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This work presents an overview of the research related to the determination of hy-
drodynamic characteristics of pulsed packed extraction columns using different 
liquid-liquid two-phase systems. The following hydrodynamic characteristics are 
examined: flooding velocity, mean drop diameter of the dispersed phase, the dis-
persed-phase holdup, and an axial dispersion coefficient. In this paper, the effects 
of operating parameters (pulsation velocity, superficial velocities of the phases) on 
the flooding point data taken from the literature are analyzed. The experimental data 
taken from the literature indicate that the maximum throughput of extraction devices 
decreases with an increase in pulsation velocity and the flow rate of the phases. By 
comparing these experimental data for liquid-liquid two-phase systems presented in 
the literature, it has been concluded that the overall flooding velocity decreases with 
increasing the flow rate ratio of the phases. It has been determined that the Sauter 
mean drop diameter is significantly dependent on pulsation velocity and interfacial 
tension, and that it is not a function of flow rates of the phases. The dispersed-phase 
holdup has been shown to increase with increasing the flow rate ratio, reaching its 
maximum value at the flooding point, when small drops are formed. It has been con-
cluded that the dispersed-phase holdup increases with an increase in the flow rate 
ratio. The authors have presented and analyzed some of the empirical correlations 
taken from the literature for flooding velocity, mean drop diameter, dispersed-phase 
holdup, and axial dispersion coefficient as functions of operating parameters, pack-
ing characteristics, and physical properties of liquid-liquid systems. 
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Introduction 

	 After distillation, a liquid-liquid extraction is the sec-
ond most important separation operation in chemical and 
process industries. It is used in chemical and petrochemi-
cal industries, hydrometallurgy, biotechnology, nuclear 
technology, separation processes in food industry, a waste-
water treatment and similar technologies [1, 2]. Significant 
implementation of the liquid-liquid extraction has recently 
been tied to processes in metallurgy, the uranium-based 
fuel treatment, the regeneration of spent combustible com-
ponents in nuclear industry and the regeneration of copper 
from weak acid solutions [3]. Separation processes that in-
clude the liquid-liquid extraction are conducted in different 
types of column devices [4-6]. In some of these processes 
chemical complexes between the solute and solvent are 
formed, and this makes the knowledge of the hydrodynam-
ics, mass transfer and kinetics of these processes a very 
important segment in the design of column extractors. The 
efficiency of column extractors primarily depends on the 
degree of turbulence within liquid-liquid systems and the 
size of the interfacial area, which is responsible for the in-
tensity of mass transfer. One way of increasing the mass 
transfer velocity in column extractors is the introduction of 

pulsations into the two-phase system, as they intensify the 
mixing of fluids inside the device. The study of the hydro-
dynamic characteristics and phenomena of mass transfer 
in pulsed extractors has been the subject of extensive sci-
entific research, primarily due to the complex behavior of 
liquid-liquid systems. It was established in the literature [7] 
that the operation of a pulsed packed extraction column 
(PPE column) was more efficient if it did not contain internal 
mechanical components, if liquid loss was reduced to the 
minimum and if the pulsator was isolated from the operat-
ing fluid. The PPE column is in fact an improved version 
of the standard column extractor, particularly if used in the 
separation of radioactive solutions, as its internal compo-
nents are corrosion-free because the pulsator is located 
outside the device. The authors of the work [8] state that 
the advantage of the PPE column is that it does not contain 
moving mechanical parts, which obviates the need for ser-
vicing its operating components. This advantage contrib-
utes to its extensive use in chemical, oil, and other indus-
tries, as well as in biochemical technologies. Amani et al. [9] 
investigated the hydrodynamic behavior and mass transfer 
characteristics in a pilot plate packed bed extraction col-
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umn in the liquid propane-mercaptan-caustic system. The 
extraction column was filled with Pall ring structured pack-
ing. Mercaptan was extracted from the continuous phase to 
the dispersed phase, accompanied by a chemical reaction 
in the propane-mercaptan-caustic system. The pulsing was 
introduced into the column to enhance the mass transfer 
rate. As packing, PPE columns use metal rings, ceramic or 
stainless steel Raschig rings, Berel saddles, Pall rings, wire 
structured and other types of packing [10].

The aim of this work is to present the comparison of 
experimental results taken from the literature and relating 
to the hydrodynamic characteristics of PPE columns as a 
function of pulsation velocity, flow rate ratio of liquid phases, 
superficial velocities of the phases, interfacial tension and 
packing parameters. In these experimental results, the 
data presented were obtained using different liquid-liquid 
two-phase systems. The results were compared for hydro-
dynamic characteristics such as flooding velocity, mean 
drop diameter, dispersed-phase holdup and axial disper-
sion coefficient in relation to the operating parameters of 
the column extractor (pulsation velocity, continuous and 
dispersed phase superficial velocities, flow rate ratio, and 
interfacial tension). 

