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To do further research on the mass-transfer mechanism in rotating packed bed (RPB), dynamics of droplets in a RPB
are studied by an analytical approach combined with a series of laboratory measurements. Based on the results of the
fluid dynamics, mathematical models of mass-transfer coefficient and mass-transfer process in RPB are proposed,
respectively. Mass-transfer experiments in RPB are also carried out using ethanol–water solution. By comparison, the
results of simulation agree well with that of the experiment, which demonstrate that both hydrodynamic model and
mass-transfer models can better describe the real conditions of RPB. VC 2014 American Institute of Chemical Engineers

AIChE J, 60: 2705–2723, 2014

Keywords: rotating packed bed, mass-transfer coefficient, model, experiment

Introduction

Rotating packed bed (RPB), has been widely applied in
the chemical process industries, especially in relating to gas–
liquid mass-transfer and heat-transfer processes, such as dis-
tillation, absorption, and extraction operation and so forth.1–8

Research results from Dipendu,6 Kelleher and Fair,7 and Lin
et al.8 show that the two-phase flow fluid interface and
mass-transfer coefficient are greatly enhanced by RPB. This
is due to the larger centrifugal acceleration under RPB oper-
ation and thinner films and tiny droplets are produced.
Therefore, many researchers have focused on the micromor-
phology of liquid in RPB. Burns and Ramshaw9 and Zhang
et al.10,11 observed the state of the liquid flow in the RPB
using the high-speed stroboscopic photography, and the
results show that the liquid in RPB exists in the form of film
flow(on the surface of the packings), liquid particles (drop-
lets and filaments in the space among the packings) when
the rotor speed is larger than 600 rpm. The size of the liquid
film and droplets are very small. The magnitude of the thick-
ness of the liquid film is about 102621025 m and the magni-
tude of the diameter of the droplets is about 102521024 m.
Some formulas have been proposed to estimate the droplet
diameter in RPB by the researches of Mochidat et al.,12

Friedman et al.,13 and Chen and Zeng14 However, the real
condition of the droplets behaviors in RPB is very compli-
cated because it involves some complex processes such as
droplet–droplet collisions, droplet-packing collisions and so
forth. As the droplets behaviors deep inside the random
packings are difficult to be captured, these processes have
not been studied yet.

In our previous works,15,16 a novel experimental method
was proposed to investigate the fluid flow inside the random
packings in RPB. The mathematical model for gas–liquid two-
phase flow in RPB was also established based on the experi-
mental results. The distribution of the gas–liquid two-phase
flow field, the pressure drop, the liquid film thickness, the pro-
portion of the turbulent flow in the liquid film, and some other
complex hydrodynamic characteristics in RPB have been cal-
culated by the mathematical model. These hydrodynamic char-
acteristics have a close relationship with the mass-transfer
coefficient in RPB which has not been studied yet.

Therefore, to do further research on the mass-transfer
mechanism in RPB, dynamics of droplets in a RPB will be
studied by an analytical approach combined with a series of
laboratory measurements. Based on the results of the fluid
dynamics, mathematical models of mass-transfer coefficient
and mass-transfer process in RPB will be proposed, respec-
tively. Finally, the results of the simulation will be compared
with that of experiments.

Experimental Setup

Figure 1 shows a simplified schematic diagram of experi-
mental procedure which mainly consists of a RPB, a
reboiler, a condenser, and an electromotor. The electromotor
drives the RPB packed with triangular spiral packings to
rotate with high speed. The details of the RPB and the physi-
cal properties of the triangular spiral packings are listed in
Table 1. At the beginning, the feeding mixture of ethanol
and water is filled in the reboiler, and heated, for a while,
then the vapor rises from the reboiler through the gas import
into the outer edge of the packed bed. Vapor travels inward
from the outer edge of the rotor by the pressure driving
force, contacting with liquid countercurrently to transfer heat
and mass, and leaves the rotor at the inner edge. Vapor from
RPB is condensed into a condensate against cooling water in
overhead condenser. The condensate (liquid) returns to RPB
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as full reflux operation. The liquid is pumped into the inner
edge of the rotor via a distributor. Inside the bed, the liquid
moves outward through the packings because of the centrifu-
gal force action. The liquid is then splashed onto the station-
ary housing and is collected at the bottom and flows into the
reboiler. The equipment is designed for separating the etha-
nol–water mixture. However, water–ethanol is an azeotropic
mixture and the maximum ethanol concentration is about
95% by distillation. Therefore, ethylene glycol is used as
extracting agent and the extractive distillation is proposed to
get the higher ethanol concentration.

1. Distillation: The ethanol concentration of feeding mix-
ture is 30%. Valve 7 is closed. The liquid flow rates are con-
trolled by adjusting the heating power of reboiler.

2. Extractive distillation: The ethanol concentration of
feeding mixture is 95% and the solvent ratios are controlled
by adjusting valve clearance.

