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ABSTRACT 

In solvent extraction columns mechanical agitation is usually introduced to improve the 

extraction efficiency.  However some industrial columns have been found to have higher extraction 

efficiency while running with no pulsation. In this study, axial dispersion coefficients in the 

continuous phase were measured under pulsing and non-pulsing conditions using a 72.5 mm diameter 

disc and doughnut solvent extraction column. The axial dispersion coefficients were measured using 

the unsteady tracer injection method. Under non-pulsing conditions, the axial dispersion coefficient 

increased with increasing continuous phase velocity, but it did not change significantly with the 

increase of dispersed phase velocity. With increasing pulsation intensity, the axial dispersion 

coefficient increased. A correlation is proposed to predict the continuous phase axial dispersion 

coefficient in a pulsing and non-pulsing disc and doughnut solvent extraction column.  
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1. Introduction 

Solvent extraction is one of the most widely used unit operations in separations processes.  A 

relatively new contactor finding application in the mining industry is the disc and doughnut solvent 

extraction column (disc and doughnut column, DDC). In this type of column, disc and doughnut 

shaped plates are arranged alternately along the column height and mechanical pulsing can be 

introduced to enhance mass transfer (pulsed disc and doughnut column, PDD column).  

Axial dispersion in the continuous phase in the solvent extraction column can significantly 

impact the mass transfer performance.  A number of studies have reported the axial dispersion in 

solvent extraction columns including the pulsed packed column1, Karr column2, Kühni column3 and 

pulsed perforated plate column4. Jahya5 and Buratti6 measured the axial dispersion in PDD columns 

with different geometries. At the same time, a computational fluid dynamics method was applied to a 

research scale PDD column. The hydrodynamic properties of the PDD column, such as residence time 

distribution of droplets7, dispersed phase holdup8 and pressure drop8, have been studied using 

numerical simulation methods. Furthermore, Nabli9 and Charton10 proposed models to predict the 

axial dispersion coefficient for PDD columns from simulations of tracer mixing. To date most studies 

have been conducted at relatively high pulsation intensities as low pulsation intensity and non-

pulsation is thought to be of little practical importance because of poor mass transfer performance11. 

Yet, some industrial operations using these columns operate with no pulsation and find better 

extraction performance than when operating with pulsing conditions12. It is therefore important to 

understand the performance of the PDD column under no pulsation and low pulsation conditions. To 

date, very little experimental data is available on the actual column performance in this operating 

regime. The dispersed phase holdup and drop size in a PDD column under no pulsation and low 

pulsation conditions have been studied in our previous research13, 14. The aim of work is to explore the 

effect of axial dispersion on the performance of the PDD column under low to to zero pulsation 

operating conditions. 

There are two models available to accommodate the effect of axial dispersion: the diffusion 

model and the backflow model3. The diffusion model assumes turbulent axial diffusion in one or both 

phases superimposed on plug flow of the corresponding phase, and the non-ideality is expressed in 
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terms of an axial dispersion coefficient (Ec). In contrast, the backflow model assumes well-mixed 

stages between which backflow occurs, and the axial dispersion is represented by a backmixing 

coefficient (α).  

It is generally agreed that back-mixing and forward-mixing in the dispersed phase is small in 

solvent extraction columns and has a relatively small influence on the mass transfer rate15. In this 

study, the diffusion model was used with the axial dispersion coefficient in the continuous phase 

measured using a 72.5 mm diameter disc and doughnut column with a H2O-Alamine 336®-Shellsol 

system over a full range of pulsation conditions, including relatively low pulsing and non-pulsing 

conditions which have not been reported before. An empirical correlation was also developed to 

predict Ec based on the experimental data obtained in this study. 

2. Previous studies 

A number of studies investigating axial dispersion in PDD columns have presented correlations 

for predicting the axial dispersion coefficient and these have been summarized in Table 1. 