The basics of the PPE column hydrodynamics
The main hydrodynamic characteristics of pilot plant 

PPE columns are flooding velocity, mean drop diameter of 
the dispersed phase, the dispersed-phase holdup, and an 
axial dispersion coefficient. Flooding velocity was typically 
calculated from empirical correlations presented in the lit-
erature and based on the concept of characteristic velocity 
[11, 12]. These correlations take into account the data on 
pulsation velocity, physical properties of liquid-liquid sys-
tems and column packing characteristics. Experimental 
measurements of the dispersed-phase holdup in the col-
umn under flooding conditions were typically conducted in 
the steady state of the two-phase system and with sudden 
disruption of the flow of the phases (by closing the valve at 
each end of the column), thus allowing for the dispersed 
phase to coalesce in the interfacial area at the column 
top. After a certain point, the change in the interfacial area 
height, which represented the dispersed-phase height in 
the column, was measured. In all experiments, after reach-
ing the steady column operation for given flow rates of the 
phases was reached, the dispersed-phase holdup was de-
termined using the sampling method. Namely, during the 
operation of the column dispersion, the samples were rap-
idly taken from several positions (up to 7) along the column 
height by filling special cylinders (50 or 100 ml) with the dis-
persion. Once the dispersion was separated, i.e. the drops 
rose to the cylinder top, the dispersed-phase holdup was 
determined. It represented the ratio of the dispersed-phase 
volume to the volume of dispersion in the cylinder [13]. The 
flooding point was determined by measuring the difference 
in pressures at the column bottom and top, using an in-
verted U-tube. The mean drop diameter of the dispersed-
phase was estimated via a photographic technique where 
the drops were photographed using a digital camera and 

the appropriate software. The mean drop diameter was 
translated into absolute values by comparing the measured 
values with the packing opening values. The axial disper-
sion coefficient was determined using an aqueous tracer 
solution that was continuously introduced into the bottom of 
the column device under steady operating conditions. The 
axial dispersion coefficient was obtained indirectly, based 
on the measurement of the tracer concentration profile in 
the continuous phase along the column device.

A typical scheme of the PPE column with mass transfer 
is presented in Figure 1.

Figure 1. Schematic flow diagram of the  pulsed packed ex-
traction colum.
Legend:   1.  Pump A.   (Light   phase   in);    2,   7,  8, 13.    
Valves; 3, 5, 6. Rotameters; 4. Extraction  column;  9.  Drain  
pump,  10.  Pump B. (Heavy phase in), 11, 12. Reservoirs of 
the heavy phase; 14. Pulsator pump.

Flooding velocity
The design of the countercurrent flow in all liquid-liquid 

extraction columns requires the determination of a suit-
able cross-section area for the liquid flow and the operat-
ing height of the column in order to achieve the desired 
mass transfer efficiency. Although the calculation of the 
cross-section area is considerably easier and more reli-
able than the estimation of the column device operating 
height, there are   significant uncertainties, except when a 
pilot plant column is used as the basis for the design of the 
device [14]. If this calculation is viewed from the perspec-
tive of industrial implementation, the extraction column 
should achieve high separation efficiency and throughput. 
On the other hand, it is not possible to increase the flow 
rate of liquid phases indefinitely, as there is a limit to the 
amount of one phase that can be dispersed in the other. 
When this limit is reached (flooding point), the dispersed-
phase drops can no longer fall or rise against the flow of 
the continuous phase, which means that a stable device 
operation cannot be accomplished. The maximum volu-
metric capacity of the extractor, i.e. flooding throughput, 
is the first value to be determined in the design of a PPE
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column [15]. The column diameter is then typically cal-
culated based on the knowledge of the column behavior 
under flooding conditions, provided the operating flow 
rates are a function of the maximum flooding capacity 
fraction. A significant step in designing liquid-liquid PPE 
columns is the determination of the packing height in the 
case of differential extractors. Finally, the design of ex-
traction columns requires the knowledge of correspond-
ing correlation equations or the values of the overall 
mass transfer coefficients.

In the work [16] it has been determined that 60 to 
75% of the extractor height was used to compensate for 
a significant decrease in the mass transfer efficiency due 
to the presence of backmixing in the column. The study 
[17] established that works presented in the literature, 
involving the correct design of extraction columns are 
based on the diffusion or backflow model, with one pa-
rameter accounting for all deviations from the ideal be-
havior in plug flow. In the work [18], the equation for the 
overall flooding velocity in PPE columns [Eq. (1)] was 
presented, as shown in Table 1.

