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Liquid-liquid extraction 
intensification by micro-droplet 
rotation in a hydrocyclone
Yuan Huang1, Hua-lin Wang1, Yu-quan Chen2, Yan-hong Zhang1, Qiang Yang1, Zhi-shan Bai1 & 
Liang Ma1

The previous literature reports that using a hydrocyclone as an extractor intensifies the mass transfer 
and largely reduces the consumption of extractant from 1800–2000 kg h−1 to 30–90 kg h−1. However, 
the intensification mechanism has not been clear. This paper presents experimental and numerical 
methods to study the multi-scale motion of particles in hydrocyclones. In addition to the usually 
considered translational behavior, the high-speed rotation of dispersed micro-spheres caused by 
the anisotropic swirling shear flow is determined. The rotation speeds of the tested micro-spheres 
are above 1000 rad s−1, which are much larger than the instantaneous rotation speed in isotropic 
turbulence. Due to the conical structure of a hydrocyclone, the rotation speed maintains stability along 
the axial direction. Numerical results show that the particle Reynolds number of micro-droplets in a 
hydrocyclone is equal to that in conventional extractors, but the particles have high rotation speeds 
of up to 10,000 rad s−1 and long mixing lengths of more than 1000 mm. Both the rotation of micro-
droplets along the spiral trajectories and the intense eddy diffusion in a hydrocyclone contribute to the 
extraction intensification.

Liquid-liquid extraction is an important method for heterogeneous separation. There are dozens of extraction 
devices, such as mixer-settlers1, agitated extraction columns2, spray sieve plate columns3, rotating disc columns4, 
centrifugal extractors5, etc. To improve the extraction efficiency and decrease the consumption of the solvent 
and the cost of production, research efforts usually focus on the intensification of the mass transfer process for 
extraction devices. The phase ratio, the ratio of the solvent to the feed solution, of conventional extraction devices 
is usually above 0.1 (Table 1). The use of a large volume of solvent results in a huge consumption of energy in 
the subsequent distillation or reverse extraction process. In fact, since 1842 when Peligot first found that uranyl 
nitrate can be isolated from nitric acid solution by diethyl ether, it has been the focus and difficulty of many 
research efforts to reduce the phase ratio. Wang6 and Wu7 have reported using a hydrocyclone as an extraction 
device to isolate amine and alkali impurities from the C4 feed of an MTBE unit of 20,000 t a−1 in the PetroChina 
Karamay Petrochemical Company. Compared to the former mixer-settler device, the water extractant dosage 
was reduced from 1800–2000 kg h−1 to 30–90 kg h−1, corresponding to a phase ratio reduced from 0.15–0.17 to 
0.0025–0.0075. Furthermore, the operating period was prolonged from 15 days to 35–45 days, and the annual 
consumption of catalyst decreased from 15.1 t to 6.3 t. However, the intensification mechanism of extraction by 
hydrocyclone has proven difficult to explain. This study attempts to understand it by investigating the surface 
movement of the micro-droplet (particle rotation) with a solid micro-sphere as a substitute.

The motion of suspended particles is sufficiently affected by the surrounding fluid. The most obvious sense of 
motion is their migration following the flow. However, in addition to this, like the leaves change their posture in 
the air when they fall from a tree, the suspended particles rotate as they are subjected to the forces generated by 
the surrounding shear flow8. Many research studies have been devoted to solid particle rotation in simple shear 
flow, studies of aspects such as the forces acting on particles9, 10, the radial displacement in tubes with Poiseuille 
flow11–15 and migration in Couette flow between two relative moving parts16–19. Because of the complex particle 
motion in turbulent flow, the measurement of micro-particle rotation has for a long time been limited to simple 
shear flow14, 20–23. However, some new high speed imaging systems for rod-like particles rotating in isotropic 
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turbulent flows have been recently developed24–27. In addition, Klein et al.28 and Meyer et al.29 have measured the 
rotation of spheres (7 cm and 8 cm in diameter, respectively) in isotropic turbulent flows.

Since the translational speed (2–10 m s−1) of micro-particles in a hydrocyclone is much faster than that (much 
less than 1 m s−1) in the isotropic turbulent flows reported in the literature, it is difficult to track the particle’s 
motion behavior, especially to identify its rotation. This study used the solidified emulsion droplets that were fab-
ricated in a microfluidic device and have double black cores as the tracer microspheres. Utilizing the high-speed 
imaging technique, the rotation speeds of micro-spheres were then measured.