Model Description

The mass transfer of the gas–liquid two-phase flow can be
described as follows:

At time 0: One part of the liquid travels as a thin film
flow on packings surface, whereas the other part travels as
flying particles (droplets and filaments) in the space among
packings. All spaces are covered with gas.

During 0–Dt: The liquid particles (droplets and filaments)
pass through the space among packings and the liquid film
moves along the solid surface. The liquid film travels the dis-
tance of Dl without any interference along the liquid trajecto-
ries. The collisions happen between some liquid droplets and
the satellite droplets are produced. Gas–liquid film mass-
transfer and gas–liquid droplets mass transfer occur at the
same time. Two-phase flow fluid interface equals to the surface
area of all droplets and the exposed area of all liquid film.

At time Dt: The liquid particle (droplets and filaments)
approaches the solid surface and reclothes the film on the
packings surface and the other part of the liquid re-enters
the space among the packings.

Above steps are repeated until the liquid is thrown out of
the RPB.

According to above analysis, the mass balance equation
for the light component in the RPB during r–r 1 Dl can be
obtained by
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where x is the mass fraction of ethanol in the liquid, y is the
mass fraction of ethanol in the gas, L is the flow rate of
mixed solution, G is the flow rate of steam, H0 is the liquid
holdup per unit volume, H

0
0 is the gas holdup per unit vol-

ume, h is the height of the bed, e is the porosity of packings,
AL is the passing section of the liquid flow, AV is the passing
section of the gas flow, KL is the overall mass-transfer coef-
ficient of the liquid, and aLG is the two-phase flow fluid
interface between r and r 1 Dl.

Obviously, aLG and KL have a close relationship with the
fluid dynamics in RPB. For example, the fluid interface of a
single flying droplet is usually considered to be the value of
its surface area, however, the surface area is increasing
largely when droplet–droplet collision happen (satellite drop-
lets may be produced). In addition, KL is also very different
between the single flying droplet and droplet–droplet colli-
sion. Therefore, dynamics of droplets and mass-transfer coef-
ficient in RPB will be studied, respectively.

Dynamics of Droplets in RPB

Figures 2 and 3 show the liquid trajectories which are
obtained by the novel method mentioned in our previous
work.15,16 As shown in Figure 2, it is found that the trajectories
consist of many confluences (the liquid trajectories are shown
at higher magnification). This means the liquid has intersecting
trajectories and the collisions happen. As shown in Figure 3, it
is found that the trajectories consist of many short lines and
nodes, which reflect that the frequency of the hitting between
liquid droplets and packings is very high. In addition, the
motion of the liquid droplets in the packing space involves the
deformation and breakup of liquid droplets in two-phase flow.
These processes will be studied in this section, respectively.

Droplet–droplet collisions in RPB

Sommerfeld,17 O’Rourke,18 Kim et al.,19 Ashgriz
and Poo,20 Brazier-Smith et al.,21 Qian and Law,22 and

Figure 1. Experimental setup.

Table 1. Details of the Rotating Packed Bed and the Physical Properties of the Triangular Spiral Packings

Details of the Rotating Packed Bed Physical Properties of the Packing

Outer diameter 300 (mm) Dimension of the packing 2 3 2 (mm)
Inner diameter 100 (mm) Specific surface area 2500 (m2/m3)
Axial length of the rotor 30 (mm) Packing porosity 0.84
Radial length of the rotor 100 (mm) Packing density 1160 (kg/m3)
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Tennison et al.23 and so forth, have already studied the drop-
let–droplet collisions in gravity fields. However, there are
hypergravity fields in RPB and the space among the pack-
ings is limited. These make the droplet–droplet collisions in
RPB have some different outcomes. For example, in gravity
fields, Sommerfeld17 and O’Rourke18 have already developed
some models to predict the collision probability, however,
all above models cannot accurately predict the collision
probability in RPB according to our calculation results.
Therefore, the distinct regularity and characteristic of the
droplet–droplet collisions in RPB are listed as following
expressions:

1. The collision probability. Pd is defined as the collision
frequency per unit radial length and per unit liquid trajec-
tory. According to the experiment method mentioned in our
previous works,15,16 all liquid trajectories can be captured by
the plate on the outer edge. Pd is supposed to be a fixed
value under a certain operational conditions (liquid flow rate,
rotor speed) in RPB. A small radial length Dld is taken near
the outer edge of the flabellate paper and the area between
two blue dotted lines is defined as statistic region which is
shown in Figure 4, then the collision frequency per unit
radial length and per unit liquid trajectory, Pd, can be
obtained by

Pd5
Nd

DldNw

(3)

where Nd is the number of the intersectional liquid trajecto-
ries in statistic region. NW is the whole number of liquid tra-
jectories in statistic region.

