food dye to increase the contrast between oil and water and identify the interface. The physical properties of the water-oil phase density are 1000 kg/m3 and 800 kg/m3, and surface tension is 0.072, 0.035 n/m, and interface tension is 0.0184 n/m, respectively.
The apparatus has been modified to measure the droplet distribution. Measurements are made in the separator body, not the inlet pipe because the inlet geometry can change the droplet size distribution. 
The apparatus has been fitted with light below the inlet deflector. A high-speed camera is mounted at right angles to the separator to capture the oil droplets rising through the water layer. This is the important phase to observe as the oil separation from the continuous water phase is slower and, therefore, the one controlling the separation.
4.2 [bookmark: _Toc103068268]Experimental methods and procedures
This experimental programme aimed to determine the droplet size distribution for a given set of flow measurements confined to the droplet sizing, and no measurements were made as to the separator's performance. A typical experiment would start with an empty separator, all valves shut, and the pumps switched off. Return valves in the kickback lines are opened halfway, as are the discharge valves V5 and V6. The pump inlet valves are then opened to allow fluid to move into the pumps and prime them under the static head from the feed tanks. The pumps are then started, and the kickback valves and discharge valves are adjusted to give the desired flow rates. Usually, the system is set to operate at the lowest measurable flow. The liquid level rises slowly in the separator and establishes an oil pad on top of the water layer. The water liquid level is controlled by adjusting the ball valve V-7. During operation, this was utilised to change the height of the oil-water interface. The oil builds up and overflows on a fixed height weir set to run at the centreline of the separator. Adjusting ball valve V-8 controls the outlet flow rate of oil from the 1-inch pipe downstream of the weir. The apparatus is run for 15 minutes at a steady state to establish the initial steady-state concentrations of the phase. Once a steady state was established, photographs of the droplet distribution were taken. A video of the droplet flow was recorded simultaneously to consider the dynamic droplet behaviour if problems were encountered when analysing the still data. Experiments were carried out in a random pattern to avoid establishing hysteresis.
Finally, the oil flow stops, the pump shuts down, and the oil-water interface rises until the interface reaches the top of the weir. The water valve V-8 is then opened fully, and the water pump is shut down, allowing the water to drain back into its feed tank. Water entrained in the oil outlet can settle in T-2 and be removed from V-12. Oil entrained in water is skimmed from tank T-1 and returned to the oil tank.
Image capture measurement 
4.3.1 Introduction 
It was important for the DARBYTECH commercial demonstrator to find a cheap, robust, and straightforward technique to measure the droplet size and distribution. Particle image velocimetry (PIV) offered a suitable way forward. Several authors have used these techniques to find multiphase flow's bubble/droplet diameters. Lindken and Merzkirch (2002) developed a novel PIV technique for multiphase flows and its two-phase measurements application flows. Miessner et al. (2006) used this method to measure the oil droplets colliding with an oil-water interface. Zhai et al. (2017) used the PIV method to find the characteristics of bubbly oil-in-water two-phase flows. The authors also have experience with this technique from the previous microbubble projects Wilson et al. (2021). 
4.3.2 Experimental method used to determine droplet size 
After steady-state was established, the droplet distribution of oil and water was captured using a SONY Alpha 7 (III) camera with a 28-70mm Zoom Lens by observing the rising motions of bubbles at the viewing section of the separator inlet and capturing them as still images. The fluid was illuminated using a 100 W LED studio lite panel light mounted perpendicular to the camera. The parameters of the high-speed camera were set as follows: resolution 1920 x 1080, frame rate 500 f/s and record-setting of 50P 50M, which provided the largest viewing area. For better visualisation, the camera has been accurately aligned horizontally and located 100mm from the test rig. To reduce errors, working distance, focal length, and field depth were fixed and checked in every experiment.
The oil-water's two-phase recorded images were stored in a personal computer and processed using image analysis software. The recorded frames were examined and selected carefully. Calibration of the camera images was necessary to convert the still image captured as pixels into actual metric dimensions Zhai et al. (2017). A single drop of known dimensions was photographed under the same conditions as the actual measurement and used to obtain a relationship between pixels and mm. Each image was magnified by a factor of five to give the desired resolution. Each pixel was found to represent an actual distance of 53 μm. The work of song et al. (2010) stated that droplets less than 60 μm would be lost in the water phase anyway, and the normal starting diameter is assumed to be 500 μm. This represents an acceptable accuracy of detection for the droplets of interest.
4.4 [bookmark: _Toc103068270]Image Analysis Processing
The next step was to develop a standard method to analyse the photographs and the derived droplet data. This is described below:
The bubble diameter distributions captured by the camera were extracted using an image analysis tool (Image J). Image J is a freeware java-based image processing programme faster and more accurate than sieve analysis (Rishi Kumari and Narinder Rana, 2015). This tool has been used in various applications, including biomedical, powder technology, and food processing, and can evaluate various size and shape criteria (Rishi Kumari and Narinder Rana, 2015). The steps involved in image procession are shown schematically in Figure 4
Step:1 Involves taking the camera's colour image and converting it to an 8-bit grayscale image. A single grayscale image of the typical photograph image produced for a system is presented in Figure 4. If the image is over-illuminated, the lighting is adjusted by subtracting the background lighting level Laupsien et al., (2019). The threshold value for the normalised image is then applied in step 2. This usually is 25% (Piao and Park, 2019). The contours now highlighted correctly approximate real-world interface locations because maximum grey level intensity gradients may be determined. Step 3 converts the image into a pure binary black and white image. This conversion is achieved by applying a global threshold. Binarised processing contains several processes to minimise image noise while maintaining the structure of binary objects: area opening, median filtering, thinning, thickening, picture filling, and skeletonisation Wilson et al. (2021). In step 4, the image of the round item was detected using the circular Hough transform (Lappalainen and Lehmonen, 2012). The circular object bubbles were then extracted using the multi-edge detection approach Gou et al. (2010). The next step uses the calibration data from the measured single droplet to scale the image. The software then converts the extracted bubbles into sized images and counts the droplets in given ranges (see figure 5).  
4.4.1 Post image processing of the numerical droplet distributions 
After image processing, the image software produces an output that lists droplet counts and their specific areas (μm2). These were then processed in excel to determine the radius and diameter of the droplet in each category in μm. The list of diameter categories is over 20,000, which is too large to analyse sensibly, but many of the categories are repeated. Therefore, the categories with common diameters were added together to give the actual total count of droplets with a given diameter.
This data is shown as a plot of the mean bubble diameter versus the number of bubble droplets in figure 6.
[bookmark: _Toc103068279]4.4.2 Smoothing of data  
It was assumed that some of the droplets might coalesce into bigger droplets and that one or two of these droplets could distort the results. This was confirmed by reviewing the video of the process that proved coalescence had occurred. As a result, it was decided to eliminate droplets with diameters more than 5 mm from the size range, thus bringing the results in line with the expected oil recovery.
[bookmark: _Toc103068280]4.4.3 Fitting model with Gaussian curve
An initial examination of the droplet diameter versus a number of droplet distribution plots (figure 6) suggested that a bell-shaped curve could represent the data. This is because it has peak shapes and widths, and it is preferable to fit the peak with an individual. The use of Gaussian distributions is one option. The Gaussian curve fitting calculates the accurate values for the sample. 
Near the origin of coordinates, the Gaussian model shows parabolic behaviour. Initially, the model's slope from the origin gradually increases to a turning point, then rapidly climbs to the high continuity degree of the regional variable. This function can be graphed with an asymmetrical bell curve-shaped centred at the position  allowing the determination of the gaussian peak position (See figure 7).
The   Gaussian distribution equation is given as.
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Where,