Table 1. Empirical equations for the flooding velocity

Equation (1) takes into account pulsation velocity (A·f), 
packing characteristics (e) and physical properties of liquid-
liquid two-phase systems (ρc, Δρ, μc, μd, σ). However, Equa-
tion (1) does not consider the impact of the flow rate ratio of 
the phases on the maximum column throughput although 
it is widely accepted that flooding velocity significantly var-
ies with the change in the flow rate. Based on this it can be 
concluded that Equation1 does not provide very good agree-
ment between calculated and experimental data. 

One study [19] experimentally determined the behavior 
of four two-phase systems in a PPE column: kerosene-water, 
toluene-water, n-butyl acetate-water and butanol-water. The 
extraction column was 200 cm high and packed with 6.3 mm 
ceramic Raschig rings or 9.5 mm stainless steel Raschig 
rings. Its inner diameter was 7.62 cm. The authors estab-
lished that high values of pulsation velocity, which produced 
smaller-diameter drops, resulted in lower flooding velocities. 
A rise in pulsation velocity led to the intense shear stress in 
the column and affected drop breakage, i.e. the reduction in 
the drop diameter. The authors concluded that the number 
of drops in the operating part of the column increased due 
to a decrease in the slip velocity of the phases, which led to 
an increase in the dispersed-phase holdup in the operating 
part of the column. In this work [19], it was also shown that 
flooding velocity decreased with an increase in the dispersed 
to the continuous phase flow rate ratio. It was established 
that the dispersed-phase holdup increased with an increase 
in the flow rate ratio and that, as a consequence, the column 
became unstable at low dispersed-phase flow values. When 
the continuous phase was an aqueous solution of low viscos-

ity, the rise in the dispersed-phase drop velocity was depend-
ent on the drop diameter, as the drop diameter in the column 
extractor varied with the change in interfacial tension. For 
this reason, the dispersed-phase holdup in the column and 
the flooding point varied with the change in interfacial ten-
sion. After an increase in interfacial tension, the size of drops 
increased and the retention time in the operating part of the 
column was reduced. When the slip velocity of the phases 
in the column was increased, the dispersed-phase holdup 
decreased and the operation of the column device became 
much more stable. It was determined that low interfacial ten-
sion led to a lower allowed throughput than higher interfacial 
tension, as the column then contained smaller drops. The 
dispersed-phase holdup at the flooding point rose with the 
increased pulsation velocity, due to the formation of small 
drops. At the same time, the maximum dispersed-phase 
holdup in the column increased with increasing the flow rate 
ratio. On the other hand, the dispersed-phase holdup at the 
flooding point increased with the reduction in interfacial ten-
sion [19]. Due to the differences in void fractions of packing 
and the geometry of the phase contact area. Different col-
umn packings had different interactions with the dispersed-
phase drops. This means that the type of packing had a sig-
nificant effect on the flooding point.

In work [19], a new equation [Eq. (2)] was developed for 
the dispersed-phase superficial velocity at the flooding point, 
as shown in Table 1.The average absolute relative devia-
tion (AARD) between the calculated values for Ud,f and the 
experimental data was 6.45%, with the maximum absolute 
deviation of 22.7%. 
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When flooding is achieved, the dispersed phase ac-
cumulates at certain points in the interfacial area of the 
liquid-liquid system. Sometimes a phase inversion also 
occurs. Pulsed columns can be used as sieve-plate col-
umns, packed columns or columns with discs and dough-
nuts. Most of the research relates to sieve-plate columns 
[20-22], while there is relatively little information in the lit-
erature on the performance of PPE columns. Therefore, in 
order to determine the efficient design procedures for PPE 
columns, it is necessary to develop the adequate empirical 
correlations for flooding velocity and the dispersed-phase 
holdup at flooding as a function of operating conditions in 
the column, packing geometry and physical properties of 
the liquid-liquid system. 

In the work [23],it was established that pulsations intro-
duced into a PPE column significantly impacted the hydro-
dynamics of the liquid-liquid system when stainless steel 
super mini rings (SMR) were used as packing. The com-
parison of the results obtained from three different packings 
(ceramic Raschig rings, stainless steel Raschig rings and 
SMR) showed that the SMR packing had the best char-
acteristics as a function of the throughput and the mass 
transfer coefficient. The authors used a two-phase system 
of 30% tributyl phosphate (TBP) in kerosene-acetic acid-
water. This work [23] recorded that the flooding velocity of 
the PPE column with the stainless steel Raschig ring pack-
ing had an approximately 30% higher value than that of 
the same column with ceramic Raschig rings. On the other 
hand, the dispersed-phase holdup at the flooding point of 
the column packed with stainless steel Raschig rings was 
lower than of the column with ceramic Raschig rings. Such 
behavior was conditioned by the fact that stainless steel 
Raschig rings have a larger void fraction of packing than 
columns with ceramic Raschig rings. 