2. Different collision outcomes. As shown in Figure 5,
one collision outcome is separation collision which can be
divided further into two types: off-center separation (reflex-
ive separation) or near head-on separation (stretching separa-
tion). In this situation, two droplets impact and then separate
into two or more droplets. In another words, it is more likely
to produce some satellite droplets when the separation colli-
sion happens. If these satellite droplets are captured by the
packings, it will leave the big mark on the paper (shown by
the red arrow in Figure 5). Second possible collision out-
come is coalescence, and detailed process of the collision is
shown in Figure 6. In this situation, two droplets combine
and become a single droplet. It is reflected on the paper is
that two liquid trajectories are combined into one. Similarly,
as shown in Figure 7, third possible collision outcome is
bouncing.

3. Droplets velocity. In RPB, one part of the droplets
comes from the space of the inner packings (see Figure 8),
the other part of the droplets comes from the liquid film

Figure 2. The intersecting liquid trajectories are shown
at higher magnification.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. The nodes and short lines of the liquid trajec-
tories are shown at higher magnification.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Statistic region is taken in the region near
the outer edge of the flabellate paper.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. The possible collision outcome is separation
collision in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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flow which is thrown out from the packing surface because
of the strong centrifugal force. As shown in Figure 8, the
boundary layer develops from the position A when the liquid
film travels in a very short distance AC on the surface of
solid packings. The liquid is thrown away at the position C
and the droplets are formed. In our previous works in
Ref. 16, the velocity distribution of the liquid film flow Ux,z,
and the liquid film thickness dL has already been obtained.
In this situation, Ui

d;r is introduced to describe the velocity
of the liquid droplets at the radial position of r. As i 5 1,
U1

d;r represents the first part droplets at the radial position of
r (comes from the space of the inner packing). As i 5 2, U2

d;r

represents the velocity of the second part droplets at the
radial position of r (comes from the liquid film flow which
is thrown out from the packing surface). Ui

d;r can be
obtained by

Ui
d;r �

Ur1; i51

Ud;r5

ðdL

0

2Ur1
dL1

z2
z2

2dL
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dz

dLLe

; i52

8>>><
>>>:

(4)

where Ur1 is the velocity of the undisturbed liquid flow at
the radial position of r (see Ref. 16). The velocity of the liq-
uid droplets after collision, U

0i
d;r , can be obtained by energy

and momentum conservation which is proposed by Brazier-
Smith et al.21

4. Judge criteria. Munnannur and Reitz24 have already
developed a predictive collision model for the formation of
satellite droplets which come from the breakup of the liga-
ment. However, as the space among packings in RPB is very
limited, one should consider whether the ligament is directly

captured by the packings. Therefore, td,r is introduced to
describe the time of the breakup of the ligament. If the satel-
lite droplets is produced then

td;r5
l1

U0 i
d;r

(5)

where l1 is the flying distance of the liquid ligament in the
space among packings after collision. U

0i
d;r is the velocity of

the liquid ligament after collision at the radial position of r.
Combined with the conclusion of the Munnannur and
Reitz,24 the outcomes of the liquid droplets collision for the
near head-on separation (stretching separation) can be
described as:

1. CVS< 0, Nsat 5 0 (no ligament or satellite droplet is
produced);

2. CVS� 0, T� 2, Nsat 5 1 (ligament contraction into a
single satellite);

3. td;r <
l1

U0
i

d;r

;CVS � 0;T > 2; Nsat> 1 (ligament contrac-

tion into several satellite droplets);

4. td;r >
l1

U0
i

d;r

;CVS � 0;T > 2; Nsat 5 0 (ligament is cap-

tured by the packings and no satellite droplet is produced)

Similarly, the outcomes of the liquid droplets collision for
the off-center separation (reflexive separation) can be
described as:

1. T� 3, Nsat 5 1 (ligament contraction into a single
satellite);

2. td;r <
l1

U0
i
d;r

; T> 2, Nsat> 1 (ligament contraction into

several satellite droplets);

3. td;r >
l1

U0
i

d;r

; T> 2, Nsat 5 1 (ligament is captured by the

packing and no satellite droplet is produced).

