
 
Abstract—Determining droplet size and distribution is essential 

when determining the separation efficiency of a two/three-phase 
separator. This paper investigates the effect of liquid flow and oil pad 
thickness on the droplet size at the lab scale. The findings show that 
increasing the inlet flow rates of the oil and water results in size 
reduction of the droplets and increasing the thickness of the oil pad 
increases the size of the droplets. The data were fitted with a simple 
Gaussian model, and the parameters of mean, standard deviation, and 
amplitude were determined. Trends have been obtained for the fitted 
parameters as a function of the Reynolds number, which suggest a way 
forward to better predict the starting parameters for population models 
when simulating separation using CFD packages. The key parameter 
to predict to fix the position of the Gaussian distribution was found to 
be the mean droplet size.  

 
Keywords—Two-phase separator, average bubble droplet, bubble 

size distribution, liquid-liquid phase. 

I.INTRODUCTION 

HE future of oil and gas will play an important role in world 
energy supply The current global position on climate 

change is to reduce fossil fuel usage to reduce carbon emissions 
at COP26 [1]. However, the global demand for crude oil and 
liquid fuels is still rising [2]. 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 involves high capital investment, and better 
design methods are needed 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 
[3]. Therefore, there is a need in short to medium term to 
improve the design of this type of apparatus.  

Under previous research in this area, Teesside University [4] 
identified a problem with current designs design methods, 
including [5], [6] models. These models 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 [4]. As a result, a need for a systematic 
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investigation of the effect of droplet size on separation was 
identified. The work presented here reports an experimental 
programme looking at two-phase oil-water separation. 
Measurements were limited to these phases because water from 
the oil phase controls the separation. Two variables were 
examined overall feed flowrate and oil layer thickness. These 
variables were chosen because the flow rate is thought to reduce 
droplet size, and the oil layer coalesce the droplets. Image 
processing software was used to determine droplet distributions 
from captured images for each experiment. The data produced 
were fitted with simple Gaussian models to determine if this 
distribution accurately represents the distribution observed. 

II.LITERATURE REVIEW 

The diameter, volume, and number density of fluid particles, 
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 [7]. This explains why [8] found that droplet 
diameter is a significant factor in determining the separation 
performance of multiphase gravity separators. Their findings 
were backed up by [9] which stated that "droplet diameter has 
been the leading primary cause of the gap between experimental 
and CFD results". As a result, several researchers [4], [6], [10]-
[14] 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. The only known experimental work for 
three-phase separators is described below:  

Reference [15] 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 4420 
mm and an overall length of 15850 mm 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.  

Reference [4] used ANSYS Fluent to simulate a three-phase 
separator with a diameter of 300 mm and a length of 900 mm 
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using the turbulence model combined with the volume of fluid 
(VOF) and Eulerian models to see if they could increase 
agreement between simulation and experimental results by 
changing the mean bubble droplets. They used the following six 
droplet diameters: 100 μm, 200 μm, 350 μm, 500 μm, 750 μm 
and 1000 μm. They found that low flows 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 high flows, 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.  

Aside from this, many CFD studies have been performed [4], 
[14] and [19] to find droplet diameter distributions, but the 

literature review revealed that little work [15] had been done to 
confirm their distributions with actual separator bubble 
distribution data. 

III.EXPERIMENTAL SET UP 

A variable geometry experimental apparatus was developed 
at Teesside University to investigate the effect of the L/D ratio 
on separator performance by [4]. This apparatus has been 
modified to allow the measurement of droplet size. 

A. 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. Fig. 1 shows the 
Piping and Instrument Diagram (P&ID).  

 

 

Fig. 1 Schematic diagram of the experiment set-up: (P1 and P2) Water and oil centrifuge pump, (V1 to V12) Control ball valve, (F1, F2 and 
F3) Rotameters flow meters, (S-1) Three-phase separator, and (T1 and T2) Water and oil tank, camera, and light 

 
The apparatus has been modified to measure the droplet 

distribution. Measurements are made in the separator body and 
not in the inlet pipe because the inlet geometry can modify 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. 

B. Experimental Methods and Procedures 

This experimental programme aimed to determine the 
droplet size distribution for a given set of flow measurements. 

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 
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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 
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 photographic 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 
remove V-12. Oil entrained in water is skimmed from tank T-1 
and returned to the oil tank. 

C. Image Capture Measurement 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 28-70 mm 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 100 mm 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 phases' 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 [16]. 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. Reference [15] 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. 

D. Image Analysis Processing 

The next step was to develop a standard method to analyse 
the photographs and the derived droplet data. This is described 
as: 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 that is 
faster and more accurate than sieve analysis [17]. This tool has 
been used in various applications, including biomedical, 
powder technology, and food processing, and can evaluate 
various size and shape criteria [17]. The steps involved in image 
procession are shown schematically in Fig. 2. 

 

 

Fig. 2 Flow diagram of particle droplet dimension measurement using image J 
 

In Fig. 2, Step 1 involves taking the camera's colour image 
and converting it to an 8-bit grayscale image. If the image is 
over-illuminated, the lighting is adjusted by subtracting the 
background lighting level [18]. The threshold value for the 
normalised image is then applied in step 2. The contours that 
are 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 [20]. In 
step 4, the image of the round item was detected using the 
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circular Hough transform [21]. The circular object bubbles were 
then extracted using the multi-edge detection approach [22]. 
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.  

E. 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 MS 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. These 
data are shown as a plot of the mean bubble diameter versus the 
number of bubble droplets in Fig. 3. 

 

 

Fig. 3 Experimental result of bubble droplet versus the number of 
droplets from sample data 

IV.EXPERIMENTAL RESULTS 

It was decided to set up the experiment for nominal total 
flows of equal flows in gallons per minute of water and oil using 
the rotameters on the apparatus to cover the full range of 
experiments. Four different flows rate and four different oil pad 
thicknesses were set. The data collected for this group of 
experiments were recorded, and these data are fitted with the 
Gaussian curve.  

Figs. 4 (a) and (b) 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. This is thought to be due to the increasing power to 
coalesce the droplets as they pass through the oil pad.   

A. Fitted Parameters for the Gaussian Model  

The same three parameters were plotted as functions of 
Reynolds number in Figs. 5 (a)-(c) for the different oil layer 
thicknesses. Linear fits of the data points represented the data 

well. 
 

 

(a) 
 

 

(b) 

Fig. 4 Plot of the number of bubble droplets with various mean 
bubble droplet sizes: (a) 9 mm and (b) 36 mm 

V. 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 affecting 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.  

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.  
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(a) 
 

 

(b) 
 

 

(c) 

Fig. 5 Plots of three primary variables against total Reynolds 
numbers: (a) mean droplet size xc, (b) standard deviation σ and (c) 

peak amplitude A at 0.25:0.75 volume of a fraction 
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