Jeong16 studied the continuous phase axial dispersion in a 4.2 cm diameter and 200 cm long PDD 

column using KCl solution as an impulse input tracer. The axial dispersion coefficients for single/two 

phase flow were measured under different pulsation frequencies and different amplitudes. The two 

phase flow experiments were conducted in the emulsion flow regime, and the results show that Ec is 

not affected by variation in the dispersed phase flowrate. The experimental results were correlated 

with the column geometry, pulsing conditions and velocity.   

Jahya17 measured the axial dispersion coefficient of a 72.5 mm diameter PDD column for 

different extraction systems using dye tracer injection. The results show that Ec increased with 

increasing pulsation frequency, dispersed phase velocity and continuous phase velocity5. The 

proposed correlation was found to fit the data well but it cannot be applied to non-pulsing conditions. 

A comprehensive study on axial dispersion in the PDD column was conducted by Buratti6. 

Experiments were performed in doubly deionized water and/or with a PUREX-like organic phase 

(Tributylphosphate diluted in a C12 hydrocarbon chain). Electrolytic and radioactive (82Br) tracer 

were used in the experiments. The results showed that Ec decreased with Af at low intensity and 

increased with Af at high intensity (not including the non-pulsation condition). A correlation6 was 
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proposed for Ec prediction with relevant operating parameters. However, the axial dispersion 

coefficients predicted using Buratti’s correlation6 are largely overestimated compared with those 

measured on the small-diameter (15 mm) column. Based on Buratti's experimental data6, Charton10 

proposed a unified correlation with the classical dimensionless parameters (Re, Sc), which greatly 

improved the prediction accuracy for the geometry and operating conditions used to develop the 

correlation (small-diameter columns and annular columns). Nabli9 studied axial dispersion in a PDD 

column via the numerical simulation method. The results show that the distance between discs and 

doughnuts is the key parameter governing axial dispersion.  

Wang18 investigated axial mixing in a 38 mm diameter PDD column for a TRPO-kerosene-HNO3 

system using a steady-state concentration profile method. The experimental data showed that the axial 

dispersion coefficient of the continuous phase increased with A and f which can be predicted well 

using Burratti’s correlation6. Unlike other studies, the measured axial dispersion coefficient of 

dispersed phase (Ed) was much larger than the continuous phase Ec, and a correlation for Ed prediction 

was also proposed. 

Table 1 Literature data correlations for predicting axial dispersion coefficients in PDD columns 

Reference System Measurement 

technique 

Column and physical 

properties 

Correlations 

     

Jeong16 

 

 

Distilled water-refined 

kerosene 

Emulsion regime 

A=2, 4 cm 

f=40, 60, 80 min-1 

Dynamic tracer 

injection 

Tracer: 0.5N KCl 

solution 

 

D=4.2cm 

H=200cm 

𝜖=25% 

 

Single phase flow:  

   𝐸𝑐 = 3.5ℎ𝑐
−1.3𝐴1.54𝑓 + 30.95𝑈𝑐 

Two phases flow:  

  𝐸𝑐 = 2.36ℎ𝑐
−0.8𝐴1.34𝑓 + 20.89𝑈𝑐 

U: superficial velocity (cm/min); f: pulsing 

frequency, min-1; A: pulsing amplitude, cm; hc: plate 

spacing (cm); 

     

Jahya 5, 17  

 

(1) Shellsol-

Alamine336-H2SO4 

(2) Toluene-acetone-

water 

A=0.5-1.5 cm,  

f=0.5-2.0 Hz 

 

Dynamic tracer 

injection 

Aqueous phase: 

Tartrazine yellow, 

Organic phase: 

Waxoline blue 

D=0.0725m 

H=0.815m 

hc=0.019m 

𝜖=25.9% 

ρc=805-998 kg/m3 

ρd=864-998 kg/m3 

μc=1.08-1.85 mPa.s 

μd=0.58-1.0 mPa.s 

γ=11-23.5mN/m 

𝐸𝑐 = 𝑘1 (
𝜇𝑐

∆𝜌
) (

𝐴

ℎ𝑐
)

𝑘2

(
𝑉𝑐

𝐴𝑓
)