In above judge criteria, CVS is the separation volume coef-
ficient. Nsat is the number of satellite droplets. T is the time
scale. The calculation process of CVS, Nsat, T, and the diame-
ter of the satellite droplets (dsat) are described in detail in the
researches of Munnannur and Reitz.24

Droplet-packing collisions in RPB

The collision process between droplets and packings in
RPB can be deemed as a droplet-wall collision. The possible
outcomes of droplet-wall collision are listed as follows:

Figure 6. The possible collision outcome is coales-
cence in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. The possible collision outcome is bouncing
in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Droplets come from the liquid film flow.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

2708 DOI 10.1002/aic Published on behalf of the AIChE July 2014 Vol. 60, No. 7 AIChE Journal

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


1. The droplet rebounds after collision (see Figure 9a).
2. The droplet deposits on the surface and form a liquid

film (see Figure 9b).
3. The droplet splashes and secondary droplets are formed

(see Figure 9c).
Many researchers such as Escure et al.,25 Zhang and

Osman,26 Mundo et al.,27 and Chandra and Avedisian28 have
already studied the basic mechanisms of droplet-wall colli-
sions in the gravity field. Combined with experimental data,
the judge criteria of the collision (splashing or deposition) is
obtained by Mundo et al.,27,29 Lavergne and Platet.30 Escure
et al.25 complemented the judge criteria of Mundo et al.27

and the droplet behavior after collision (on a dry cold sur-
face or slightly wet) is

1. We0:5
LS Re0:25

LS � 3, bounce;

2. 3 < We0:5
LS Re0:25

LS � 57:7, deposition;

3. We0:5
LS Re0:25

LS > 57:7, splashing.
The values of WeLS and ReLS can be easily calculated

which are described in detail in the researches of Escure
et al.25 The velocity of liquid droplets can be calculated by
Eq. 4. The space among the packings in RPB is very limited
and the outcomes may be very different from Ref. 25 if the
splashing or bounce happened. However, according to our
calculation results and the experiment results, there is only
one result for droplet-wall collisions in RPB: deposition (see
results and discussion in this article). Therefore, it is no need
to propose the judge criteria for the children droplets here.

Deformation and breakup of liquid droplets in RPB

Many researchers (such as Pilch and Erdman,31 Hsiang
and Faeth,32–34 and Theofanous et al.,35 etc.) focused on the

basic mechanisms of the deformation and breakup process of
liquid droplet in gas–liquid two-phase flow, and four different
outcomes of the deformation and breakup of liquid droplet in
gas–liquid two-phase flow have been proposed in gravity field
(see Refs. 31–35): (1) Vibrational mode. (2) Bag breakup. (3)
Stretching and thinning breakup. (4) Catastrophic breakup.
The Weber number WeLG is universally regarded as a judge
criterion for the droplet deformation and breakup.

In RPB, the Weber number at any position (r, z, h),
WeLG,r,z,h, can be obtained by

WeLS;r;z;h5
qGjUi

d;r2Vr;z;hj2dL

rL

(6)

where jUi
d;r2Vr;z;hj is the relative velocity between droplet

and gas. Vr,z,h is the velocity of the gas at any position
(r, z, h) in RPB. According to our previous works in Ref.
16, when the gas (single phase) passes through the packings,
the packings constitute a group of complex disorderly chan-
nels (the wall of the channel is structured by the random
packings). To quantify the dimensions of these disorderly
channels, an element is taken along the radial direction. As
dr approach zero, the channel can be described as a virtual
tube. Furthermore, Zheng et al.,36 Sandilya et al.,37 Liu
et al.,38 and Rao et al.39 studied the angular velocity of gas
in RPB and found that the gas flows are circular with very
small velocity differences between the gas flows and the
packings are observed. Therefore, the distribution of the gas
velocity is of axial symmetry. Vr,z,h has nothing to do
with h. The velocity distribution of the gas in the virtual

Figure 9. The possible outcomes of droplet impinge-
ment on a solid packing surface.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. The liquid film flow on the packing surface.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

AIChE Journal July 2014 Vol. 60, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 2709

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


tube can be used to approximate the real gas velocity distri-
bution in the packing space using the 1/n law

Vr;z;h5Vr;max

2ðz2ideÞ
de

� �1=n

ide � z

� i1
1

2

� �
de; i50; 1; 2; 3 � � � (7)

Vr;z;h5Vr;max 12
2ðz2ideÞ

de

� �1=n

i1
1

2

� �
de � z

� ði11Þde; i50; 1; 2; 3 � � � (8)

Mass-Transfer Coefficients in RPBs

According to hydrodynamic results, there are different
mass-transfer coefficients based on different liquid flow
forms. First, as shown in Figure 10, the mass-transfer coeffi-
cient in segment AB is very different from that in segment
BC. Second, the mass-transfer coefficient of the droplet
forming and the droplet approaching the solid surface are
very different from that of the single droplet flying through
the space. Finally, the mass-transfer coefficient of droplet–
droplet collisions is also very different from that of single
flying droplets. Therefore, these different mass-transfer coef-
ficients are defined as kL1–kL4, which are listed in Table 2.