In the study [24], the authors determined the pressure 
drop in a two-phase system using three different liquid-
liquid systems – butyl acetate-water, toluene-water, and 
kerosene-water – with all the systems significantly different 
in terms of interfacial tension values with ceramic packs of 
the Raschig ring type of 0.63 cm in diameter. The flooding 
point was determined by indirect measurement of the dis-
persed-phase holdup through registering the difference in 
pressures along the extraction column height. The authors 
[24] established that the pressure drop along the height of 
the column (Δp/H) significantly depended on the dispersed 
and continuous-phase flow rates and pulsation velocity. At 
the same time, it was found that an increased value of any 
of the operating parameters led to a higher pressure drop in 
the pulsed column. This work also presents empirical cor-
relations for the pressure drop calculation in the gas-liquid 
system for PPE columns. The modified Khan and Varma 
correlation [25] was used for the calculation of the pressure 
drop in liquid-liquid PPE columns. Its application showed 
very good agreement between the calculated and experi-
mental data (AARD = 4.2 %).

Based on the above-mentioned comments relating 
to the four investigated liquid-liquid two-phase systems 
[19],it was concluded that the overall flooding velocity 

(Uf) decreases with increasing the flow rate ratio (Ud/Uc), 
and that flooding velocity has low values at high pulsation 
velocity(A·f) values. At the same time, the increased pulsa-
tion velocity results in an intense shear stress in the column 
which causes dispersed-phase drop breakage. It has also 
been shown that a decrease in dispersed to the continu-
ous-phase flow rate ratio increases the number of drops in 
the operating part of the column, which, in turn, increases 
the dispersed-phase holdup. On the other hand, a pressure 
drop in the column is a function of the flow rate ratio of the 
phases. An increase in any of the operating characteristics 
in the PPE column leads to the increased pressure drop in 
it. Of the proposed empirical correlations for flooding veloc-
ity, only Equation 2 gives good agreement between calcu-
lated and experimental data.

Mean drop diameter 
It is well known that the dispersed-phase mean drop di-

ameter is a very important parameter in the examination 
and design of PPE columns. In modeling liquid-liquid ex-
traction columns with the dispersed phase in the form of 
discrete drops, the surface-volume mean (Sauter) diameter 
(d32) is commonly used for the calculation of the interfacial 
area available for mass transfer, contact time, and mass 
transfer coefficients [26-29]. In order to develop effective 
procedures for the design of special types of extraction col-
umns, the knowledge of the mean drop diameter values as 
a function of operating parameters, physical properties of 
the liquid-liquid system, and the direction of mass transfer 
in the two-phase system is of great importance [27]. These 
authors investigated the hydrodynamics and mass transfer 
in a rotating disc contactor using two two-phase systems: 
toluene-acetic acid-water and n-butanol-succinic acid-water. 

One study [29] assessed the drop size distribution and 
the Sauter mean drop diameter in order to predict the size 
of the interfacial area for mass transfer. The authors used 
three different liquid-liquid systems and the hydrodynamics 
was examined in the absence of mass transfer in a pilot 
plant PPE column. The combined effect of pulsation veloc-
ity and interfacial tension achieved a great impact on the 
drop diameter distribution, while the impact of the flow rate 
of the phases was not significant. The extraction column 
height had an important role, especially in the lower, ac-
tive part of the column, while the combined effect of the 
above-mentioned parameters decreased along the extrac-
tion column height. Using the well-known density function 
of the normal distribution, a procedure was developed for 
the calculation of the drop diameter distribution with the 
AARD= 8.8 %.In the work (30), the effect of the packing 
type on drop size distribution in PPE columns was inves-
tigated by means of different columns and three packing 
types with three liquid systems including n-butyl acetate-
water, toluene-water, and kerosene-water.  The effect of op-
erating variables in terms of pulse velocity and volumetric 
flow rates of the liquid phases was examined. Pulse veloc-
ity, interfacial tension and the packing shape were found to 
the main important factors for the drop size distribution. On 
the other hand, it was concluded that volumetric flow rates 
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had no significant effect. Correlations are presented to pre-
dict drop distribution and mean drop size in PPE columns.

Work [31] examined the operating parameters of the 
PPE column. The column was packed with Raschig rings 
and its hydrodynamic characteristics were determined in 
a liquid-liquid 1-butanol-acetic acid-water two-phase sys-
tem. The objective was to determine the concentrations of 
the solute (acetic acid) in the extract and raffinate and use 
the obtained data to calculate the column efficiency and 
the mass transfer coefficient. The well-known Murphree-
model and Kawase model [32] were used to calculate the 
efficiency of the extraction column. The analysis of these 
results showed a positive trend for both column efficiency 
and the mass transfer coefficient. The flow rate ratio was 
one of the most significant factors influencing the column 
efficiency, with the percentage increase of 33.57 %. In this 
work [31], an empirical correlation was developed for the 
calculation of the column efficiency that considers operat-
ing parameters in the two-phase system. The correlation 
showed good agreement with the results obtained using 
the Murphree model, with an average deviation of 7.35 %.

