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Abstract

Terminal velocity of liquid drops is one of the key parameters in liquid-liquid extraction
column design. It is important in determining residence time, droplet lifetime, and mass transfer
rate. In present paper, the rising behavior of a single drops are investigated in a low interfacial
tension system by high speed camera. An n-butanol/water system was used as test system.
Correlations for terminal velocity were evaluated and compared, both explicitly and implicitly.
Moreover, the influence of salt addition in aqueous phase was also studied, including salt
concentrations and types. A Weber-Reynolds correlation was derived on the basis of experimental
data. Drag coefficient was then calculated and showed a good agreement compared to the
correlations in literatures.
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1. Introduction

Liquid-liquid extraction plays an important role in petrochemical, pharmaceutical,
hydrometallurgical, as well as post-processing in nuclear industry (Miiller et al., 2008). It is a
complicated process due to droplets dynamic behavior, including drop rising, breakage,
coalescence and mass transfer characteristics (Kopriwa et al., 2012). One of the most fundamental
behaviors is single drop rising in a quiescent ambient fluid, which influences the residence time of
droplet in an extraction apparatus and affects the overall mass transfer rate subsequently (Kalem et
al., 2010). This process is governed by physical properties of the two immiscible phases and is
sensitive to contaminations, like ions, surfactants (Edge and Grant, 1972; Griffith, 1962; Leven
and Newman, 1999; Li et al., 2003) or solid particles, which are usually unavoidable in industrial
operations.

Terminal velocity and drag coefficient of a rising drop are the important parameters and
unlike rigid particles, fluid particles rise with fully mobile interface, which can be divided into
several periods (Wegener et al., 2014). When diameters are relatively small, drops behave like
rigid sphere. As the droplets become larger, inner circulation within droplets occurs, then the
droplets enter in a transition stage. During this stage, droplets change their shape and reach
maximum terminal velocity and minimum drag coefficient as the diameter increase. As drop
diameter increases further, droplets begin to oscillate and deform, resulting in more resistance to
motion, therefore slightly reducing the terminal velocity.

In order to determine the terminal velocity of a rising drop, an analytical solution for
Navier-Stokes equations was derived by Hadamard (Hadamard, 1911) and Rybczynski
(Rybczynski, 1911) which is applicable only for creeping flows (Re<l). For higher Re,
correlations or models are developed to evaluate terminal velocity for a given system. There are

several options:



(1) Explicit correlation for terminal velocity. In an explicit expression, the terminal velocity
is derived by dimensional analysis based on experimental data. Hu and Kintner (Hu and Kintner,
1955) investigated ten organic liquids drops in water. A correlation to predict terminal velocity
was proposed based on these test systems except one with very low interfacial tension. Klee and
Treybal (Klee and Treybal, 1956) measured the terminal velocity of eleven organic-water systems,
covering a wide range of physical properties. By considering velocity-diameter curve as two
separate regions, the terminal velocity can be obtained for each region. Thorsen et al. (Thorsen et
al., 1968) proposed the equation for terminal velocity of circulating and oscillating liquid drops on
the basis of seven high interfacial tension systems with extreme care to avoid contamination. A
comparison was made with Hu-Kintner correlation, it was found that the previous one was not
generally valid for system for highly purified liquids. Grace et al. (Grace et al., 1976) presented an
explicit equations for terminal velocity by applying three previous types of correlation to a large
number of experimental data. This correlation was suggested to be applied in the situation where
surface-active contamination was inevitable. Henschke et al. (Henschke, 2003) considered
different correlations for all droplet rising regions and combined them by crossover functions,
resulting in a single model which intends to predict terminal velocities over the entire diameter
range. These crossover functions add more complexity to the equations and at least three
parameters need to be determined based from experimental data for a given system.