As shown in Figure 10, suppose that Sc> 1 and the devel-
opment of the concentration boundary layer in the liquid
film flow is shown by the dotted line in Figure 11, the mass
balance equation for the component A by Eq. 9

DcA

Dt
1cAr � U1r � JA2rA50 (9)

where cA is the mass concentration of the component A; U is
the velocity of the liquid in the irrigated bed; rA is the rate of
the formation of the component A in the chemical reactions,
and rA 5 0 without any chemical reaction; the liquid diffusion
coefficient, DL

AB of a component A in solution in B, which is
a measure of its diffusive mobility is then defined as the ratio
of its flux JA to its concentration gradient

JA52DL
ABrcA (10)

Under the precondition of incompressible flow without
chemical reaction, Eq. 9 can be simplified by

DcA

Dt
5DL

ABr2cA (11)

The equation of the continuity of the boundary layer flow
for liquid is

r � U50 (12)

The width of the liquid trajectories is not changed along
the radial direction

Uy50 ðboundary layer Þ (13)

The value of DL
AB

@2cA

@x2 is one magnitude less than other
items and it can be neglected. By solving the simultaneous
equations (9)–(13), Eq. 14 can be obtained

@
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5DL

AB

@cA

@y

� �
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The concentration distribution in the concentration bound-
ary layer is also supposed as parabola

cA2cAs

cA12cAs

5
1

2

z

dD

� �
2

z

dD

� �2

(15)

Suppose that the ratio of concentration boundary layer to
velocity boundary layer is n, which can be obtained by

n5
dD

dL1

(16)

According to our previous works in Ref. 16, dL1 repre-
sents the velocity boundary layer between r � (r 1 Dl) and
is obtained by

dL15
1

U19
r1

ð
30l
qL

U18
r1dr1c2

� �� �0:5

(17)

Table 2. Different Mass-Transfer Coefficients

kL1 Mass-transfer coefficient of the liquid
boundary-layer

kL2 Mass-transfer coefficient of the
drop formation

kL3 Mass-transfer coefficient of the droplet
approaching the solid surface

kL4 Mass-transfer coefficient for the
droplet flying through the space
among the packings

Figure 11. The development of the concentration
boundary layer in the liquid film flow.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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As distance for the liquid film flow in one time is very
short, the value of Ur1 is supposed to be a constant during
Dl. In this situation, Eq. 17 can be simplified as

dL15
1

Ur1

30l
qL

ðr1c3Þ
� �0:5

(18)

According to our examination, the calculation result of
Eq. 18 is a little bigger than that of Eq. 17, however, they
are basically in the same magnitude. Suppose that the thick-
ness of the velocity boundary layer is zero in position A
(r 5 r0), Eq. 16 can be rewritten as

n5
dD

1
Ur1

30l
qL
ðr1r0Þ

h i0:5
(19)

By solving the simultaneous equations (11)–(19), Eq. 20
can be obtained

n5
dD

dL1

5
4DL

AB qL2c4jr2r0j2
3
4

5l

2
4

3
5

1
3

(20)

Suppose that the development of the concentration bound-
ary layer is simultaneous with the development of the veloc-
ity boundary layer, Eq. 20 can be written as

n5
dD

dL1

5
4DL

AB qL

5l

� �1
3

(21)

The mass-transfer coefficient for the liquid film flow in
segment BC, kL1, can be obtained by

kL15
DL
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n50
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n50

5
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Substituting Eq. 21 into Eq. 22 yields

kL15
2DL

AB

dL1

4DAB qL

5l

� �21
3

52:154
DL

AB

dL1

Scð Þ
1
3 (23)

kL1 is proportional to ðScÞ
1
3. kL1 is the mass-transfer coeffi-

cient for the liquid film flow in segment BC. v1 is defined as
the proportion of the laminar flow in the whole liquid flow

v15ð12bÞ jBC j
jAC j (24)

The solution method of
jBC j
jAC j is introduced in our previous

works (see Ref. 16).
The oscillation and distortion occur in the droplets when

the liquid droplets are approaching the solid surface. There
are self-circulating flow and abundant whirlpools in the drop-
let signifying violent turbulence when the liquid droplets just
arrive on the solid surface (shown in AB segment in Figure
10). Much experimental effort has been made to investigate
the mass-transfer rate during the droplet formation.40–45 Dif-
ferent experimental approaches have been established such
as extrapolation methods to zero formation time or zero col-
umn height, the formation-collapse technique where the
droplet is withdrawn after formation by the same nozzle, or
using short column heights (see Refs. 46–48). Based on the
penetration theory by Higbie,49 Popovich et al.43 showed
that the total transferred mass MA calculated by these models
can be described with Eq. 25 if the spherical droplet grows
uniformly with time

MA5const � d2
mDcA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tfpDL

AB

q
(25)

where dm is the droplet diameter, tf is the drop formation
time, and DcA is the concentration difference between the
initial solution concentration cA,0 inside the drop and the
equilibrium concentration in the drop for t ! 1. The con-
stant varies according to the different assumptions used in
the models between the lowest value 6/7 (Licht and Pans-
ing45) and 24/7 (Heertjes et al.41,42). In this situation, the
mass-transfer coefficient of the drop formation, kL2, can be
obtained by

kL25
MA

tfadDcA

(26)

where ad is the mass-transfer interface, which equals to sur-
face area of liquid droplet

ad54pðdm=2Þ2 (27)

tf can be obtained approximately by

tf �
dm

Ui
d;r

(28)