 
This equation was fitted to the data generated in this work using Origin Pro-9.0. The Gaussian fit was used, three variables to fit the data: total area under the curve A, mean particle diameter xo and the full width of the peak at half height (FWHM) w. These fitted parameters were then plotted as a function of flow rate to determine if relationships could be found that allows the variations in these parameters to be predicted. An example is given in figure 8, where the red line represents the Gaussian curve fitting results, and the Gaussian model is shown to fit the data reasonably well. 
5 Experimental results
5.1 Introduction 
It was decided to set up the experiment for nominal total flows of equal flows in m3/h of water and oil using the rotameters on the apparatus to cover the full range of experiments. Five different flows rate and four different oil pad thicknesses were set. The data collected for this group of experiments was recorded as dataset 1 (table 1).
When data analysis of data of set 1 was begun, it was found that a mistake had been made and that the set oil flow was not correct for the actual flow achieved. It was not recognised that the oil flow meter was calibrated for water, not the oil used. When the oil meter was re-calibrated, it was found that the oil percentage was significantly reduced to 25% of the total flow. 
A second data set (presented in table 2) was measured for the same oil pad thicknesses, but the oil and water flows were matched to give exactly 50 %: 50 %, oil: water mixtures covering the full flow range. 
[bookmark: _Toc103068283]5.2 Data set 1 at 25 % volumetric quality of the oil 
Experiments were performed at different flow rates ranging from 0.567 to 1.931 m3/h with a volume fraction of 25%: 75% oil to the water for four different oil pad thicknesses. The set parameters for each experiment are summarised in Table 1. 
[bookmark: _Toc103068284]5.2.1 Visual analysis of photos 
Figure 9 shows images of a high-speed camera for increased liquid total flow. The photos clearly show that at lower flow rates, a clear view of larger bubble droplets (A, B and C) is achieved; however, as the flow rate increases, the bubble size becomes smaller (see figures 9 D and E), and the droplets become less distinct. 
The images for the dataset were then analysed using the procedures outlined in section 4 
5.2.2 Gaussian fits of data 
Figures 10 (a-d) show the droplet data distributions for dataset 1 for different oil pad thicknesses. Each data set for a given bulk inlet flow has been fitted with a Gaussian model, and the model generally fits the data well. 
5.2.3 Fitted parameters for the Gaussian model 
The Gaussian fit of the data was achieved using three primary variables:  mean droplet size xc, standard deviation σ and peak amplitude A. These fitted parameters are presented as functions of Reynolds number in figure 11 (a, b, c, for the different oil layer thicknesses. Linear fits of the data point reasonably well represented the data. 
The mean average droplet size decreases linearly with the Reynolds number see figure 11 a. The rate of change of the droplet size is similar for each oil layer thickness, and there seems to be a systematic increase in the droplet size overall as the layer increases. This is as would be expected due to the additional droplet coalescence experienced as the inlet flow passes through the oil pad.
The standard deviation decreased linearly with the Reynolds number see figure 11 b. The rate of change of the standard deviations for all oil pad thicknesses was similar, but it was not possible to discern a trend for the standard deviation in terms of oil pad thickness  
The amplitude decreased linearly with the Reynolds number see figure 11 c. The rate of change of the standard deviations for 9,18 and 27mm oil pad thicknesses were similar, whereas the slope for the 36 mm set was markedly different, virtually zero. Therefore, no discernible trend could be identified for the standard deviation in oil pad thickness. 
[bookmark: _Toc103068285]5.3 Data set 2 at 50% volumetric quality of the oil
Experiments were performed at different flow rates ranging from 0454 to 1.135 m3/h with a volume fraction of 50%: 50% oil to the water for four different oil pad thicknesses. The set parameters for each experiment are summarised in Table 2. 
5.3.1 Gaussian fits of dataset 2
The results from dataset 2 show the mean droplet size with different flow rates and four oil pad thicknesses, and these data are fitted with the Gaussian curve, as shown in figure 12.
The graphs from the above in figure 12 (a, b, c, and d) show the bubble size distribution. As the bulk flow increases, the droplet means diameter decreases. Equally, as the layer thickness increases, the spread of the peaks increases indicating an increase in the particle size range. The mean diameter observed to move to the size of the right increases, particularly for the 36 mm thick pad. This is thought to be due to the increasing power to coalesce the droplets as they pass through the oil pad. 
5.3.2 Fitted parameters for the Gaussian model 