(2) Implicit correlation of terminal velocity. Unlike explicit correlations which present a
function of vi=f(dc), the terminal velocity can only be calculated through an indirect way from
Cp=f(Re). A large number of correlations have been proposed in the past few decades, including
Hamielec (Hamielec et al., 1963), Saboni and Alexandrova (Saboni and Alexandrova, 2002),
Brauer (Brauer, 1979), Polyanin (Polyanin et al., 2001) and so on. However, these correlations
were confined into certain range of Reynolds number and some were restricted to spherical drop
only, which limit their application. In practice, the terminal velocity has to be calculated by an
iteration way. (Wegener et al., 2014)

(3) Generalized graphical correlation in terms of Eo-Re-Mo. These can be applied for
preliminary rough estimation of terminal velocity as well as the shape regime. However, as
suggested by Clift et al. (Clift et al., 1978), since the viscosity of dispersed phase is not considered
in any of the three parameters, very pure systems or larger fluid particles in high Morton liquids
are not covered in the diagram.

Although different approaches have been adopted for terminal velocity, few of them are valid
in low interfacial tension system. In addition, contaminations like surfactants have been taken into
consideration, but limited work has been done to determine the influence caused by simple ions
such as sodium chloride. Gebauer (Gebauer, 2018) investigated five different types of salts with
0.1M in continuous phase. His work revealed that a toluene drop was slowed down because the
addition of salt. Also in toluene-water test system, Chen et al. (Chen et al., 2010) found that the
terminal velocity was increased as the salt concentration increased from 0.01M to 2M. Zameek et
al. (Zameek et al., 2016) derived the same trend as Chen et al., they studied the single crude oil
drop rising in electrolytes with low, moderate and high concentration. It seems that opposite
conclusions were derived for addition of salt. Therefore, further work is needed to investigate the
salt effects, especially in low interfacial tension system.

In this study, single drop rising in low interfacial tension system (i.e. butanol-water system)
was recorded by high speed camera to obtain terminal velocity. Then the terminal velocities were



compared to the predictions by correlations from literature, both explicitly and implicitly.
Furthermore, salt effects were determined by adding different salts with various concentrations
into continuous phase. Finally, Re-We-Mo correlation was developed on the basis of experimental
data, which was applied to predict drag coefficient for the low interfacial system.

2. Materials and Methods

To observe single drop rising, a column filled with continuous phase is commonly utilized
with dispersed phase injected from bottom (Bhavasar et al., 1996; Kamp and Kraume, 2014).
Droplets are recorded by high speed camera to estimate the terminal velocity as well as shape
information.

2.1 Test system

As proposed by European Federation of Chemical Engineering (EFCE) (Misek et al., 1985),
n-butanol/water was chosen as the standard low interfacial tension system in this study. Ultrapure
water, with a conductivity less than <0.05 uS/cm, was degassed to eliminate the influence of
solute gases. N-butanol with analytical-reagent grade was used to minimize contaminations. Since
n-butanol is moderately soluble in water, the two phases were mutually saturated in a stirred tank
before experiment to avoid additional mass transfer.

Physical properties of the two phases are summarized in Table 1. To explore the influence of
salt ions, salt with certain concentration was firstly dissolved in ultrapure water. After fully
dissolved, the salt solution was then mutually saturated with n-butanol as the standard system.

Table 1 - Physical properties of saturated n-butanol/water system

Density Viscosity Interfacial tension
(kg/m?) (mPa-s) (mN/m)
Continuous phase water 992.9 1.69 150
Disperse phase n-Butanol 820.54 3.58

Note: Density is calculated by measuring the mass over a specific volume of liquid; the viscosity is measured by viscometer; the

interfacial tension is measured by pendant drop method.

Table 2 - Experimental Materials

Salt type Purity Company
NaCl AR. Beijing Chemical Works
Na2SO4 AR. Beijing Chemical Works
NaAc AR. Beijing Chemical Works
Nal AR. Macklin
MgCl2-6H20 AR. Tianjin Guangfu Technology Development Company
MgSO4-7H20 AR. Beijing Tongguang Fine Chemicals Company
AICl3-6H20 AR. Beijing Tongguang Fine Chemicals Company

2.2 Experimental setup

The Experimental setup is shown in Fig. 1 (1) is a small scale glass made measurement cell
with diameter 80mm and effective height 180mm. Nozzle (2) made of stainless steel was located
at the bottom of the column and connected to a syringe pump (8) by PTFE tubing (12). Inner



diameter of nozzle varies from 0.13mm to 2.40mm.
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(1) Glass column, (2) stainless steel nozzle, (3) funnel, (4) high speed camera, (5) computer,
(6) soft light curtain, (7) illumination system, (8)(8) syringe pump, (10) disperse phase tank,
(11) continuous phase tank, (12) PTFE tubing