Because it is difficult to directly measure the rotation of micro-droplets in turbulent flow, numerical simu-
lation is usually a convenient and reliable method to predict their rotation speed. According to previous stud-
ies30–34, direct numerical simulation (DNS) has a good precision of predicting the rotation speed of particles 
in low Reynolds number turbulence. However, due to its high requirements of time and spatial resolution, it is 
unsuitable to use DNS to calculate the 3D turbulent flow in a hydrocyclone at the current computing levels. The 
Reynolds stress model (RSM) and large eddy simulation (LES) are usually used to calculate the velocity field of the 
complex swirling flow in hydrocyclones because their results are in good agreement with the experiments35, 36. In 
addition, according to Jeffrey’s theory, the rotation speed of particles can be calculated by ω = Ω/28, 20, when their 
diameters are smaller than the smallest length scale of the eddy and when their density matches that of the fluid. 
The vorticity Ω of the field is calculated by Ω = ▿ × u. Considering the cost of simulation, this study applied RSM 
to calculate the velocity field in a hydrocyclone and then calculate the sphere rotation speed.

Results
Experimental design. The schematic of detecting micro-spheres rotating in the hydrocyclone is shown in 
Fig. 1. The highly monodisperse micro-spheres, which have a transparent shell (470 μm) and double black spher-
ical cores (200 μm) (Fig. 1a), are injected into the quartz glass hydrocyclone from the tangential inlet. The micro-
sphere has a relative density of 1.15. Since the diameter ratio of core to the shell reaches 42.6%, it is easily 
distinguished by the high-speed cameras when they are translating rapidly in the hydrocyclone. Because it’s 
strong anisotropic turbulence in the hydrocyclone, the turbulence scales in different areas are quite different. 
Therefore, the average Kolmogorov length scale, η ν ε= ( / )3 1/4, that depending on the average turbulent dissipa-
tion rate, ε , at the cross section between the cylinder and the cone is taken to describe the turbulence scale and 
estimated to be 165 μm to 208 μm at the experimental conditions (see Supplementary Note 1). The test micro-
sphere size (470 μm) is larger than the average Kolmogorov length scale.

The whole hydrocyclone is installed in a water-filled square Perspex jacket to minimize the optical refraction 
caused by the curved surface. Because the inlet position has a strong effect on the motion of particles in the hydro-
cyclone37, the micro-spheres are injected into the center of the inlet by a long syringe needle with an inner diameter 
of 1 mm. As the spheres pass through the needle, the quantity of the particles in the detection zone is strictly limited 
such that the effect of particle concentration on fluid viscosity and particle collisions can be ignored.

Author Extractor type Chemical system
Phase ratio, 
E/M

Extraction 
efficiency

Zamponi et al.41 stirred extraction 
column Toluene/acetone(0.045 kg kg−1)/water 1.28 85.7%

Lee et al.42 Agitated extraction 
column Kerosene and paraffin oil/penicillin G potassium salt(0.408 mol L−1)/citrate buffer solution 2 ≈85%

Laitinen et al.2 agitated extraction 
column Supercritical carbon dioxide/1−butanol(5 wt%)/water 2.7 99.7%

Benz et al.43 Mixer-settler Toluence/acetone/water 1 96%

Dehkordi44 Mixer-settler Cumene/iso−butyric acid/water 1 99%

Abdeltawab et al.45 Stirred extraction 
column 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester/La and Ce nitrates/nitric acid 0.31 30% (La) 90% (Ce)

Serrano−Purroy 
et al.46 Centrifugal extractor N,N’-dimethyl-N,N’-dioctyl-2-(2-(hexyloxy)ethyl)-malonamide/MOX fuel/HNO3 1 97.8% (Tc)

Zhu et al.47 annular centrifugal 
extractor Ionic liquid/octane/ethylbenzene 0.5~2 95%(single stage)

Zhou et al.48 Annular centrifugal 
extractor R3N and (R3NH)2SO4/p-cresol-HNO3/water 1/7.6~1 92.01%~99.98%

Gameiro et al.49 Pulsed sieve-plate 
column Shellsol D-70/NH3/(NH4)2SO4 0.5~5 90.5%~99.5%

Yung et al.50 Reciprocating plate 
column Ionic liquids/phenol/water 0.24~1.05

Zhao et al.51 Annular centrifugal 
extractor TRPO-kerosene/ Fe3+/ HNO3 0.32~3.03 60%(3-stage)

