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Abstract 
 
The effect of the driving-force parameters on coalescence and sedimentation was 
characterized experimentally using ultrasonic technique. Ultrasonic scanning additionally 
allows an exact determination of the boundary between the close-packed dispersion and 
the settling zone, which cannot be detected by any optical method even for very 
transparent systems. This technique gives quantitative information on the local hold-up in 
opaque systems. This information is used to determine the drop-size distribution of the 
dispersion and to validate and optimize existing evaluation tools for standardized settling 
experiments. Based on these data quantitative design of technical settlers for a given 
separation task is possible. 
 
Introduction 
 
Liquid-liquid extraction is a process using two immiscible liquids to extract compounds 
from one phase without high temperature requirement. One example for a technical 
implementation of this process is the mixer-settler. The optimization of settlers in the 
chemical and petroleum industry has become more relevant since the importance of bio-
based chemicals is increasing. These chemicals often have a low vapor pressure which 
makes extraction a more economic separation process compared to distillation.  
For settler design the sedimentation and coalescence behavior of droplets in the two-
phase dispersion has to be determined. To investigate the settling behavior of the 
dispersion, batch settling experiments can be used. A schematic representation of the 
batch settling process according to Henschke [1] is shown in Fig. 1 for the lighter phase 
being dispersed. 

 

Figure 1: Schematic representation of batch settling-experiment 
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When the mixing is stopped, the droplets start to sediment to the top. At the boundary of 
the continuous phase the droplets coalesce to the bulk of the dispersed phase. By plotting 
the boundary between dispersed bulk and continuous phase over time, the coalescence 
curve can be constructed. Accordingly, the sedimentation curve is derived from the height 
separating the droplet free continuous phase from the sedimentation zone, where droplets 
still sediment towards their bulk.  
If the sedimentation is faster than the coalescence of the droplets a dense packed zone is 
formed. In this zone drop-drop coalescence occurs, causing the drop diameter to increase. 
Current models [1] consider only a monodisperse droplet size, while in reality a 
polydisperse distribution will occur. The very fine droplets do not sediment with the majority 
of droplets leading to a secondary sedimentation. Second sedimentation cannot be 
evaluated by optical technique in most case. Ultrasonic scanning is a technique to 
overcome the mentioned obstacles. The major advantage of this technology is that it is 
able to analyze nontransparent systems when optical detection is not applicable [2]. 
 
Modeling 
 
With polydisperse droplets, different sedimentation velocities will occur in the dispersion. 
The velocity of each droplet relative to the surrounding fluid depends on the droplet’s size. 
In the beginning of a settling experiment the polydisperse droplets are equally distributed 
in the sedimentation zone. Due to the faster sedimentation velocity of bigger droplets, 
separation zones of different sedimentation velocity are formed with time, containing only 
droplets below a certain size. This results in a change of the local hold-up, as depicted in 
Fig. 2. 

 

Figure 2: Sedimentation of polydisperse droplets 

 
As an starting point for modeling it is assumed that no coalescence occurs. In this case the 
moving upwards hold-up front which can be observed is only determined by the local hold-
up and the limiting drop size of the zone ahead. 
 
Materials and Method  
 
Cyclohexanone (analytical grade) was obtained from Carl Roth GmbH & Co.KG. In this 
experiment, an aqueous phase viscosity was adjusted by adding polyethylene glycol with a 
specified mean molecular weight of 4000 g/mol obtained from VWR BDH Prolabo. In high-
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viscosity systems the settling speed of droplet swarms will significantly slow down [2]. 
Ultrapure water was used in the experiments. The saturated organic and aqueous phases 
were mixed with a speed motor at 800 rpm for 30 seconds. Then the mixed liquid was fed 
to the ultrasonic decanter. An ultrasonic suspension analyzer, type SUSS-2008 from 
Rhosonics Analytical B.V., Netherlands, was used to investigate the settling behavior. The 
viscosity and density of the aqueous and the organic phase are 4.39 mPa·s, 1015 kg/m3 
and 3.71 mPa·s, 960 kg/m3, respectively. The interfacial tension is 1.94 mN/m. 
 
Result and Discussion 
 
With the ultrasonic scanner the speed of sound as function of height and time was 
measured. The speed of sound can be converted into a hold-up plot as shown in Fig. 3. 
The varying levels of 1% hold up are represented in color scale. These hold-up data can 
be used to calculate the drop-size distribution in the sedimentation zone. The drop size 
can be calculated form the Reynolds number for swarm droplets and the sedimentation 
velocity of the droplets. The sedimentation velocity can be determined in the linear part of 
the sedimentation curve.  
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Figure 3: Experimental result from ultrasonic analyzer: hold-up over time. 

 

The drop size distribution density is plotted in Fig. 4. It is apparent that differing from 
previous model assumptions a rather wide drop-size distribution is found which needs to 
be accounted for in future model developments. 

 
Conclusion 
 
The results show that the height of the sedimentation zone and the coalescence curve can 
be determined from time and height dependent speed of sound with the ultrasonic 
scanner. Ultrasonic technology can be used to determine the boundary between close-
packed dispersion, coalescence and sedimentation zone, even in opaque systems where 
optical detection fails. 
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Figure 4: Overall droplets distribution in the sedimentation zone. 

It addition, it allows quantitative evaluation of local hold-up in opaque systems. This 
information is used to determine the drop-size distribution of the dispersion and to validate 
and optimize our evaluation tool for standardized settling experiments. Based on these 
data quantitative design of technical settlers for a given separation task is possible 
accounting for arbitrary drop-size distributions. 
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