In the work [28], experimental studies in the PPE col-
umn were conducted for two two-phase systems: toluene-
water and n-butyl acetate-water. In both systems acetone 
was used as the solute. It was established that the increase 
in the continuous-phase flow rate caused a slight increase 

in the mean drop diameter of the dispersed phase. The 
increase in the continuous-phase flow rate also resultedin 
the increased drop retention time in the column, due to a 
decrease in the slip velocity between the drops and the 
continuous phase.The increased drop retention time in the 
column created conditions for drop coalescence, which led 
to the formation of larger drops. A rise in pulsation velocity 
resulted in the formation of smaller-diameter drops. This 
was due to intense drop breakage that caused a fall in 
the value of the Sauter mean drop diameter. At very high 
pulsation velocity values, the fall in the values of the Sau-
ter mean drop diameter was significant [28]. Drop coales-
cence was enhanced through a rise in pulsation velocity, 
which increased the probability of drop collision. High pul-
sation velocity thus increased the tendency for drop coa-
lescence that exceeded the tendency for drop breakage. 
This led to the stabilization of the mean drop size. It was 
determined that the increase in the dispersed-phase flow 
rate (Qd) increased the mean drop diameter (d32) [28]. At 
the same time, the increase inthe mean drop diameter was 
attributed todrop coalescence caused by higher dispersed-
phase holdup.

The mean drop diameter in PPE columns is typically cal-
culated using the semi-empirical correlation [Eq. (3)] pro-
posed by the authors of the work [26], which is presented 
in Table 2.

Table 2. Empirical correlations for Sauter mean drop diameter

In the work [28], a correlation [Eq. (4)] was developed 
that can be used for predicting the Sauter mean drop 
diameter in PPE columns, as shown in Table 2. 

Equation (4) takes into account the operating param-
eters and physical properties of liquid-liquid systems, 
with different values of the constants for different mass 
transfer directions. In the absence of mass transfer in 
the two-phase liquid-liquid system, the constants have 
the following values:
c1 = 52.45; c2 = 0.30; c3 = 0.07. 

Mirzaie et al. [33] used the combination of the com-
putational fluid dynamics (CFD) model and the droplet 
population balance model (DPBM) to simulate the drop 
size distribution and the range of the phase flow in a 
liquid-liquid pilot plant pulsed extraction column. The re-
sults related to the CFD-DPB model and the experimen-
tal results indicated that the dispersed-phase holdup in-
creased with rising continuous and dispersed phase flow 
rates. At the same time, the increase in pulsation velocity 
resulted in increased dispersed-phase holdup, too. Due 

to a significant effect of drop breakage, the increased 
dispersed to continuous phase ratio caused a decrease 
in the Sauter mean drop diameter even at rising pulsa-
tion velocity.

The results presented so far indicate that a certain 
pulsation velocity to the interfacial tension ratio can 
achieve the greatest impact on the drop diameter distri-
bution, while the impact of the flow rates of the phases 
is negligible. It is known that the increase in interfacial 
tension causes the increase in the drop diameter, with 
the drop retention time in the column decreasing. It has 
also been found that at increased pulsation velocity, the 
drops with smaller diameters are formed, due to the oc-
currence of intense drop breakage, i.e. a decrease in the 
value of the Sauter mean drop diameter. At the same 
time, pulsation velocity at high values causes a signifi-
cant drop in the value of the Sauter mean drop diameter. 
Drop coalescence is enhanced by increasing pulsation 
velocity, thus increasing the likelihood for drop collision. 
Hence, high pulsation velocity increases the tendency 
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Table 3. Equations for the dispersed-phase holdup

for drop coalescence that exceeds the tendency for drop 
breakup and consequently results in the stabilization 
of the mean drop size. This part of the work also pre-
sents two empirical correlations for the calculation of the 
Sauter mean drop diameter based on the knowledge of 
operating characteristics and physical properties of liq-
uid systems in extraction column devices. Correlation 4 
provides very good agreement between calculated and 
experimental results for the Sauter mean drop diameter.