Birajdar et al.52 Bubble column n-butanol/2,3-butanediol/water 0.8 54.0%

Modak et al.53 rotating packed bed 
contactor Xylene/methyl red/water 0.04~0.10 97%~98%

Ashrafmansouri 
et al.54 spray extraction column Toluene/acetic acid/water 14 75%

Table 1. The phase ratio of familiar extraction devices reported.
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The hydrocyclone is set vertically and a high-speed camera fitted with a 60 mm Nikkor micro-lens is used 
to measure the sphere rotation (Fig. 1b). Because of the effect of centrifugal force, the spheres travel mostly in 
the outer spiral and boundary layer. This being the case, the white LED lights of 100 W illuminates a detection 
zone of approximately 25 mm × 40 mm × 10 mm located near the side wall. The frame rate is set to 10,000 Hz at 
a resolution of 1,024 × 1,024 pixels. Due to the tangential velocity gradient, the spheres mainly rotate around the 
vertical direction (named z coordinate). As shown in Fig. 1c, the process of overlap and separation of two black 
cores indicates that the micro-sphere is rotating. The sphere’s rotation speed is calculated by

ω
π

=
−( )

n f

N2 1 (1)
z

f

1

where nπ/2 is the rotation angle, n = 1, 2, 3 …, f1 is the frame rate, and Nf is the number of frames recording the 
sphere rotation.

Effect of hydrocyclone structure on rotation speed. The hydrocyclone has a slender structure that 
consists of a cylinder and a cone. The micro-spheres are injected tangentially into the swirling field and translate 
following the outer spiral before finally exiting from the underflow orifice. This study only investigates the rota-
tion of spheres caused by the tangential velocity gradient. The fluctuating term and other rotation components 
are negligible for the reasons that: (1) the test micro-spheres are inertial particles; (2) the turbulence intensity 
is about 5% (see Supplementary Table 3) that the effect of fluid velocity fluctuating on particle rotation is very 
small; (3) the tangential velocity gradient is much larger than the other components, and the rotation speed of 
sphere is proportional to the tangential velocity gradient. The tangential velocities uθ of micro-spheres along the 
axial direction of the hydrocyclone at ReD = 6.9 × 103 are shown in Fig. 2a. The characteristic Reynolds number 
is defined as ReD = DUD/ν, where D is the diameter of cylinder, UD is the characteristic velocity and ν is the kine-
matic viscosity of fluid. Due to the factors of energy translation and dissipation, the fluid tangential velocity in the 
cylindrical section decreases with the distance from the inlet. However, as the inner diameter of the cone section 
decreases, the tangential velocity of spheres is unchanged. Therefore, the role of the conical structure is to pre-
vent the tangential velocity decay along the axial direction of hydrocyclone, so as to keep the tangential velocity 
gradient. In addition, since the rotation speed of spheres is proportional to the tangential velocity gradient, the 
conical structure helps the spheres maintain a high rotation speed. The rotation speeds ωz of micro-spheres are 
shown in Fig. 2b. The rotation speeds in the cylindrical section and conical section have the same distribution 
that is between 1,000 rad s−1 to 2,500 rad s−1 along the z direction, which is much larger than that in the isotropic 
turbulent flow.

Effect of operating conditions on rotation speed. Since the rotation speeds of micro-spheres are 
evenly distributed in the hydrocyclone, as shown in Fig. 2b and Supplementary Figure 4, the effect of the char-
acteristic Reynolds number ReD on the mean rotation speed is considered and shown in Fig. 3 by plotting the 
mean rotation speed as a function of ReD. The standard deviation ranges from 409 rad s−1 to 732 rad s−1. The mean 
rotation speed increases exponentially corresponding to ReD, and the fitting equation is given by

ω = − . . − .Re0 132exp(0 874 ) 1536 893 (2)z D

Numerical prediction of droplet rotation. The 3D swirling velocity field in the hydrocyclone is sim-
ulated with RSM by ANSYS Fluent 14.5. The continuous phase has a density of ρc = 580 kg m−3 and a dynamic 

Figure 1. The principle of identifying testing micro-sphere rotation. (a) Optical image of micro-spheres that 
have two black cores. (b) Schematic diagram of the measuring process of micro-sphere rotation with a high-
speed camera. (c) Image of a micro-sphere rotation captured by high-speed camera. The letter n represents the 
number of times that the micro-sphere rotates π/2.
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viscosity of μc = 0.0002 Pa s−1. A discrete phase model (DPM) that considers drag force, gravity force, buoyancy 
force, Saffman lift force, virtual mass force and pressure gradient force is applied to predict the spiral trajectories 
of water droplets of sizes 10 μm, 30 μm, and 50 μm. The inlet flux of continuous phase is 0.5 m3 h−1.