The same three parameters described in section 5.2.1 were fitted functions of the Reynolds number in figure 13 (a, b, and c) for the different oil layer thicknesses. Linear fits of the data points represented the data well.
5.4 Effect of oil concentration on the fitted Gaussian parameters
Given that a straight line can fit each fitted parameter, it would be interesting to compare the rate of change of each parameter with the Reynolds number and the change in oil concentration to see if any further relationships may be discerned. The gradient data for each fitted variable is presented in table 3 as a function of oil pad thickness for each dataset. 
A systematic change in the gradient is seen in each case between data sets 1 and 2 as the oil concentration increases from 25% to 50 %. This suggests that the Gaussian fits depend on the feed mixture's oil concentration. The most marked effect is produced on the mean droplet size, where the droplet size doubles with the doubling in oil concentration while the standard deviation only increases by 20%. The most marked effect is on the amplitude of data set 2. 
[bookmark: _Toc103068290]5.5 Calculation of mean droplet size and its comparison with mean droplet sizes obtained from Gaussian fits 
The calculation obtained from datasets 1 and 2 is compared with the Gaussian fit data, where higher velocity nearly matches Gaussian fit.
6.0 Comparison of experimental results with Ab Initio methods of estimating droplet size 
Now that it is known that a Gaussian fit can reasonably represent the droplet size, the Gaussian fit could be used as the starting particle distribution for droplet sizing in design models and simulations. The experimental work provides a way forward to predict the amplitude and standard deviation of the Gaussian curve once the droplet means the diameter is known. Therefore, the next step in the analysis is to compare the Gaussian fit average diameters with the predictions obtained from the different models described in section 3. Note that two different methods of predicting diameters had been described, one centred on finding the maximum droplet size and the other based upon the average droplet size. The diameters calculated for each Ab Initio method are presented for dataset one in table 5 and data set 2 in table 6.
A simple screening of the dmax calculations was carried out. It was clear that method 1 underestimated the diameter by one order of magnitude and given that the calculated average will reduce the droplet size, it was considered too inaccurate to continue as a viable method. 
Method 2 to calculate the maximum diameter overestimates the droplet size by a factor 3. When method 4 is applied to these data, the droplet sizes come more into line with those of the experimental results. 
Method 3 which calculates the davg directly, overestimates diameters by 1 order of magnitude. This method was developed for gas-liquid mixtures, and the terms are very sensitive to mixture density (see section 3.2 method 3). When the mixture changes to liquid-liquid, this is not accounted for in the model; hence, the results are in error. 
Method 5 produces very similar results to method 4 but has the advantage that it calculates the average diameter directly. The results obtained for methods 4 and 5 are plotted as a graph with the experimental results for oil pad thicknesses of 9mm and 36 mm in figures 14 and 15. This graph shows that the data for both methods of predicting the average droplet size lie within the scatter of the two experimental datasets for different oil pad thicknesses. The only points which lie outside this are for the lowest flows where laminar flow conditions are prevalent, and the models are not valid. In conclusion, the best method for predicting the size of the droplets to an acceptable accuracy is method 5. 
[bookmark: _Toc103068291]7.0 CONCLUSIONS
In this study, Particle Image Velocimetry PIV measurement techniques were used to successfully record bubble size distributions of water in oil droplets created in a Two-phase separator.
 Data measured using this technique investigated the different parameters that could affect droplet sizes. As expected, droplet size was found to reduce as a function of bulk flow, but increased oil pad layer thickness increases droplet coalescence, increasing mean droplet size and the spread of droplet sizes. Of more surprise, was that the concentration of oil in water plays a part in droplet size, with increasing size being found with increasing oil concentration, more work is required on this aspect. 
It was found that the droplet size distribution could be represented well using a simple Gaussian distribution. Further, it was found that the mean droplet size, standard deviation, and amplitude of the droplets all vary systematically and can be represented by simple straight-line relationships. This gives a straightforward way to predict the droplet size distribution for a separator simulation if the mean droplet size for a given inlet flow can be found. Several Ab initio methods of predicting droplet size were compared with the experiment data, and the method of Green and Perry (2007) was found to represent the data well for turbulent flow conditions.  
[bookmark: _Toc103068292]Nomenclature
	μm
	Microns
	DPM
	Discrete phase method