Dispersed-phase holdup 
The concept of characteristic velocity (U0), introduced 

into the literature in the work [34], very useful for estab-
lishing the relation between the dispersed-phase holdup 
and superficial velocities of the dispersed and continu-
ous phases:

                                             ...................................(5)

The literature [35] shows that the dispersed-phase 
holdup is largely dependent on pulsation velocity and 

interfacial tension. The authors determined that the dis-
persed-phase holdup increased with increasing pulsa-
tion velocity and the flow rate ratio of the phases. It was 
also found that the results derived from characteristic 
velocity graphs could be used to describe variations in 
the dispersed-phase holdup with the fluid flow rate in the 
range of used pulsation velocity values. An empirical cor-
relation was proposed for the dispersed-phase holdup 
as a function of operating variables, physical properties 
of liquid systems and packing characteristics. Good ap-
plicability of Equation (5) to the operation of PPE col-
umns depends on the linearity of characteristic velocity. 
These results confirm the finding that this method can be 
used for PPE columns, since linear graphs are obtained 
for tested systems. 

Experimental data for the dispersed-phase holdup 
can also be correlated as a function of physical proper-
ties of the system, operating characteristics, and pack-
ing parameters, [Eq.(6)], as proposed in work [19] and 
shown in Table 3. The calculated data and experimental 
values were shown to be in significant agreement: AARD 
= 5.45%, with the maximum error of 22.37% [19].

One explicit correlation for the dispersed-phase hold-
up is presented in work [35], Eq. (7). The dispersed-phase 
holdup value was correlated as a function of physical 
properties of the system, operating variables, and pack-
ing characteristics, as it can be seen in Table 3. The de-
viation of the experimental data for the dispersed-phase 
holdup from the calculated values determined according 
to Equation (7) in work [35] was satisfactory, with AARD = 
13.96%. The increased flow rate ratio of the phases (Qd/
Qc) in the column increased the number of the dispersed-
phase drops and, consequently, the dispersed-phase 
holdup. It was shown that the dispersed-phase holdup at 
flooding increased with the increase in pulsation velocity, 
which also led to the formation of smaller drops. As one of 
the important physical properties of liquid systems, inter-

facial tension had a great impact on the dispersed-phase 
holdup, i.e. the dispersed-phase holdup varied consid-
erably with changing interfacial tension. Specifically, the 
dispersed-phase holdup decreased with the increase in 
interfacial tension, since the drop size grew with increas-
ing interfacial tension. This means that the retention time 
of drops in the operating part of the column was reduced, 
leading to a decrease in the dispersed-phase holdup in 
the column. Low interfacial tension resulted in a lower 
overall throughput than high interfacial tension, thus caus-
ing the formation of smaller drops. It was also established 
that the maximum column throughput decreased with in-
creasing the pulsation velocity and the flow rate ratio of 
the phases, while it increased with increasing interfacial 
tension.
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In study [36], the dispersed-phase holdup and slip ve-
locity were determined in a pilot plant extraction column 
for two different two-phase systems, in the presence and 
absence of mass transfer. The authors developed a new 
correlation for predicting the slip velocity of the phases 
as a function of operating parameters, physical proper-
ties of the liquid-liquid systems and packing characteris-
tics. Very good agreement between the calculated and 
experimental data for the slip velocity of the phases was 
obtained.

In the above-mentioned part of the work, the authors 
analyzed the effects of the operating characteristics, 
geometric parameters and physical properties of the 
liquid-liquid systems on the dispersed-phase holdup. A 
rise in the number of drops in dispersion was caused by 
the increased ratio of the dispersed to continuous flow in 
the column, which led to the increase in the dispersed-
phase holdup in the operating part of the device. The 
dispersed-phase holdup at flooding grew with increasing 
the pulsation velocity, since small drops were formed at 
that point. At the same time, the maximum dispersed-
phase holdup increased with the increase in the ratio of 
liquid phases. On the other hand, the dispersed-phase 
holdup at flooding increased with a decrease in interfa-
cial tension. The maximum throughput of the extraction 
column decreased with increasing the pulsation veloc-
ity and the flow rate ratio of the phases and increased 
with increasing interfacial tension. The study presented 
and analyzed two empirical correlations that provide the 
dependency of the dispersed-phase holdup on operat-
ing parameters, physical properties of the systems and 
packing geometry. The correlation (7) showed the best 
agreement between the calculated and experimental re-
sults for the dispersed-phase holdup. 