Fig. 1 - Experimental setup

As the experiment were carried out in containers of finite dimensions, wall effects may exist
greater of lesser extent. To estimate wall effect, a new diameter ratio is defined as in literature
(Clift et al., 1978):

de
A= (M
The following conditions should be satisfied if wall effects are negligible:
Re<0.1 A<0.06
0.1 <Re<100 A<0.08+0.02logyoRe 2)
Re>100 A<0.12
Take the standard test system as an example, A ranges between 0.014 and 0.025, which is far
lower than the range of 0.08 + 0.021og;, Re from 0.105 to 0.115, which means that the wall
effect has negligible influence less than 2%. Other systems were tested in the same way. Therefore,
single drop rising in the test cell are dominated by gravity force, buoyancy force and drag force,
where wall effects caused by containers can be ignored.

2.3 Experimental procedure

To keep the test system extremely pure without contaminations, a cleaning procedure has
been performed before each test series. All containers including column, tanks, tubing and
syringes were cleaned and rinsed at least three times. During the experiment, the motion of droplet
was tracked by high speed camera device. A Photon FASTCAM Mini WX50 high-speed camera
(4) has been used (2000fps, 1024x1024 pixels resolution). LED light (7) was placed against the
high-speed camera with a soft light curtain (6) in between to provide sufficient light for recording.
The entire trajectory of droplet can be captured, and images were transferred from camera and
saved in computer (5). For each nozzle, at least ten single drops were recorded and then averaged
in the following analysis. After the experiment, the organic phase was collected at the funnel (3)
and then extracted by syringe pump for disposal.



2.4 Image analysis

For the analysis of the experimental data, image processing was done by software Imagel
1.52a. The images were analyzed through several procedures to derive (1) drop diameter, (2) drop
rise velocity and (3) drop aspect ratio. (ImagelJ, 2012; Quinn et al., 2014)
(1) Drop diameter

The equivalent diameter which has same surface area as particle was calculated by the semi
major (a) and minor (b) axes of the fitted ellipse to the projected drop area.

d, = al/2p1/? 3)

(2) Drop rise velocity

The vertical displacement of the drop center can be tracked by the software. Therefore, the
rise velocity was calculated from displacement difference (Ah) between two consecutive frames.
Since the time internal between two frames was very short, the calculated velocity can be regarded
as the instantaneous velocity.

Ah

Vins = /gps) @
As the drop was released from nozzle, it accelerated at a short time to reach its terminal

velocity. In this study, the velocity fluctuations within average +5% were considered as steady

state.

3. Results and Discussion

When the standard low interfacial tension system was chosen as the test system, correlations
to predict terminal velocity should be applied with caution (Wegener et al., 2014). This is probably
due to the higher viscosity ratio with high absolute viscosities combined with very low interfacial
tension (Baumler et al., 2011). Despite these factors, refractive index of butanol is not much
higher than water and droplets start to deform at a relatively small diameter, which may add
difficulties in image analysis stage. Considering this, correlations from literature were evaluated

and compared.

3.1 Terminal velocity
Correlations for terminal velocity were evaluated both explicitly and implicitly. For implicit
correlation given as Cp = f(Re), the application range of Reynolds number should be considered

carefully.

3.1.1 Explicit correlation
Some of the existing explicit correlations are summarized as Table 3.

Table 3 - Explicit correlations in literatures

Author(s) Time Correlation Description Equation
Klee et ] ]
vy = 38.3p; 045 A p058y-0.11g 070 Applicable in
al.(Klee and ) )
956 Ve, = 17.6p7%5% A 0280105018 low interfacial %)
Treybal,

tension system
1956)