	
	Maximum droplet diameter
	m/s
	velocity

	davg
	Average diameter
	m3/h
	Flow rate

	
	Average diameter
	VOF
	Volume of fraction

	
	Fluid phase density (kg/m3)
	L/D
	Length / diameter

	
	Viscosity of water (kg m-1 s-1)
	HTPS
	Horizontal three-phase separator

	
	Turbulent shear stress
	V
	Voltage

	s
	surface tension
	PIV
	Particle image velocimetry

	%
	Percentage
	F/S
	Frame per second

	

	Weber critical number
	S
	Second

	Re
	Reynolds numbers
	CFD
	Computational fluid dynamics

	G
	Acceleration of gravity
	b/d
	Barrel per day

	Re
	Reynolds numbers
	D
	Diameter of vessel 

	
	Volume of fraction 
	
	

	GPM 
	Us gallon per minutes
	
	

	CFD
	Computational fluid dynamics
	
	

	VOF
	volume of fluid
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Table

Table 1: set parameters for measurements made for dataset 1.
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Table 2: Volumetric quality 50 %: 50 % used for Oil-water flow rates and oil pad thickness
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Table 3: The fitted variables mean droplet size xc, standard deviation σ, and peak amplitude with four different oil pad thicknesses for data sets 1 and 2. 
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Table 4: Calculation of mean droplet using Ab initio for data sets 1 and 2
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Table 5: Calculation of maximum, mean droplet using Ab initio compared with the davg of experimental work for data sets 1
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Table 6: Calculation of maximum, mean droplet using Ab initio compared with the davg of experimental work for data sets 2
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