Axial dispersion coefficient
The effect of backmixing in the continuous phase is 

a very important factor in calculating mass transfer in 
countercurrent liquid-liquid extraction columns. The cal-
culations of mass transfer in column devices employ 
steady state and diffusion (dispersion) models. In mass 
transfer calculations, the continuous-phase axial disper-
sion coefficient (Ec) derived from the diffusion model [37-
39] was the most common characteristic value used as 
a measure of backmixing. In work [40], the experimental 
estimation of the overall volumetric mass transfer coef-
ficient in the continuous phase also included the deter-
mination of the axial dispersion coefficient values in both 
phases (Ec, Ed), using a PPE column and two three-
component two-phase systems: toluene-acetone-water 
and n-butyl acetate-acetone-water. The experimental 
results were interpreted using the plug flow and diffu-
sion models. This work [40] established that the increase 
in the dispersed-phase flow rate led to the increase in 
the axial dispersion coefficient in both phases. On the 
contrary, the increase in pulsation velocity caused a de-
crease in the axial dispersion coefficient in both phases. 
On the other hand, the minimum axial dispersion coef-
ficient values in both phases were obtained at pulsation 
velocity in the range of 0.8 to 1.0 cm s-1, followed by 
a slight increase in the axial dispersion coefficient. Two 
empirical equations [Eq. (8) and Eq. (9)] were also devel-
oped, related to the dependency of Ec and Ed on pulsa-
tion velocity, hydrodynamic characteristics, and physical 
properties of the liquid-liquid systems[40]. These equa-
tions are presented in Table 4.

Table 4. Empirical equations for the axial dispersion coefficient

The valid range for the above equations was 8 < Re < 
125. The agreement between the experimental and cal-
culated data for Ec end Ed obtained using Equations (8) 
and (9) was satisfactory, with the AARD of 16.81 and 
16.19%, respectively. 

In work [41], the axial dispersion coefficient was esti-
mated for the single-phase flow in a PPE column, using 
Raschig rings as packing and employing the imperfect 
pulse method for the determination of axial mixing. It was 
found that the axial dispersion coefficient decreased with 
increasing pulsation velocity. A three-parameter model 

was developed based on the well-known Taylor-Aris dis-
persion equation for flow through a tube [41]. This ex-
perimentally verified model represents the dependency 
of the axial dispersion coefficient on pulsation velocity, 
i.e. on superficial velocities of the phases. Study [42] 
presented the results of the axial dispersion coefficient 
estimation in a PPE column (H = 404 cm; dT = 5 cm) 
with structured packing (dp = 5 cm), where the imperfect 
pulse method was also used for experimental measure-
ments. The ratio E/v of axial dispersion coefficient (E) 
and kinematic viscosity (v) of the liquid appeared to be a 
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function of Re.  The total fluid flow in the axial direction 
and pulsation velocity were characterised as a function 
of the Reynolds number. This function represents a four-
parameter model, and it was experimentaly verified for 
different flow rates of the phases (0-2 cm s-1) and pul-
sation velocities (0-4 cm s-1). The employement of this 
model enabled the determination of pulsation conditions 
at the minimum value of the axial dispersion coefficient. 
Rafiei et al. [43] examined the characteristics of mass 
transfer in an L-shaped pulsed sieve-plate column us-
ing the axial dispersion model (ADM). The procedure 
employed two chemical systems: toluene-acetone-water 
and n-butyl acetate-acetone-water, with the mass trans-
fer direction from the dispersed to the continuous phase.
The effect of operating parameters (pulsation velocity 
and phase flow ratio) on the mass transfer performance 
was also determined. The mass transfer coefficient in 
the continuous phase was significantly larger than the 
coefficient in the dispersed phase. In this work [43], a 
new empirical correlation was developed and employed 
to determine the overall mass transfer coefficient and the 
axial dispersion coefficient. Yi et al. [44] investigated the 
impact of novel anti-corrosion ceramics (hybrid ceram-
ics) and ceramic plates in the column on axial dispersion 
and mass transfer parameters in a standard two-phase 
system 30% TBP in Shellsol 2046-acetic acid-water. The 
experimental results showed that hybrid ceramic pack-
ing decreased the axial dispersion coefficient by approxi-
mately 50%, and increased the mass transfer coefficient 
by 50%. The altered values of these coefficients had a 
positive impact on mass transfer parameters. Sovilj et al. 
[45] created a basis for the calculation of hydrodynamic 
characteristics in pilot plant pulsed packed extraction 
columns. 

Conclusion 

This work presents a comparative view of the effects 
of hydrodynamic characteristics of PPE columns such 
as flooding velocity, dispersed-phase holdup, mean drop 
diameter in the dispersed-phase and the axial dispersion 
coefficient on the efficiency and throughput of extraction 
columns. The experimental measurements taken from 
the literature have shown that the maximum throughput 
decreases with the increase in pulsation velocity and a 
flow rate of the phases, and increases with increased 
interfacial tension.