𝑘3

(
𝑉𝑑

𝑉𝑐
)

𝑘4

(
𝑉𝑑𝜇𝑐

𝛾
)

𝑘5

 

(1) Mixer-settler: k1-k5= 7.6×1012, -6.6, -4.1, 5.0, 

23.2 

Emulsion: k1-k5= 4.8×1012, -1.7, -0.28, -0.73, 0.93, 

5.87 

(2) k1-k5= 3.3×106, 0.25, -0.16, -0.68, 1.1, 4.4 

     

Buratti 6 Deionized water- 

tributylphosphate-C12 

hydrocarbon chain 

A=61mm,  

Tracer: sodium 

salt, 

nitric acid, 

radioactive tracer 

D=0.025-0.3m 

hc=0.0125-0.05m 

𝜖=12.5-25% 

𝐸𝑐 = 0.71 × 𝐴∗1.13 × 𝑓0.8 × ℎ𝑐
0.74

 

𝐴∗ = 𝐴 𝐷⁄  
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Charton10 

Af ≤ 0.075m/s 

 

(82Br)   𝐴𝑓

𝑢𝑓
> 0.5    

𝑆𝑐 = 𝑅𝑒−0.1011 × 𝐴∗−0.205 × max (1; ℎ∗)3.306     
𝐴𝑓

𝑢𝑓
< 0.5    𝑆𝑐 = 7.488 × 10−4 × 𝑅𝑒𝑃

0.495
     

h*=H/D,  Rep = ηAfHc/ν, Sc = ν/Ec 

     

Nabli9 Numerical 

experimentation 

 D=0.288m 

H=1.670m 

hc=0.045-0.125m  

𝜖=17-40% 

𝐸𝑐 = 1.67 × ℎ𝑐
1.56 × 𝐴0.69 × 𝑓0.92 

     

Wang18 30% TRPO-kersene-

HNO3 

Vc=1.2×10-3-6.1×10-

3m/s 

A=0.01-0.03 m 

f=1.0-1.67 Hz 

 

Solute 

concentration 

profile method 

D=0.038m 

H=1.670m 

hc=0.015-0.01m 

𝜖=23.0% 

ρc=801 kg/m3 

ρd=1015 kg/m3 

μc=2.6 mPa.s 

μd=1.0 mPa.s 

γ=16.87mN/m 

𝐸𝑑 = 0.026 × 𝑥𝑑
−0.92 × ℎ𝑐

−0.45 × 𝐴1.13 × 𝑓0.98 

 

 

PDD columns can also be operated with no pulsation. All of the studies listed in Table 1 were 

operated under pulsing conditions and the correlations for predicting the axial dispersion coefficient 

are generally only applicable for pulsation conditions. Therefore, it is imperative to obtain 

experimental data and develop a correlation for predicting the axial dispersion coefficient under low 

and non-pulsation conditions for PDD columns. 

 

3. Experimental 

3.1 Materials 

The organic phase used in this study was 3 vol% Alamine 336® (Tri-n-octylamine), supplied by 

BASF, and 1 vol% isodecanol, supplied by ExxonMobil, diluted in Shellsol 2046®, supplied by Shell. 

The aqueous phase used was tap water. Waxoline blue (10g/L solution in Shellsol 2046®) was used as 

tracer for the measurement of axial dispersion coefficients. The physical properties for this system, 

including densities, viscosities and interfacial tension, have been presented in Table 2.  

Table 2  Physical properties of the aqueous and organic phases 

 Aqueous Organic 

Density (kg/m3) 998 805 

Viscosity (Pa·s) 1 x 10-3 1.85 x 10-3 

Interfacial tension (N/m) 0.011 

 

3.2 Column and auxiliary equipment 
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Figure 1 shows the schematic representation of the experimental apparatus. The pilot scale PDD 

column used in this study consists of a 1.0 m long QVF® precision bore glass column with an internal 

diameter of 72.5 mm. A t-piece is located on top of the main column section to act as the organic 

phase outlet. Below the main column an expanded glass section increases the column internal 

diameter to 100 mm and encloses the stainless steel (SS) distributor. This is supported by a SS conical 

adapter which reduces the diameter to 50 mm, and is supported by the piston-type pulsing unit. The 

piston-type pulsing unit consists of a motor, a variable speed unit which provides frequency control, a 

variable eccentric drive head to control the stroke amplitude, a crank arm and a plunger equipped with 

a Teflon cylinder and two rubber seals in a SS cylinder. The plunger is used to provide a sinusoidal 

motion to the fluids in the column. 