(2
Thorsen et 6.8 3pa+2p.
al(Thorsen 1968 s _B0 g
etal., 1968) pa
v, = He Mo~%149(J — 0.857)
Pede
for Mo < 1073,E6 < 40 and Re > 1
Grace et ] =0.94H%757  for2<H <593
al.(Graceet 1976 ] =3.42H%*1  for H>59.3
al., 1976) u =§ —— (&)_0'14
3 Uw
(ty =9 X 107* Nsm~2)
_ 17<>o,osct‘llating or deformed voo,spherical
Ve = 55 + pP3 )1/1’3
(voo,oscillating or deformed oo,spherical
Reoo,sphericalﬂc
Vo, spherical = T
c
Reoo,spherical = (1 - fl*)ReOO,rigid + fl*Rew,ideally mobile
PV
Reoo,rigid = Cl—l—c
R _ Ar
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1
_ 432 20 0.51Ar3
Henschke Cp = Ar + Ari/3 + 140 + Arl/3
(Henschke, 2003 . . . 3+ pal/fa) 1
fif=2(Kjr—1) Kjp=—-"-7-7"75-- fr=1————
2003) ! HR HR 20 +3uq/f 2 1+ (d/py)Pe

— 8 8 1/8
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c
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Details also see Reference (Adekojo Waheed et al., 2004; Adinata,
2011)
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Fig. 2 (a) shows how the terminal velocity varies with drop diameter. Experimental data in

this study were well consistent with the simulation result for the same system from literature
(Engberg and Kenig, 2014). Models proposed by Henschke (Henschke, 2003) was able to predict
the terminal velocity over the whole drop diameter range and are applicable for low interfacial

tension systems. However, five parameters were involved in this model and needed to be fitted
(p1=1.28, p=4, p3=2.471, ps=1.594 and ps=1.842). Grace model (Grace et al., 1976) gave
prediction with deviations because the test system were kept extremely clean without any
contamination. Although Klee et al. (Klee and Treybal, 1956) derived their correlation covering a
wide range of interfacial tension (from 0.3 to 42.4 mPa-s), it seemed that it presented the



predictions with errors. Correlation by Thorsen et al. (Thorsen et al., 1968) was proposed for the
high interfacial tension system with drop oscillation, which was not suitable for low interfacial
system with small diameters.
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Fig. 2 Prediction of terminal velocity and drag coefficient
((a) terminal velocity predicted by explicit correlations and models; (b) Drag coefficient predicted
by correlations)

3.1.2 Implicit correlation
Cp = f(Re) gave an implicit way to plot terminal velocity versus drop diameter by iteration
method. Several correlations from literatures were compared in this section, as summarized in

Table 4.
Table 4 - Drag coefficient correlations in literature
Authors Year Correlation Application Re range Equation
Hamielec et 1963 3.05(783;1*2 +2142u" + 1080) Drop 4 < Re <100 ©)
al. (Hamielec et D7 (60 4 29u7) (4 + 3u")Re®7*
al., 1963)
Brauer et 1973 16 149 1 Drop and Re < 3 x 10° (10)
al.(Brauer, €0 = ke T Reo78 (T4 T0Re00 bubble
1979)
Feng et 2001 2 —ptr48 221 214 4u* Drop 0.1 <Re <10 (11)
al.(Feng and Co = 2# [E( * Rel/z E) + 6 fﬂ* (17 % Re‘2/3)]
Michaelides,
2001)
Polyanin et 2002 _ 1.83(783u*% + 2142u* + 1080) o4 Drop 2 < Re <50 (12)
al.(Polyanin et P= TG0t o)A+ 3y Re
al., 2001)
Sabonier 2002 o (324 ﬁ) + %} Re? + 403 X2 15,0 110 Drop, 0.01 < Re (13)
al.(Saboni and Cp = 1+ p9)(5 + Re?) bubble and <400
Alexandrova, solid
2002) particle

Drag coefficient predicted by these correlations are shown in Fig. 2 (b). All these correlations



were unable to accurately predict the data from low interfacial systems, some predictions were
even outside 20% range. It seemed that these Cp, = f(Re) correlations were less accurate for low
interfacial tension case.

Since drop diameter and terminal velocity coexist on each side of the correlations, the
terminal velocity has to be calculated by an iteration procedure. Each of the correlation is
validated on specific Reynolds number range, it is necessary to consider the application range and
introduce Reynolds number range to the plot.