By assuming the balance between the inertial and viscous forces21, the time scales for mico-droplets rotation 
are ρ µ=ωt r /(15 )d d c

2  = 0.008 ms, 0.075 ms and 0.21 ms, where ρd and rd are the density and radius of water droplets 
respectively. In fact, tω gives the time necessary to a particle to adjust its rotational speed to that of the surround-
ing fluid. According to the simulation results, the residence times are 289 ms, 201 ms and 189 ms respectively for 
the droplet diameter of 10 μm, 30 μm, and 50 μm. All the residence times are much larger than the relaxation time 
scale of microsphere rotation. Accordingly, we consider that the micro-droplets have enough time to reach the 
high rotation speed as the surrounding fluid in the hydrocyclone. Thus, the radial, tangential, and axial compo-
nents of the sphere rotation speed can be expressed by the half of the vorticity along the spiral trajectory in the 
cylindrical coordinate system (r, θ, z), which is calculated by
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The period of droplet formation is confirmed to play an important role on the mass transfer of liquid-liquid 
extraction, which accounts for at least 30% of the total mass transfer quantities according to a theoretical anal-
ysis38. However, at the stage of free migration, the micro-droplets have perfect following performance, which 
results in a low particle Reynolds number Rep and is not beneficial to mass transfer. The particle Reynolds number 

Figure 2. Motions of micro-spheres along the axial direction of the hydrocyclone at ReD = 6.9 × 103. (a) The 
tangential velocities uθ of rotating micro-spheres. (b) The rotation speeds ωz (z direction) of micro-spheres.

Figure 3. Effect of operating condition on micro-sphere rotation. The bar represents the standard deviation.
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of the industrial liquid-liquid extractors is usually between 10 and 25039. The results of this simulation, shown in 
Fig. 4a, are concordant with this conclusion. Furthermore, the smaller the droplets size, the smaller the particle 
Reynolds number. Though the smaller droplet has good following performance, its residence time tr is longer than 
that of the larger ones. This is because the smaller size droplets are more easily captured by the circulation flow 
in the hydrocyclone. As the droplets near the underflow orifice, the Rep increases with the gradually decreasing 
inner diameter of the cone. From the distribution of Rep, it can be observed that the flow field in the hydrocyclone 
has the same condition as a conventional extractor for mass transfer.

Different from the isotropic turbulent flow in most extraction columns, the fluid in a hydrocyclone is a 
3D anisotropic swirling shear flow, which causes the particles immersed in it to rotate. The rotation speeds of 
micro-droplets, based on equation (3), along their spiral trajectories are shown in Fig. 4b. Due to the strong shear 
forces, the rotation speeds of micro-droplets in the hydrocyclone could be more than 10,000 s−1, which is much 
larger than those in isotropic turbulent flows25, 27, 29. The high-speed rotation leads to a strong interface turbulence 
and inner circulation flow within micro-droplets, which makes the two sides of the interface maintain a high 
mass transfer driving force. In addition, the trajectories of micro-droplets have lengths Lt of more than 1,000 mm, 
which is exceed 50 times of the inner radius D/2 and indicates that the mixing length of the continuous phase. 
Therefore, the probability of extractant micro-droplets capturing solute molecules and ions is much higher. As a 
result, the extraction efficiency is improved.

Industrial application results. The operation of the hydrocyclone of the MTBE unit of the PetroChina 
Karamay Petrochemical Company for the past six years was investigated. The average C4 feed throughput of 
the unit is maintained at 7.7–9.6 t h−1, and the water used to extract the impurities is in the range of 0.079–
0.090 kg h−1. As shown in Fig. 5, the phase ratio is approximately 0.01, which is similar with the previous reports7. 
The general maintenance cycle of the unit is yearly, and the catalysts of the reactors will be replaced each time. 
Two reactor protection filters utilize the same catalyst with the reactors operated alternately to consume the impu-
rities. Their catalyst replacement period is also kept stable with an average of 40 d as formerly reported (Fig. 5), 
which makes the reactor’s catalyst lifetime reach the maintenance cycle.