Ui
d;r is the velocity of the liquid droplets before collision

at the radial position of r. v2 is defined as the proportion of
the drop formation in the whole liquid flow, and it can be
obtained by

v25b
dm

Dl
(29)

The process of the droplet approaching the solid surface is
deemed as the reverse process of droplet forming, then

kL35kL2; v35v2 (30)

where kL3 is the mass-transfer coefficient of the droplet
approaching the solid surface. v3 is the proportion of the
droplet approaching the solid surface in the whole liquid
flow.

kL4 is defined as the mass-transfer coefficient for the drop-
let flying through the space among the packings. As the
value of WeLG is very low in RPB (the magnitude of WeLG

is about 1022), it is reasonable to consider that the droplet
only is deformed and does not have the ability to break up
when it is flying through the space among the packings.
According to Refs. 50–52, kL4 can be obtained by

kL45
dm

6t
ln

1

D
0

� �
(31)

where D
0 � 6

p2

P1
n51

1
n2 e24n2p2Fo. FO is Fourier number for

the mass transfer, and can be obtained by

Fo � DL
AB t=ðdm=2Þ2 (32)

However, during this process, droplet–droplet collisions
may occur. If droplet–droplet collisions occur, the possible
outcomes are: separation, bouncing, and coalescence. If the
separation collision or the coalescence collision occurs, there
exist obviously big momentum exchange and mass exchange
among droplets. Bouncing collision is something different
from separation collision and coalescence collision. If the
bouncing collision happens, two droplets do not actually
contact each other due to the layer of gas trapped in between
them in this situation. It means the bouncing collision is
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when a gas film prevents contact between the droplet surfa-
ces, causing the droplets to bounce apart. However, when
two droplets approach each other, the oscillation and distor-
tion occur. Therefore, either way, the process of droplet–
droplet collisions increases the surface renewal greatly and
reduces the mass-transfer resistance near the gas–liquid sur-
face. In this situation, the collision probability should be
obtained in advance. The collision probability can be calcu-
lated by the probability of the intersecting trajectories in
RPB. If droplet–droplet collisions occur, mass-transfer coef-
ficients for different outcomes (separation, bouncing, and
coalescence) are deemed to be in the same magnitude in this
article. Therefore, in this situation, kL4 is deemed to be equal
to the mass-transfer coefficient for satellite droplets forming.
The mass-transfer coefficient for satellite droplets forming is
similar to that for the single droplet forming which can be
obtained by Eq. 25.

Zheng et al.,36 Sandilya et al.,37 Liu et al.,38 and Rao
et al.39 studied the angular velocity of gas in the RPB and
found that the gas goes round and round in RPB and is keep-
ing pace with the packings all the time. This assertion is sup-
ported by the work of Liu et al.38 These observations
indicate that the circumferential force exerted by packings
counterbalances with Coriolis force, which means that pack-
ings do affect on the gas continually. In addition, as the gas
passes through the serpentine microchannels which are built
by the random packings, the direction and the speed of the
gas are always changing. Above two factors indicate that the
turbulence extent of the gas is increased effectively when it
passes through RPB. Therefore, in our previous works in
Ref. 16, the gas velocity distribution in the packings space is
approximated using the 1/n law. However, it becomes more
complicated in the mass-transfer problem because not all gas
channels are wetted by liquid. The liquid in RPB has its dis-
tinctive flow characteristics: the liquid travels along the liq-
uid trajectories. Further more, as some of the liquid travels
as film flow and the other travels as flying droplets, the prob-
lem becomes much more complicated. Guo53 and Kang
et al.54 proposed the calculated formula of mass-transfer
coefficient in gas phase based on the “Surface renewal”
theory

kG5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kSDG

AB ðV21x2r2Þ
q

(33)

where V is the gas velocity in the noninertial reference
frame; x is the rotational speed; and ks is the fit parameter.
The fitted values of ks in Refs. 53 and 54 have the same
order of magnitude (about 104). In fact, most of gas–liquid
mass-transfer systems in industry are mainly controlled by
liquid film diffusion because the gas diffusion coefficient is
much higher than the liquid’s. Therefore, kG may be ignored
in most instances.