In the main column section, 32 pairs of discs and doughnuts made from Teflon were arranged 

alternately and spaced 9.5 mm apart in the column, resulting in a 19 mm compartment height. The 

discs were 62.4 mm diameter and the doughnut apertures were 36.9 mm, resulting in open free areas 

of 25.9% for each plate.  

The continuous (organic) and dispersed (aqueous) phases were pumped into the column via 

distributors from their SS storage tanks using two magnetically driven March pumps with flame proof 

electric motors. Two rotameters with SS floats were installed in the inlet lines in parallel for each 

phase to control the flow rates. Two one-way valves were installed on the continuous and dispersed 

phase pipelines to eliminate the pulsing effects when measuring phase flowrates. All experiments 

were completed at room temperature, which for the pilot plant facility ranged from 16 to 21 °C.  
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Figure 1 Process flow diagram of column setup 

3.3 Equipment and measurement of axial dispersion 

The most commonly used method for measuring axial dispersion data is the tracer injection 

technique5. Two methods that employ tracers are available: continuous tracer injection and unsteady 

tracer injection. The unsteady tracer injection method with two sample locations was used in the 

present work to obtain the axial dispersion coefficient. 

Figure 2 presents the arrangement of the equipment used in the axial dispersion experiments. A 

rubber stopper was installed near the inlet of the organic phase (continuous phase) to allow the 

unsteady injection of tracer. To withdraw samples of the continuous phase, two 1.0 mm i.d. SS tubes 

(950 mm and 720 mm in length) were inserted into the column through the disc and doughnuts, and 

each tube was terminated at different positions along the column. Two peristaltic pumps with Tygon® 

tubing and SS probes were used to withdraw samples. To prevent the dispersed phase entering the 

sample tube, a polypropylene cap was set on the last plate, see Figure 2.  The two continuous phase 

samples were analysed continuously using two UV/vis spectrophotometers (723, Shanghai Jinghua 

Scientific& Technology Instrument Co., Ltd.) which were equipped with a 10 mm path length flow 

cell. 
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Figure 2 Arrangement of axial dispersion experiment 

3.4 Procedures 

Prior to an experimental run, the solvent was mutually saturated by repeated circulation through 

the column. The pulse amplitude and frequency were then set at the desired values, as were the flow 

rate of the two phases, and the interface was set at the required level. When conditions were steady, 

samples were continuously withdrawn from the sample tubes by peristaltic pumps. A pulse of dye 

tracer (10-15 mL) was injected into the continuous organic phase, and then the transient responses of 

the tracer were measured by passing the sample to online spectrophotometers, which were set at a 

wavelength of 644 nm for the Waxoline blue tracer. The spectrophotometer was calibrated by 

preparing a series of solvent samples with known concentrations of Waxoline blue. The outputs of the 

spectrophotometers were recorded at intervals of 30 seconds until the transient responses approached 

the original value. The measured residence time distribution (RTD) data, in the form of absorbance vs 

time, were then converted into tracer concentrations by the use of the Beer-Lambert law (Equation 1).  

𝐴𝑏𝑠 = 𝐸𝑡 × 𝑐𝑡 × 𝑊 

Equation 1 

Aq

in

Org

out

Aq

out

Org

in

Spectrophotometer #2

Spectrophotometer #1

Dye injection

Sample tube

Sample cap

Doughnut

Disc
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To ensure reliability of the experimental data, each experimental condition was repeated twice 

and the relative experimental error was calculated. 