Discussion
Determined by the principle of identifying the sphere rotation, the minimum detection angle is π/2. As a result, 
the error of rotation speed is mainly caused by the limited frame rate of high speed camera that the recording 
rotation angle nπ/2 may deviate to the real value. The error angle, αE, of recording rotation angle could be calcu-
lated by the equation:

α
ω

=
f (4)E
z

The maximum error of rotation speed, Em, is calculated by the equation:

α
π

ω
π

= =E
n n f
4 4

(5)m
E z

Since the rotation speed is ωz  ≈  1000–2500 rad/s, the frame rate is f = 10,000 Hz and usually n ≥ 2, the maximum 
error of rotation speeds is Em = 6.4%–15.9%.

Figure 4. Simulation of micro-droplets in a hydrocyclone. (a) Particle Reynolds number of micro-droplets as 
they come to the underflow orifice, ρ µ= ′Re d V /p p p c . dp, ′V p, ρc, and μ are the droplet diameter, the relative 
velocity of droplets and fluid, the density of fluid and the kinetic viscosity, respectively. The resistance time tr 
indicates the extraction time. (b) The rotation speed ωp of micro-droplets along the trajectories.



www.nature.com/scientificreports/

6Scientific RepoRts | 7: 2678  | DOI:10.1038/s41598-017-02732-x

Based on the characteristics of the shear flow in a hydrocyclone and the rotation behavior of micro-droplets 
along spiral trajectories, we conclude that the mechanism of extraction intensification by hydrocyclone is as fol-
lows: (1) The swirling flow in a hydrocyclone has a strong eddy diffusion effect that intensifies the convectional 
mass transfer of the solute in the continuous phase (Fig. 6a). (2) The extractant micro-droplets travel along spiral 
trajectories, which make the continuous phase and the dispersed phase have a long mixing length, which results 
in an increased probability of the dispersed phase capturing solute particles. (3) The strong shear flow makes the 

Figure 5. Operation of the hydrocyclone in industry. The phase ratio is calculated by the annual consumption 
of water divided by that of the C4 feed. The catalyst replacement period of the reactor protection filter is plotted 
by the average time interval in a year, and the error bar illustrates the shortest and longest replacement periods.

Figure 6. Process of micro-droplet extracting nano-particles in a hydrocyclone. (a) The numerical results of 
vorticity distribution in the hydrocyclone. The micro-droplet travels along a spiral trajectory. (b) Schematic of 
the rotating micro-droplets capturing the solute molecules or ions. (c) Schematic of the inner circulation flow in 
a rotation droplet.
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micro-droplets rotate rapidly (Fig. 6b), which causes strong interface turbulence and inner circulation flow in the 
droplets (Fig. 6c). Therefore, the droplets have low mass transfer resistance until they reach saturation.

Methods
Experimental. The highly monodisperse micro-spheres are fabricated in a two-stage glass capillary microflu-
idic device40, 41 (Supplementary Figure 1a–d). The components of each phase are given in Supplementary Table 1. 
The core’s black color is due to the carbon black ink. The oil shell of emulsion droplet with photoinitiator is 
solidified in 3 minutes when exposed to UV light. The rotation behavior of the micro-spheres is distinguished 
by the overlap and separation of cores (Supplementary Figure 1e). The experiments of measuring rotation of the 
micro-spheres are conducted in the conventional circulation separation system of a hydrocyclone. The apparatus 
is shown in Supplementary Figure 2. The testing particles in the feeder are carried by the flow into the inlet center 
of the hydrocyclone through a long syringe needle with an inner diameter of 1 mm. The hydrocyclone is made of 
optical glass with a cylindrical diameter of 25 mm and a conical angle of 10°. The other structural parameters are 
shown in Supplementary Table 2. To investigate the effect of inlet flow rate on particle rotation speed, five operat-
ing conditions are tested (Supplementary Table 3). Because of the stochastic orientation of the two cores, most of 
the micro-spheres do not provide their rotation information. The rotating spheres suitable for analysis are picked 
out manually, and their translation and rotation speeds are determined with the help of image analyzing software, 
e.g., Image-pro plus. A typical rotating micro-sphere is shown in the Supplementary Video.