The experimental data taken from the literature and 
presented in this work for the mean drop diameter, flood-
ing velocity, dispersed-phase holdup and axial dispersion 
coefficient in PPE columns can serve as a sound basis 
for the development of corresponding empirical correla-
tions that can be used in designing these columns. For 
example, the knowledge of experimental values of the 
mean drop diameter of the dispersed phase in disper-
sion permits the calculation of the mass transfer coeffi-
cient, which is an important factor in calculations related 
to the design of column extractors. At the same time, the 

numerical data on the dispersed-phase holdup in the op-
erating part of the column are useful in calculations of 
the required amount of the solvent used in the extraction 
process. Finally, the results presentedin this work rep-
resent on overview of the effects of the operating char-
acteristics in PPE columns, parameters of the column 
device, and physical properties of liquid-liquid systems 
on the hydrodynamics of PPE columns. Mutual depend-
encies of these values can be utilized for the reliable cal-
culation of mass transfer in these column devices. 

Nomenclature 

A             - amplitude of pulsation, m
A·f          - pulse velocity, m s-1

AARD     - average absolute relative deviation, AARD =

                  (100/NN) 

a	    - specific interface area, m2 m-3	
ap	    - packing surface area per unit volume of the 
                   column, m2 m-3

c1, c2, c3 - constants of empirical correlation (6)
d	    - average drop diameter, m
d1	    - major axes of the drop, m
d2	    - minor axes of the drop, m
de	     - equivalent drop diameter, de= (d    d2)1/3, m 
dp	    - packing diameter, m
dT	    - column diameter, m 
d32 	    - volumetric/surface or the Sauter mean drop

                  diameter,d32=                 m

e 	    - void fraction of packing 
E 	    - axial dispersion coefficient, m2 s-1

f	    - frequency of pulsation, s-1

g  	    - acceleration due to gravity, m s-2

H 	    - column height, m
N 	    - number of experimental points in the Sauter    
                  mean drop diameter calculation 
NN 	    - number of points in AARD calculation
  
Re 	    - Reynolds number, Re =
 
V	    - phase flow, m3 s-1

U	    - superficial velocity, U = 4 V/(D2π), m s-1

U0	    - characteristic velocity, U0 = [Ud /εd + Uc/(1  
                – εd)]/(1 – εd), m s-1

Us	 - slip velocity, m s-1

Uss	 - slip velocity based on the superficial phase ve 
               locities, Uss = (Ud + Uc), m s-1

Yexp	 - experimental values of hydrodynamic charac
               teristics (d32, Ud,f, εd)
Ycalc	 - calculated values of hydrodynamic characteris
               tics (d32, Ud,f, εd) 
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Greek letters 

Δρ	 - density difference between phases, Δρ = (ρc - 
              ρd), kg m-3

Δp	 - pressure drop during the column, Pa
εd	 - dispersed-phase holdup
μ	 - dynamic viscosity, Pa s
ν	 - kinematic viscosity, m2 s-1

ρ	 - density, kg m-3

σ	 - interfacial tension, N m-1

Subscripts 

c	 - continuous phase  
d	 - dispersed phase 
f	 - flooding point
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U ovom radu je dat pregled istraživanja, na bazi eksperimentalnih podataka iz lit-
erature, koja se odnose na određivanje hidrodinamičkih karakteristika pulzacionih 
ekstrakcionih kolona sa punjenjem u slučaju korišćenja različitih dvofaznih siste-
ma tečno-tečno. Kao hidrodinamičke karakteristike korišćeni su:  brzina plavljenja, 
srednji prečnik kapi dispergovane faze, sadržaj dispergovane faze, kao i koefici-
jent podužne difuzije. Analiziran  je uticaj radnih parametara na tačku plavljenja 
u ekstrakcionoj koloni. Eksperimentalni rezultati su ukazali na to da maksimalni 
kapacitet ekstrakcionog uređaja opada sa porastom brzine pulzacije i protoka faza. 
Utvrđeno je eksperimentalno da ukupna brzina plavljenja opada pri povećanju 
odnosa protoka faza,   kao i da   ona ima   male   vrednosti kada su korišćene 
velike vrednosti brzine pulzacije.  Potvrđeno je da Sauterov srednji prečnik kapi 
značajno zavisi od brzine pulzacije i  međufaznog napona ali nije funkcija protoka 
faza. Pokazano je da sadržaj dispergovane  faze u dispeziji raste sa povećanjem 
odnosa protoka faza, dok on u tački plavljenja dostiže svoju maksimalnu vred-
nost, pošto tada dolazi do formiranja sitnih kapi. Prikazane su i analizirane neke 
od empirijskih korelacija iz literature, koje se odnose na brzinu plavljenja, Sau-
terov srednji prečnik kapi,  sadržaj dispergovane faze i koeficijent podužne difuzije 
kao funkcije radnih parametara, karakteristika punjenja i fizičkih osobina sistema 
tečno-tečno.

HIDRODINAMIČKE KARAKTERISTIKE PULZACIONIH EKSTRAKCIONIH 
KOLONA SA PUNJENJEM
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