4. Physical model  

In the unsteady-state method, a tracer is injected into the phase being investigated in the form of 

an impulse, step, sinusoidal or arbitrary input and the dynamic response is measured at one or more 

locations downstream from the injection point. The generally preferred method is a unit pulsed input 

approximating the Dirac delta function δ(t), at the inlet and measurement of the RTD of the tracer at 

some downstream point in the column or at the column outlet. The major difficulty in this approach is 

the creation of a sufficiently sharp change in the tracer concentration at the point of injection 

simulating the impulse input. This problem can be eliminated using two or more detection points19. 

An ideal response curve will be obtained in the first sampling point which is not likely to be affected 

by the injection operation and can be used as one boundary condition while solving the diffusion 

model to calculate Ec; and another response curve is obtained from the second sampling point and can 

be used as the objective function in the numerical calculation.  

The interpretation of the RTD curve to determine the continuous phase axial dispersion 

coefficient for the diffusion model has been widely presented using various types of columns, eg. 

PDDC17 and reciprocating plate column20 . Assuming the axial dispersion coefficient is a constant 

along the column, a mass balance of tracer in one dimensional flow can be described as presented in 

Figure 3. 

 

Figure 3 Mass balance of tracer ( j ) in continuous phase ( c ) with axial dispersion 
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The mass balance of tracer over the differential height of the column can be written as: 

𝑥𝑐 ∙
𝑑𝑐𝑗

𝑑𝑡
∙ 𝑆 ∙ 𝑑𝑧 = [(𝑐𝑗 ∙ 𝑉 ∙ 𝑆)

𝑧
− (𝐸𝑗

𝑑𝑐𝑗

𝑑𝑧
)

𝑧
∙ 𝑆] − [(𝑐𝑗 ∙ 𝑉 ∙ 𝑆)

𝑧+𝑑𝑧
− (𝐸𝑗

𝑑𝑐𝑗

𝑑𝑧
)

𝑧+𝑑𝑧
∙ 𝑆]  

Equation 2 

 

𝑥𝑐 ∙
𝑑𝑐𝑗

𝑑𝑡
∙ 𝑆 ∙ 𝑑𝑧 = − [(𝑐𝑗 ∙ 𝑉 ∙ 𝑆)

𝑧+𝑑𝑧
− (𝑐𝑗 ∙ 𝑉 ∙ 𝑆)

𝑧
] + [(𝐸𝑗

𝑑𝑐𝑗

𝑑𝑧
)

𝑧+𝑑𝑧
∙ 𝑆 − (𝐸𝑗

𝑑𝑐𝑗

𝑑𝑧
)

𝑧
∙ 𝑆]  

Equation 3 

𝑥𝑐 ∙
𝑑𝑐𝑗

𝑑𝑡
= −𝑉 ∙

[(𝑐𝑗)
𝑧+𝑑𝑧

−(𝑐𝑗)
𝑧

]

𝑑𝑧
+

[(𝐸𝑗

𝑑𝑐𝑗

𝑑𝑧
)

𝑧+𝑑𝑧
−(𝐸𝑗

𝑑𝑐𝑗

𝑑𝑧
)

𝑧
]

𝑑𝑧
  

Equation 4 

𝑥𝑐
𝜕𝑐𝑗

𝜕𝑡
= −𝑉

𝜕𝑐𝑗

𝜕𝑧
+ 𝐸𝑗

𝜕2𝑐𝑗

𝜕𝑧2   

Equation 5 

Introducing the following dimensionless variables: 

𝑃𝑒𝑗 =
𝑉∙𝐿

𝐸𝑗
        𝐶 =

𝑐

𝑐𝑚𝑎𝑥
      Z =

𝑧

𝐿
      𝜃 =

𝑡∙𝑉

𝑥𝑐∙𝐿
 

then Equation 5 becomes 

𝑃𝑒𝑗
𝜕2𝐶

𝜕𝑍2 −
𝜕𝐶

𝜕𝑍
=

𝜕𝐶

𝜕𝜃
  

Equation 6 

In order to obtain the axial dispersion coefficient in the form of Pej from Equation 6, an initial 

condition and two boundary conditions are required. Due to the imperfect nature of the pulsed 

injection and the use of two downstream sampling points, the initial and boundary conditions are 

defined as follows: 

Initial condition:     θ=0,  C (Z, 0)=0 

Boundary conditions17:   Z=L1,    C(L1)=C1(θ);       Z=1,     
𝜕𝐶

𝜕𝑍
= 0 

where L1 is the dimensionless position of the sample point connected to spectrophotometer #1, 

and C1(θ) is the concentration at that point. 