Numerical. The simulation is conducted in the commercial package ANSYS Fluent 14.5. The 3D velocity field 
and droplet trajectories are calculated by RSM and DPM, respectively. Non-equilibrium wall functions are used 
for the near-wall treatment. The Semi-Implicit Method for Pressure Linked Equation Consistent (SIMPLEC) 
algorithm is used to solve the pressure-velocity coupling equation. Pressure Staggered Option (PRESTO!) is 
employed for pressure discretization. The discretization of other conservation equations is solved by the 
Quadratic Upwind Interpolation of Convective Kinematics (QUICK) scheme. Outflow boundary condition type 
is specified at the overflow and underflow orifices with a split ratio (the ratio of underflow rate to inlet flow rate) 
of 0.1. The drag coefficient, = + +C a a Re a Re/ /D 1 2 3

2, for smooth particles given by Morsi and Alexander40 is 
taken to correct the drag force, where a1, a2 and a3 are constants that apply over several ranges of fluid Reynolds 
number, Re. The computational domain has 603,540 hexahedral cells, which includes the refined boundary layer 
(Supplementary Figure 5).

References
 1. Wichterlova, J. & Rod, V. Dynamic behaviour of the mixer-settler cascade. Extractive separation of the rare earths. Chem Eng Sci 54, 

4041–4051 (1999).
 2. Laitinen, A. & Kaunisto, J. Supercritical fluid extraction of 1-butanol from aqueous solutions. J Supercrit Fluid 15, 245–252 (1999).
 3. Igarashi, L., Kieckbusch, T. G. & Franco, T. T. Xylanase mass transfer studies in aqueous two-phase systems using spray and sieve 

plate columns. Bioproc Biosyst Eng 26, 151–157 (2004).
 4. Pina, C. G. & Meirelles, A. J. A. Deacidification of corn oil by solvent extraction in a perforated rotating disc column. J Am Oil Chem 

Soc 77, 553–559 (2000).
 5. Baier, G., Graham, M. D. & Lightfoot, E. N. Mass transport in a novel two-fluid Taylor vortex extractor. Aiche J 46, 2395–2407 (2000).
 6. Wang, H. L., Qian, Z. Q., Xun, X. M., Ma, J. & Wang, J. W. Method and apparatus for separating the trace amount alkali from the 

fluid. China patent CN 101485947 B (2008).
 7. Wu, F., Fang, G., Feng, J. G. & Li, B. The application of eddy purifier in MTBE unit for purifying C4 feed. Petroleum Processing and 

Petrochemicals 40, 35–39 (2009).
 8. Jeffery, G. B. The motion of ellipsoidal particles immersed in a viscous fluid. Proceedings of the Royal Society of London 102, 161–179 (1922).
 9. Eichhorn, R. & Small, S. Experiments on the lift and drag of spheres suspended in a Poiseuille flow. J. Fluid Mech. 20, 513–523 (1964).
 10. Saffman, P. G. The lift on a small sphere in a slow shear flow. Journal of Fluid Mechanics 22, 385–400 (1965).
 11. Segre, G. & Silberberc, A. Radial particle displacement in Poiseuille flow of suspensions. Nature 189, 209–210 (1961).
 12. Segre, G. & Silberberg, A. Behaviour of macroscopic rigid spheres in Poiseuille flow Part 2. Experimental results and interpretation. 

Journal of Fluid Mechanics 14, 136–157 (1962).
 13. Oliver, D. R. Influence of particle rotation on radial migration in the Poiseuille flow of suspensions. Nature 194, 1269–1271 (1962).
 14. Tachibana, M. On the behaviour of a sphere in the laminar tube flow. Rheol Acta 12, 58–69 (1973).
 15. Choi, C. R. & Kim, C. N. Inertial migration and multiple equilibrium positions of a neutrally buoyant spherical particle in Poiseuille 

flow. Korean Journal of Chemical Engineering 27, 1076–1086 (2010).
 16. Taylor, G. I. The motion of ellipsoidal particles in a viscous fluid. Proceedings of the Royal Society of London 103, 58–61 (1923).
 17. Halow, J. S. & Wills, G. B. Experimental observations of sphere migration in Couette systems. Industrial and Engineering Chemistry 

Research Fundamentals 9, 603–607 (1970).
 18. Trevelyan, B. J. & Mason, S. G. Particle motions in sheared suspensions. I. Rotations. Journal of Colloid Science 6, 354–367 (1951).
 19. Hermans, T. M., Bishop, K. J. M., Stewart, P. S., Davis, S. H. & Grzybowski, B. A. Vortex flows impart chirality-specific lift forces. Nat 