Traditionally, to calculate the terminal velocity from Cp-Re correlations required a tedious
trial-and-error procedure (Briens, 1991; Haider and Levenspiel, 1989; Song et al., 2017) because
v was present in both variables. However, in this study, vi-d. was first plot in a two-dimensional
figure with the help of implicit function plot in MATLAB 2014b. Then the data points were
extracted from the two-dimensional figure to calculate Reynolds number correspondingly and plot
in three-dimensional way, as shown in Fig. 3 (a). Compared with trial-and-error iteration
procedure, this method is more convenient and can avoid large amount of computations.

As is shown in Fig. 3 (b)-(i), two parallel planes represent upper and lower range of Reynolds
number, respectively. The curve in between demonstrates the prediction of terminal velocity by
the corresponding correlation. Red points are experimental data. The two-dimensional plot can be
viewed as projection of points and curve on xoy plane. Four correlations are presented here,
namely, Hamielec (Hamielec et al., 1963), Saboni and Alexandrova (Saboni and Alexandrova,
2002), Brauer (Brauer, 1979) and Polyanin (Polyanin et al., 2001).
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Fig. 3 Terminal velocity predicted from C, = f(Re) correlation
((a) Sketch of two-dimensional and three-dimensional plot (b),(d),(f),(h) are two dimensional plots; (c),(e),(g),(i),
are three dimensional plots involving Reynolds number; (b),(c) Hamielec correlation(Hamielec et al., 1963); (d),(e)
Saboni and Alexandrova correlation(Saboni and Alexandrova, 2002); (f),(g) Brauer correlation(Brauer, 1979);

(h),(i) Polyanin correlation(Polyanin et al., 2001))

Correlation by Hamielec (Hamielec et al., 1963) can be used within 10< Re<100 for solid
particles and drops and bubbles which are only slightly deformed. The effect of dispersed phase
viscosity on total drag is presented. However, it can only predicted well in small diameter range,
deviations occur as diameter increases, which has been reported by Baumler (Bdumler et al., 2011).
Saboni and Alexandrova (Saboni and Alexandrova, 2002) proposed a correlation for droplet in a
range: 0.01< Re<400, viscosity ratio range: 0<u<1000. The experimental data are all below the
predicted terminal velocity, suggesting it may be used with caution in low interfacial tension
system. As proposed by Brauer (Brauer, 1979), the correlation is valid in a wide Re range (Re <



300000) for both bubbles and drops. The application range is so broad that deviations may occur
in a relative narrow diameter range. Correlation by Polyanin (Polyanin et al., 2001) is validated in
a rather narrow Re range (2<Re<50) compared to the former correlation. It shows good agreement
with experimental data points. Although several data points exceed the Re range, it can be used as
a rough estimation.

3.2 Salt effect on drop motion

The addition of salt changes the physical properties of the system and influences the
hydrodynamic behavior of droplet consequently. In this section, the influence of salt concentration
and type were investigated.

3.2.1 Change of physical properties

When salt is added into the continuous phase, physical properties changes of the system
arises from three aspects: density difference (Ap), interfacial tension (o) and viscosity of
continuous phase (pc). Among these three changes, change of density difference is obvious and the
other two changes can be illustrated from a molecular perspective. A well-known series to rank the
relative influence of salt ions on physical behavior of aqueous solution is the Hofmeister series
(Cacace et al., 1997; Zhang and Cremer, 2006), which was originally used to describe the ability
for stabilizing proteins. A theory accounting for this is the ions contribute to “making” or
“breaking” bulk water structure. In general, the trend for anions is more pronounced than for
cations. The typical order of Hofmeister series are:

For anions, SO;~ > HPO;~ > CH3C00~ > Cl™ > NO3 > ClO3 > 1~ > ClO; > SCN~
For cations, NHf > K* > Na* > Lit > Mg?** > Ca?*

Complex changes for drop motion will be caused by addition of ions and sometimes the
changes may lead to opposite contributions. As shown in Fig. 4, with the addition of salt and
increase of salt concentration, density difference, viscosity and interfacial tension increase in most
cases. (Except for Nal solution, where iodide is attracted to the interface (Lima et al., 2013),
decreases the interfacial tension as the concentration increases) However, as can be concluded
from literature (Engberg and Kenig, 2014; Huang and Wang, 2018), the increase of Ap and ¢ will
increase the terminal velocity while increase of p. will slow down the motion. Since the physical
properties play a decisive role on the terminal velocity, it is necessary to combine all changes
together for analysis.