The partial differential equation (Equation 6) was solved using Matlab software. Ej for the 

continuous phase could then be calculated. A typical example comparing the experimental data with 

the fitted response is shown in Figure 4.  
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Figure 4  Comparison between experimental and calculated tracer concentrations at sample position #1 (a) and #2 (b)  

 

5. Results  

5.1  Non-pulsing conditions 

The effects of the continuous phase velocity and dispersed phase velocity on the axial dispersion 

coefficient were studied under non-pulsing conditions (Figure 5 and Figure 6). The continuous phase 

velocity was varied from 6.25×10-4m/s to 3.5×10-3m/s, and the dispersed phase velocity was varied 

from 8.08×10-4m/s to 3.62×10-3m/s.  The results show that that the axial dispersion coefficient in the 

continuous phase increased with the increase of continuous phase velocity (Figure 5), but did not 

change significantly with the increase of dispersed phase velocity (Figure 6) under non-pulsing 

conditions. 

 

Figure 5 Effects of continuous phase velocity on the axial dispersion coefficient (No pulsation) 
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Figure 6 Effects of dispersed phase velocity on the axial dispersion coefficient (No pulsation) 

5.2 Pulsing conditions 

The effect of pulsation intensity (at the same amplitude) on the axial dispersion in the continuous 

phase was studied with varying continuous phase velocity.  Based on the hydrodynamic results from 

our previous work, the dispersed phase holdup initially decreased and then increased very quickly 

with increasing pulsing intensity. When the pulsing intensity is higher than 0.017 m/s, the dispersed 

phase holdup will be higher than 45% which is close to flooding conditions. Therefore, the pulsation 

range of 0 to 0.017 m/s was selected in this study to assess the impact of pulsation on axial dispersion. 

Figure 7 shows that the axial dispersion coefficient increased with increasing pulsing intensity (Af), 

while the effects of phase flow rate were relatively small at the studied conditions. The relatively low 

axial dispersion measured for the continuous phase under low and no pulsation in this study may 

contribute to the higher extraction efficiency seen in industrial columns operating under the non-

pulsation condition. 
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Figure 7 Effect of pulsation rate (Af) on the axial dispersion coefficient (Ec), A=0.0105m  

 

5.3 Correlation for continuous phase axial dispersion coefficient 

In order to design industrial solvent extraction PDD columns, it is important to be able to predict 

the axial dispersion coefficient over a range of operational conditions and physical properties relevant 

to the particular system. As described previously, there are no existing correlations for predicting Ec in 

a PDD column that can be used for both non-pulsing and pulsing conditions.  

Based on the published research21 and analysis above, the continuous phase axial dispersion 

coefficient is correlated in terms of the physical properties ( ρ, γ and μ ) and operating parameters (A, f, 

Vc, Vd) using the following basis: 

(1) The pulsation rate, Af, is the correlating parameter for effects of amplitude and frequency.  

(2) The experimental data is only obtained from the PDD column used in this study, so column 

geometry is not considered to be a variable. Therefore, the correlation is applicable to columns with a 

hc/D ratio used in this study.  

(3) Under non pulsing conditions, axial dispersion is present in the continuous phase of the PDD 

column, therefore k2 is introduced to enable prediction of Ec when Af=0. 
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 (4) The phase velocities, Vc and Vd, have some impact on Ec.  