Commun 6 (2015).
 20. Frish, M. B. & Webb, W. W. Direct measurement of vorticity by optical probe. Journal of Fluid Mechanics 107, 173–200 (1981).
 21. Ye, J. & Roco, M. C. Particle rotation in a Couette flow. Physics of Fluids A (Fluid Dynamics) 4, 220–224 (1992).
 22. Matas, J.-P., Morris, J. F. & Guazzelli, É. Inertial migration of rigid spherical particles in Poiseuille flow. Journal of Fluid Mechanics 

515, 171–195 (2004).
 23. Frank Snijkers et al. Rotation of a sphere in a viscoelastic liquid subjected to shear flow. Part II. Experimental results. J Rheol 53, 

459–480 (2009).
 24. Parsa, S., Calzavarini, E., Toschi, F. & Voth, G. A. Rotation rate of rods in turbulent fluid flow. Phys Rev Lett 109, 1–5 (2012).
 25. Marcus, G. G., Parsa, S., Kramel, S., Ni, R. & Voth, G. A. Measurements of the solid-body rotation of anisotropic particles in 3D 

turbulence. New journal of physics 16, 102001 (2014).
 26. Byron, M. et al. Shape-dependence of particle rotation in isotropic turbulence. Phys Fluids 27 (2015).
 27. Ni, R., Kramel, S., Ouellette, N. T. & Voth, G. A. Measurements of the coupling between the tumbling of rods and the velocity 

gradient tensor in turbulence. Journal of Fluid Mechanics 766, 202–225 (2015).
 28. Klein, S., Gibert, M., Bérut, A. & Bodenschatz, E. Simultaneous 3D measurement of the translation and rotation of finite-size 

particles and the flow field in a fully developed turbulent water flow. Measurement Science and Technology 24, 1–11 (2013).

http://1a�d
http://1
http://1e
http://2
http://2
http://3
http://5


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 2678  | DOI:10.1038/s41598-017-02732-x

 29. Meyer, C. R., Byron, M. L. & Variano, E. A. Rotational diffusion of particles in turbulence. Limnol Oceanogr 3, 89–102 (2013).
 30. Kajishima, T. Influence of particle rotation on the interaction between particle clusters and particle-induced turbulence. Int J Heat 

Fluid Fl 25, 721–728 (2004).
 31. Shin, M. & Koch, D. L. Rotational and translational dispersion of fibres in isotropic turbulent flows. Journal of Fluid Mechanics 540, 

143–173 (2005).
 32. Pumir, A. & Wilkinson, M. Orientation statistics of small particles in turbulence. New journal of physics 13, 093030 (2011).
 33. Wilkinson, M. & Kennard, H. R. A model for alignment between microscopic rods and vorticity. Journal of Physics A: Mathematical 

and Theoretical 45, 455–502 (2012).
 34. Challabotla, N. R., Zhao, L. H. & Andersson, H. I. Orientation and rotation of inertial disk particles in wall turbulence. Journal of 

Fluid Mechanics 766 (2015).
 35. Narasimha, M., Brennan, M. & Holtham, P. N. A review of CFD modelling for performance prediction of hydrocyclone. Eng Appl 

Comp Fluid 1, 109–125 (2007).
 36. Bhaskar, K. U. et al. CFD simulation and experimental validation studies on hydrocyclone. Miner Eng 20, 60–71 (2007).
 37. Yang, Q., Lv, W. J., Ma, L. & Wang, H. L. CFD study on separation enhancement of mini-hydrocyclone by particulate arrangement. 

Sep Purif Technol 102, 15–25 (2013).
 38. Xu, J. H., Tan, J., Li, S. W. & Luo, G. S. Enhancement of mass transfer performance of liquid–liquid system by droplet flow in 

microchannels. Chem Eng J 141, 242–249 (2008).
 39. Uribe-Ramı́rez, A. R. & Korchinsky, W. J. Fundamental theory for prediction of single-component mass transfer in liquid drops at 

intermediate Reynolds numbers (10 ≤ Re ≤ 250). Chem Eng Sci 55, 3305–3318 (2000).
 40. Morsi, S. A. & Alexander, A. J. An investigation of particle trajectories in two-phase flow systems. Journal of Fluid Mechanics 55, 