Model Solution

Pseudolinear transform of the mass-transfer driving
force

In Eqs. 1 and 2, the item of KLaLG ðx2x�Þ=Dl, AL, AV,
and H0 varies with the radius r. As Dl is very short, AL and
AV are nearly unchanged

AL �
pðr1DlÞ22pr2
h i

hH0

Dl
(34)

Av �
2prhe12pðr1DlÞhe

2
2

pðr1DlÞ22pr2
h i

hH0

Dl
(35)

H0 also can be deemed as a constant (Dl is very short).
Many researchers (such as Basic and Dudukovic,55 Burns
et.al.,56 Zhou et.al.,57 etc.) have studied the liquid holdup of
the RPB using conductance method and many prediction for-
mulas have been proposed. However, their results are of dif-
ference, which may be caused by the different type of RPBs.
However, most literature showed that the liquid holdup in
RPB is about 5%. In fact, according to the number of liquid
trajectories obtained in our previous works (Ref. 15), the liq-
uid holdup is much less than the result of Basic and Dudu-
kovic55 and Zhou et al.57 Therefore, the liquid holdup may
not only consider the liquid trajectories. As shown in Figure
12 (see the red circle), the big mark is caused by the “Dead
Corner” which is built by the disorderly and unsystematic
packings, which delay the liquid flowing out smoothly.
These parts of liquid should be taken into account.

In fact, the item of KLaLG ðx2x�Þ=Dl can be deemed as
the mass-transfer driving force which varies with the
radius r. However, as Dl is very short, the mass fraction of
ethanol x changes small in Dl. Thus, the mass-transfer driv-
ing force in Dl can be supposed to be a pseudolinear func-
tion of radius (shown in Figure 13), that is

KLaLG ðx2x�Þ=Dl5uðrÞ � afr1bf (36)

where af and bf are constants. Obviously, af and bf have a
close relationship with kL and aLG.

Combination of kL (aLG)

Different liquid flow forms determine different mass-
transfer coefficients and two-phase flow fluid interface. kL

can be obtained by mixing different mass-transfer coeffi-
cients in a certain ratio

kL5
X

vikLi (37)

aLG is defined as the two-phase flow fluid interface, which
can be obtained by mixing different aLGi.

Firs, the width (Le), the thickness of the liquid film (dL),
and the proportion of the turbulent flow in the liquid film

Figure 12. Big marks caused by the “Death Corner.”

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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flow have already been calculated in our previous works
(Refs. 15 and 16). The liquid holdup can be divided into two
parts: One part of the liquid travels as a thin film flow on
the packings surface, whereas the other part travels as flying
particles (droplets and filaments) in the space among the
packings. As the size of the liquid film, droplets, and fila-
ments are far smaller than the packings’, the ratio of the liq-
uid film flow and flying particles depends on the porosity of
the packings. The chance for the liquid entering the space
among the packings is equal to porosity, that is, b 5 e. aLG1

is defined as the two-phase flow fluid interface for the liquid
film flow which can be obtained by

aLG15
ð12bÞH0 pðr1DlÞ22pr2

h i
h

�dL

(38)

where �dL is the average film thickness, which can be
obtained by

�dL5

ðDl

0

dLdr

Dl
(39)

Second, nF is defined as the number of the flying droplets
before droplet–droplet collision, which can be obtained by

nF5
b pðr1DlÞ22pr2
h i

hH0

4=3pðdm=2Þ3
(40)

where dm is the droplet diameter in RPB, which can be
obtained by some prediction formulas in Refs. 12–14.

nC is defined as the number of the droplets that collide
during r–r 1 Dl, which can be obtained by

nC � 2nWPdDl (41)

The position and the velocity of the droplets should be given
in advance. The position of the droplets must be any location
on the liquid trajectories, therefore, the position of the droplets
is initialized using a group of random values in this article. By
the droplets behaviors simulation (see Table 3 in this article),

the number and the diameter of satellite droplets (nsat, dsat), the
number and the diameter of end droplets (nend, dend), the num-
ber and the diameter of the bouncing droplets (nbo, dbo), and
the number and the diameter of the coalescence droplets (nco,
dco) can be obtained by simulation. In this situation, aLG2 is
defined as the two-phase flow fluid interface for the flying liq-
uid droplets, which can be obtained by

aLG25ðnF2nCÞ4pðdm=2Þ21nsat 4pðdsat =2Þ21nend 4pðdend =2Þ2

1nbo 4pðdbo =2Þ21nco 4pðdco =2Þ2

(42)

Finally, as the liquid first enters the entry region, there is
a great relative movement between the liquid and the pack-
ings along the circumferential direction. The packings are
almost wetted by the liquid totally. Therefore, aLG3 is
defined as the two-phase flow fluid interface for liquid film
flowing in the Entry region. aLG3 can be obtained by

aLG35bpðr11lÞ22pr2
1cha (43)

