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The floating process of oil droplets and bubbles in water is simultaneous. Therefore, 

the theory of the SCF work can be described by the same set of equations. The oil 

droplet is taken as an example for calculation below. 

The buoyancy of oil droplet in water is calculated as: 
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where Fs is the buoyancy of oil droplet, dp is the particle size of the oil droplet, ρw is the 

density of the water, ρp is the density of oil droplet, and g is the acceleration of gravity, 

respectively. 

The resistance of oil droplet in water is calculated as: 
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where Ff is the resistance of oil droplet, λ is the resistance coefficient, and u is the 

floating speed of oil droplet in water, respectively. 

When the rising speed of the oil droplet in the water does not change, the 

acceleration of the oil droplet is zero. At this time, the buoyancy of the oil droplet is the 

same as the resistance, then: 
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where Re is Reynolds number of oil droplet, μ is the viscosity of water. 

According to the relevant knowledge of hydrodynamics, under different laminar and 

turbulent conditions, the relationship between drag coefficient CD and Reynolds 

number Re is a piecewise function. 

At the laminar flow zone（Re<1）: 
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At this time, the rising process of bubbles in water follows Stokes law
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At Turbulent transition zone（1<Re<300）: 
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At this time, the rising speed of bubbles in water is 
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In the turbulent region (300 < Re < 4000), the resistance of the bubble increases 

with the increase of Reynolds number Re. At this time, the rising velocity of the bubble 

can be calculated by Mendelson empirical formula: 
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The above analysis is based on the equation that the bubble is a standard sphere 

and does not change during the upward floating process. When the particle size of the 

bubble is large and the shape will change during the upward floating process, the 

upward floating speed of the bubble will also change. The dimensionless numbers that 

affect the morphological changes in the process of bubble floating include bond number 

and Morton number: 

bond number： 
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Morton number： 
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where ρw is the density of the aqueous phase, μ is the viscosity of the aqueous phase, g 

is the acceleration of gravity, and γ is surface tension. 

In the actual flotation process, the temperature of oilfield produced water entering 

the separator was basically unchanged and set to at 50 ℃. The density of water phase, 



gas phase and oil phase were 988 kg/m3, 1.043 kg/m3 and 955 kg/m3, respectively. The 

water phase viscosity was 0.5494 mPa∙s.  

Based on above formula, the rising velocity of oil particles can be calculated. The 

rising velocity of oil droplets gradually increases with the increase of oil droplets size. 

Reynolds number is a basic parameter to estimate the flow pattern [1]. When the oil 

droplets at particle sizes of 100, 200 and 300 µm, the rising velocity is 0.33mm/s, 1.32 

mm/s and 2.65 mm/s, and the Reynolds number is 0.06, 0.47 and 1.43, respectively. All 

Reynolds number of oil droplet is below 4.5，which indicate that oil droplets in the 

laminar flow area and transition area. The free floating of bubbles will have little 

disturbance to the fluid. 

In the apparatus, the aeration disc has 50 μm uniform diameter micropores. Under 

the action of aeration pump, bubbles generate continuously and evenly, and enter into 

the oil produced water. The bubble size is affected by the rising velocity, pressure and 

surface tension in the rising process. Some bubbles will gather to form large bubbles, 

and some bubbles will burst. The bubble particle size is expected to be 10 to 200 μm. 

In bubble column reactor, the main influencing parameters of bubbles rising velocity 

are liquid superficial velocity and gas superficial velocity [2]. Increasing gas flow rate 

leads to an increasing strength of the recirculation, which is expressed by higher shear 

rates in the vertical liquid velocity [3]. 

When the liquid volume flow at the liquid inlet is 1.35m3/h, the Reynolds number 

of oil produced water is 9346, which indicate the inflow is at turbulence. When the oil 

produced water enters into the apparatus, the flow rate decreases. The rising speed of 

bubbles in water could be obtained by Equation.4. The laminar flow region and 

transition region were marked in the Fig.S1 according to the change of Reynolds 

number.  
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Fig.S1 The relationship between bubble floating velocity in water and bubble particle size 

 

As shown in Fig.S1, the rising speed of bubbles gradually increased with the 

increased bubble particle size. The rising speed of bubbles changed from laminar flow 

zone to turbulence transition zone with the increase of particle size, with the particle 

size at 100 μm, and the maximum rising speed at about 10mm/s. When the particle size 

of bubbles was greater than 84 μm, the stable rising speed of the bubble would cause 

the Reynolds number of the bubble between 1 and 50, which was in the transition zone. 

The maximum Reynolds number of the bubble was still small and the disturbance of 

the fluid caused by the bubble floating was also very small.  

Since the floating process of oil droplets is similar to that of bubbles, the variation 

curve of the floating speed of oil droplets with the particle size of oil droplets can also 

be calculated and shown in supplements. Similar to the bubble floating process, the 

floating speed of oil droplets also gradually increases with the increase of particle size. 

The floating velocity of oil droplets gradually increases with the increase of oil droplets 

size. When the oil droplets at particle sizes of 100, 200 and 300 μm, the rising velocity 

is 0.33mm/s, 1.32 mm/s and 2.65 mm/s, and the Reynolds number is 0.06, 0.47 and 

1.43, respectively. All Reynolds number of oil droplet is below 4.5 and oil droplets is 

at the laminar flow area and transition area. The free floating of bubbles will have little 

disturbance to the fluid. In terms of oil concentration in the influent and effluent at a 

certain time, the removal rate increased with the increased of particle size, indicating 

that the apparatus is suitable for removing large particle size oil droplets. Similar to the 

bubble rise analysis, the relationship bubble floating velocity in water with bubble 



particle size is obtained and can be seen in Fig.S2. The laminar flow region and 

transition region are marked in the figure according to the change of Reynolds number. 
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Fig.S2 The relationship between oil drop floating speed in water and oil droplets size 

 
Oil phase which determined by oil droplet size within the water phase could be 

classed as free oil (>150 μm), dispersed (20 to150 μm), emulsified (5 to 20 μm), and 

soluble (<5 μm) [4]. Free oil form mainly exists in the influent oil field-produced water 

and emulsified oil form mainly exist in the effluent oil field-produced water in this study. 

The particle size distribution of the influent and effluent oil produced water was shown 

in Table.S1. 

 

 

Table.S1 The oil droplets distribution in the oil produced water 
 Total <20μm 20-150μm >150μm 

Influent 100% 11.79% 15.47% 72.74% 
Exfluent 100% 59.94% 39.90% 0.16% 

Removal rate 92.43% 61.52% 80.48% 99.98% 

 

When the influent oil concentration was 1193.26mg/L, the particle size of the oil 

droplets in D50 was 250.6 µm, and the maximum particle size of the oil droplets was 

900.9 µm. When the effluent oil concentration was 90.32 mg/L, the particle size of D50 

oil drops was 13.7 µm and the maximum particle size was 219.3 µm, indicating that 



part of the emulsified oil with larger particle size had been removed by primary 

filtration and only small particle size emulsified oil existed in oil produced water. The 

removal rate curve of oil particles at a certain time is shown in Fig. S3:  

1 10 100 1000
0

20

40

60

80

100

120
C

on
ce

nt
ra

tio
n 

(m
g/

L)

oil droplets (µm)

 Influent
 Effluent
 removal rate

0

20

40

60

80

100

120

R
em

ov
al

 ra
te

 (%
)

 

 
Fig.S3 Oil droplets size distribution and removal rate 
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