193–208 (1972).
 41. Zamponi, G., Stichlmair, J., Gerstlauer, A. & Gilles, E. D. Simulation of the transient behaviour of a stirred liquid/liquid extraction 

column. Comput Chem Eng 20(Supplement 2), S963–S968 (1996).
 42. Lee, S. C., Lee, K. H., Hyun, G. H. & Lee, W. K. Continuous extraction of penicillin G by an emulsion liquid membrane in a 

countercurrent extraction column. J Membrane Sci 124, 43–51 (1997).
 43. Benz, K. et al. Utilization of micromixers for extraction processes. Chem Eng Technol 24, 11–17 (2001).
 44. Dehkordi, A. M. Application of a novel-opposed-jets contacting device in liquid–liquid extraction. Chemical Engineering and 

Processing: Process Intensification 41, 251–258 (2002).
 45. Abdeltawab, A. A., Nii, S., Kawaizumi, F. & Takahashi, K. Separation of La and Ce with PC-88A by counter-current mixer-settler 

extraction column. Sep Purif Technol 26, 265–272 (2002).
 46. Serrano-Purroy, D. et al. First demonstration of a centrifugal solvent extraction process for minor actinides from a concentrated 

spent fuel solution. Sep Purif Technol 45, 157–162 (2005).
 47. Zhu, J. Q., Chen, J., Li, C. Y. & Fei, W. Y. Centrifugal extraction for separation of ethylbenzene and octane using 1-butyl-3-

methylimidazolium hexafluorophosphate ionic liquid as extractant. Sep Purif Technol 56, 237–240 (2007).
 48. Zhou, J., Duan, W., Xu, J. & Yang, Y. Experimental and Simulation Study on the Extraction of p-Cresol Using Centrifugal Extractors. 

Chinese J Chem Eng 15, 209–214 (2007).
 49. Gameiro, M. L. F., Machado, R. M., Ismael, M. R. C., Reis, M. T. A. & Carvalho, J. M. R. Copper extraction from ammoniacal 

medium in a pulsed sieve-plate column with LIX 84-I. J Hazard Mater 183, 165–175 (2010).
 50. Yung, K. K. L., Smith, C. D., Bowser, T., Perera, J. M. & Stevens, G. W. The use of an ionic liquid in a Karr reciprocating plate 

extraction column. Chemical Engineering Research and Design 90, 2034–2040 (2012).
 51. Zhao, M., Cao, S. & Duan, W. Effects of some parameters on mass-transfer efficiency of a φ20 mm annular centrifugal contactor for 

nuclear solvent extraction processes. Prog Nucl Energ 74, 154–159 (2014).
 52. Birajdar, S. D., Rajagopalan, S., Sawant, J. S. & Padmanabhan, S. Continuous predispersed solvent extraction process for the 

downstream separation of 2,3-butanediol from fermentation broth. Sep Purif Technol 151, 115–123 (2015).
 53. Modak, J. B., Bhowal, A. & Datta, S. Extraction of dye from aqueous solution in rotating packed bed. J Hazard Mater 304, 337–342 

(2016).
 54. Ashrafmansouri, S. S. & Esfahany, M. N. Mass transfer into/from nanofluid drops in a spray liquid-liquid extraction column. Aiche 

J 62, 852–860 (2016).

Acknowledgements
We would like to express our thanks for the sponsorship of National Science Foundation for Distinguished Young 
Scholars of China (No. 51125032) and National Natural Science Foundation of China (No. 51308215).

Author Contributions
Y.H. and H.L.W. conceived and designed the study. Y.H. and H.L.W. performed the experiments. Y.H. and Y.H.Z. 
did the simulation. Y.H. wrote the paper. Y.Q.C. did the industrial experiment. All the authors assisted with the 
data analysis, reviewed and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02732-x
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-02732-x
http://creativecommons.org/licenses/by/4.0/

	Liquid-liquid extraction intensification by micro-droplet rotation in a hydrocyclone
	Results
	Experimental design. 
	Effect of hydrocyclone structure on rotation speed. 
	Effect of operating conditions on rotation speed. 
	Numerical prediction of droplet rotation. 
	Industrial application results. 

	Discussion
	Methods
	Experimental. 
	Numerical. 

	Acknowledgements
	Figure 1 The principle of identifying testing micro-sphere rotation.
	Figure 2 Motions of micro-spheres along the axial direction of the hydrocyclone at ReD = 6.
	Figure 3 Effect of operating condition on micro-sphere rotation.
	Figure 4 Simulation of micro-droplets in a hydrocyclone.
	Figure 5 Operation of the hydrocyclone in industry.
	Figure 6 Process of micro-droplet extracting nano-particles in a hydrocyclone.
	Table 1 The phase ratio of familiar extraction devices reported.