Using the correlation proposed by Jahya17 for a PDD column and the dimensionless analysis 

method, a new Ec correlation is proposed in this work for predicting Ec over a range of pulsation rates 

including non-pulsation as follows: 

𝐸𝑐∆𝜌

𝜇𝑐
= 𝑘1 [𝑘2 +

𝐴𝑓

𝑉𝑐
]

𝑘3

(
𝑉𝑑

𝑉𝑐
)

𝑘4

(
𝑉𝑑𝜇𝑐

𝛾
)

𝑘5

 

Equation 7 

The constants required for this correlation were fitted by minimizing the average absolute relative 

deviation (AARD): 

𝐴𝐴𝑅𝐷 =
1

𝑛
∑

|𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒|

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑛

1

 

Equation 8 

Where 𝑛 is the number of data points 

The experimental data in this work were used to regress the constants k1 to k5 in Equation 7. In order 

to better predict Ec, the parameters in Equation 7 were regressed for the pulsing and non-pulsing 

regions individually. The regressed parameters are presented in Table 3 and cover pulsation rates from 

0 to 0.017 m/s. The comparison between the experimental data and the predicted results is shown in 

Figure 8. The predicted AARD for pulsing and non-pulsing conditions are 13.2% and 20.0% 

respectively.  

Table 3 Regressed parameters in Equation 7 

 k1 k2 k3 k4 k5 AARD 

Pulsing 

 (Af=6.8×10-3~1.7×10-2 m/s) 2.07×10-4 39.7 2.74 0.221 0.089 
13.2% 

Non-pulsation (Af=0 m/s) 20.0% 
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Figure 8 Comparison of the experimental data with the predicted Ec using Equation 8   

 

6. Conclusions 

The conclusions from this study may be summarized as follows: 

(i) Under non-pulsing conditions, the axial dispersion coefficient of the continuous phase in a 

PDD column increased with increasing continuous phase velocity but did not change with 

dispersed phase velocity.  

(ii) The axial dispersion coefficient increased with increasing pulsing intensity. The low axial 

dispersion measured under non-pulsation conditions may improve the extraction performance. 

(iii) A correlation was proposed for Ec prediction under non-pulsing and low pulsing conditions. 

The experimental Ec can be predicted under non-pulsing and low pulsing conditions with a 

relative deviation of 20.0% and 13.2% respectively. 
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Nomenclature 

A: amplitude, length of pulsation stroke, m 

A*: amplitude parameter, dimensionless 

D: column diameter, m 

c:  tracer concentration, mg/L 

d0: diameter of holes in perforated plate, m 

Et: extinction coefficient of the tracer, L/(mg·mm) 

E: axial mixing coefficient, m2/s 

ec: continuous phase superficial axial mixing coefficient, m2/s 

f: pulse frequency, Hz 

h*: geometric packing parameter, dimensionless 

L: Effective height of the column, m 

hc: characteristic length, (PDDC: plate space), m 

k: constants in correlations, dimensionless 

W: path length of flow cell, mm 

Pe: Peclet number, dimensionless 

Rep: pulsed Reynolds number, dimensionless 

S: cross section area, m2 

Sc: Schmidt number, dimensionless 

t: time, s 

uf : feed velocity relative to column inner cross-section, m/s 

V: superficial velocity, m/s 

x: holdup 

z: length within the column measured from continuous phase inlet, m 

 

Subscripts 

1 :  #1 sampling position 
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2:  #2 sampling position 

Aq : Aqueous phase 

Org: Organic phase 

c : continuous phase 

d: dispersed phase 

j: tracer 

 

Greek symbols 

Δρ: density difference between phases, kg/m3 

xd: volume fraction holdup of dispersed phase, dimensionless 

μc: continuous phase viscosity, Pa.s 

μd: dispersed phase viscosity, Pa.s 

ρc: continuous phase density, kg/m3 

ρd: dispersed phase density, kg/m3 

𝜌∗: density of water at 20 oC, 998 kg/m3 

γ: interfacial tension, N/m 

θ: dimensionless time, dimensionless 

ν: molecular viscosity, m2/s 

𝜖: fractional free area of perforated plate, dimensionless 
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