(a) (b) (©
Fig. 4 - Physical properties varies with salt concentration

((a) density difference of the two phases; (b) viscosity of the continuous phase; (c) interfacial tension)



3.2.2 Influence of salt concentration

Four concentrations of salt solution were tested in this study, i.e. 0.05mol/L, 0.1 mol/L, 0.5
mol/L and 1 mol/L. From a general view in Figure 5 (a) and (b), the terminal velocity increases
with concentration. When the concentration is low, like 0.05mol/L or 0.1 mol/L, the increase of
terminal velocity is not obvious. However, as the concentration increases increased terminal
velocity becomes apparent and the trend is more obvious for Na;SOj4 than for NaCl.

0.1molL. Na, SO,
0.5mol. Na, SO,
1moliL Na,SO,

(@) (b)

(©)
Fig. 5 Influence of salt concentration on terminal velocity

((a) Salt type: NaCl; (b) Salt type: Na2SO4 (c) Sketch of increasing salt concentration)

This can be explained by this, as Fig.5 (c) shows: when the salt concentration is low (e.g.
<0.1mol/L), ions absorb at the interface and slightly decrease the interfacial tension, which blocks
the inner circulation of the droplet. In this case, the terminal velocities of droplet slow down or
remain little change. This is consistent with the conclusions made by Gebauer (Gebauer, 2018). As
the concentration increase, the interface becomes saturated with ions and subsequently addition of
salt increases the bulk concentration. As a result, increase of density difference becomes the major
factor to influence terminal velocity. Therefore, terminal velocity increase obviously at high
concentrations, which also accounts for the same trend in literature (Chen et al., 2010). But the
difference is that the butanol/water system shows a very small variation at low concentration due

to limit interfacial tension change.

3.2.3 Influence of salt type

As mentioned before, the increase of terminal velocity is more apparent for Na;SO4 than



NaCl, which suggests the salt type could make a difference. Here, a specific nozzle was chosen
with inner diameter of 2.7mm. The terminal velocities at various concentrations are summarized in
histogram as shown in Fig. 6.
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Fig. 6 Influence of salt type and concentration on terminal velocity

For the influence of anions, it reveals that the ability to influence terminal velocity ranks:

S0Z™>Ac™=Cl™> I , which is consistent with Hofmeister series. It can be illustrated from both

the influence of density difference as well as interfacial tension of the system. For Nal, although
the density difference was increased after the addition of ions, the terminal velocity decreases
when concentration increases. It is because I~ break the structure of water and reduce the
interfacial tension, which consequently decreases the drop diameter and results in a lower terminal

. . . . . 2+ +
velocity. For the influence of cations, there seems no obvious trend, like AI3*> Mg~ > Na .

This may be attributed to the viscosity increase becoming dominated when AlCIs; added into the
solution, which slows down the terminal velocity. Therefore, terminal velocity influenced by ions
is a complicated case and changes in physical properties should be examined carefully.

3.3 Weber-Reynolds correlation
For rising bubbles in clean liquids, Maxworthy et al. (Maxworthy et al., 1996) proposed a
correlation for Weber number versus Reynolds number followed by a power law
We = f(Mo)Re>/3 (14)

Where f(Mo) was found by cross-plotting the experimental data:
f(Mo) = 0.526M %38 (15)
And drag coefficient can be derived:

4Eo 4 Eo
Cb =50 = 3f(Mo) Re5/3 (16)

It is valid for low values of Morton number (Mo<3.8x10*) and can be applied to where
extreme precision is not required. Raymond et a/. (Raymond and Rosant, 2000) followed the same
procedure and correlated their data to obtain the function f(Mo) as

f(Mo) = 0.42M0°35 (17)



Good agreement was found and shown that the correlation is also valid for large Morton numbers,
Mo=9x107-7. More recently, Cano-Lozano ef al. (Cano-Lozano et al., 2015) correlated Reynolds
number with Weber number in such a way:

Re = 2.05We?/3Mo~1/5 (18)
It was noticed that the experimental data are consistent within the correlation in a stable rectilinear
regime, but discrepancies were detected at high Reynold numbers.

For liquid-liquid system, attempts has been made by Wegener et al. (Wegener et al., 2009) in
toluene-water system. They utilized the same correlation by Maxworthy et al. (Maxworthy et al.,
1996) without any changes. Up to the minimum drag point, the correlation can be used for a rough
approximation. However, the correlation is not useful for higher Reynolds numbers where
deviations can up to 150%.

Following the suggestion of Raymond and Rosant (Raymond and Rosant, 2000), all the
experimental data are firstly plotted in We-Re diagram with double logarithmic coordinates and
are fitted by a power law. Then function of Mo is determined by curve fitting. Finally, correlation
for this study is derived:

We = 0.4015M0°3243Re1:526 (19)

And correlation for drag coefficient:

4Eo0
CD =
1.2045M09-3243R1.526

(20)

A comparison is made between various correlations in Fig. 7. It can be observed that all
prediction values by the correlation falls within +£20%. Other correlations show larger deviations.

(a) (b) (©)

(d) (e
Fig. 7 Drag coefficient predicted by proposed correlation and correlations from literature
((a) Hamielec correlation(Hamielec et al., 1963); (b) Brauer correlation(Brauer, 1979); (c) Saboni and Alexandrova

correlation(Saboni and Alexandrova, 2002); (d) Polyanin correlation(Polyanin et al., 2001))

The correlation is also tested in high interfacial tension system, as shown in Fig.8. Compared

with previous correlations in literature, this correlation can reduce the mean absolute deviation



from 44.46% to 16.32%. Although derived on the basis of data from low interfacial tension system,
the correlation can also be extended to high interfacial tension system. However, deviations still

arises when the Reynolds numbers are high, as mentioned by Wegener et al. (Wegener et al.,
2009)
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Fig.8 Correlation tested in high interfacial tension system

(Experimental data and correlation are from Wegener (Wegener et al., 2009))

4. Conclusions

In this paper, hydrodynamic behavior of an n-butanol drop rising in water as well as in salt
solution have been investigated experimentally.

The rising velocity and shape information were recorded by high speed camera. Various
correlations for the terminal velocity were evaluated and compared. Explicit vi-de correlations
were shown not to be accurate for this system with the exception of the model by Henschke
which showed agreement with the experimental data, but relies on the experimental data to
determine parameters in model. For implicit vi-d. relationship derived from Cp=f(Re), application
range of Re should be considered carefully. Correlations are evaluated and compared in a vi-de-Re
three-dimensional plot these.

The influence caused by salt ions was also investigated. The addition of salt changed the test
system in three aspects: density difference, viscosity and interfacial tension. When the salt
concentration is low, ions absorb at the interface and thus slow down the inner circulation and
terminal velocity. But this change is small for low interfacial tension systems. As the concentration
of added salt increases, the absorption of ions at the interface becomes saturated. In this case,
density increase in bulk solution is the dominated factor, which increases the terminal velocity.
Physical properties changed by different types of ions follows the Hofmeister series. Results
shows that anions exhibit more influence than cations. Influences by ions are complicated and
physical properties change should be considered carefully.

A We-Re correlation was proposed for all the experimental liquid-liquid systems in this study.
It was interesting to find that the new correlation could be extended to high interfacial tension
system. However, small deviations arise when Re numbers are high.

Low interfacial tension system is of great interest for bio-extraction process such as aqueous



two-phase systems. So future work is needed on the influence of this on mass transfer rates. In
addition, contaminations caused by coexistence of salt ions and surfactants should be studied in
detail.

Nomenclature
a Major axis of the fitted ellipse, m
b Minor axis of the fitted ellipse, m
Cp Drag coefficient
d, Equivalent drop diameter, m
D Diameter of the container, m
Eo E6tves number
fos Frames per second, s™!
A Parameter to estimate wall effects
Mo Morton number
Re Reynolds number
Time, s
u Viscosity ratio
v, Terminal velocity, m/s
Vins Instantaneous velocity, m/s

We Weber number
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