Besides, the liquid droplets also exist in the space among the
packings in the entry region. The ratio of the liquid film flow
and flying particles also depends on the packings porosity in
the entry region (b 5 e). As the liquid first enters the entry
region, the momentum has not been transferred from the pack-
ings to the liquid. In this time, the liquid is mainly displayed
that it is cut off into fragments consecutively by the packings
because the great relative movement between the liquid and
the packings along the circumferential direction. Therefore,
droplet–droplet collision is not considered in the entry region.
aLG4 is defined as the two-phase flow fluid interface for the liq-
uid droplets in the entry region, which can be obtained by

aLG45
6b pðr11lÞ22pr2

1

h i
hH0

dm

(44)

Theoretical solutions

Supposed the system is stable finally, then

@x

@t
50;

@y

@t
50 (45)

Eqs. 1 and 2 can be simplified as
Liquid

2DL
AB AL

@2x

@r2
1L

@x

@r
1uðrÞ50 (46)

Gas

DG
AB AV

@2y

@r2
1ðG12pheDG

AB Þ
@y

@r
1uðrÞ50 (47)

The solution is

x5C1e
L

ALDL
AB

r
2

1

2L
afr

22
bfL1afALDL

AB

L2
r1C2 (48)

y5C3e

2G22pheDG
AB

AVDG
AB

r
2

1

2G14pheDG
AB

afr
2

2
bf G12pheDG

AB

� �
2afAVDG

AB

G12pheDG
AB

� �2
r1C4

(49)

As the system is stable finally, the mass fractions of the
outflow and inflow in the reboiler are equal. The reboiler is

Figure 13. The mass-transfer driving force in Dl is a
pseudolinear function of radius.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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full of the raw material and the liquid holdup of the reboiler is
very large. This means that the mass fraction of outflow and
inflow in the reboiler almost keeps a constant, that is, C1, C2,
C3, and C4 can be obtained by following boundary conditions

xjr5r2
5yreboiler ;

@x

@r

			
r5r2

50 (50)

yjr5r2
5yreboiler ;

@y

@r

			
r5r2

50 (51)

Flow chart for the simulation

Equations 48 and 49 can be used to predict gas and liquid
mass fraction in RPB between r and r 1 Dl. However, af and
bf should be calculated in advance. In this article, af and bf

are given a initial values and checked by Eq. 36 after x and
y are obtained (trial and error method). To directly describe

the simulation process, the flow chart is shown in Figure 14.
In Figure 14, the value of dL, dL1, d2, Ur1,

jBC j
jAC j and so forth,

can be obtained by some hydrodynamic method which have
been shown in our previous works in Ref. 16. The value of
nsat, dsat, nend, dend, nbo, dbo, nco, dco and so forth, can be
obtained based on the evaluating parameters CVS, T, WeLS,
and ReLS (CVS, T by Ref. 24 and WeLS, ReLS by Ref. 25).

Model Validation

Obviously, hydrodynamic models are the foundation of
the mass-transfer models. However, in this article, the mass-
transfer models for the distillation process are proposed first.
Then, to solve the phase interface aLG and mass-transfer
coefficients KL in the mass-transfer model, hydrodynamic
models in a RPB are studied. The hydrodynamic models
involve the distribution of the gas–liquid two-phase flow

Figure 14. Flow chart for the simulation.
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field, the liquid film thickness, dynamics of droplets and so
forth. To clarify above relationships, the flow chart is pro-
posed which is shown in Figure 15.

As shown in Figure 15, some hydrodynamic simulation
results (such as the magnitude of the satellite droplets, the
liquid film thickness, etc.) can be validated by the liquid tra-
jectories we have captured. By mass-transfer simulation, the
concentration of the light component at r1 can be obtained
finally. The concentration of the light component at the bed
top can be easily measured (by gas chromatography in this
article), and the experimental data and the simulation results
can be compared to each other.

Results and Discussion

Figure 16 displays that the statistical results of the droplets
collision frequency in a certain radial length under different
rotor speeds and different liquid flow rates. According to
Eq. 3, the collision frequency per unit radial length and per
unit liquid trajectory can be obtained. Based on this, the size
of the satellite droplets, the number of the satellite droplets,
and the size of the two end droplets and so forth can be
simulated under different operating conditions, which are
shown in Table 3. The detail simulation processes are shown
in Figures 17–19.

Figure 17 shows the comparison of the simulation result
with experimental result for the separation collision. In fact,
the separation collision can be further divided into two
types: off-center separation (reflexive separation) and near
head-on separation (stretching separation). As both off-center
separation and near head-on separation can produce the liga-
ment, the possibility is that it has not enough time for the
ligament to break up into some satellite droplets because the
position of the collision is very near the packing surface. In
this situation, the ligament is directly captured by the pack-
ings and leaves a big mark on the paper. Figure 18 shows
the comparison of the simulation result with experimental
result for the coalescence collision. As shown in Figure 18,
two liquid trajectories combine and become a single liquid

Figure 15. Relationship between models and
experiments.

Figure 16. The statistical results of the droplets collision frequency in a certain radial length under different rotor
speeds and different liquid flow rates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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trajectory. It is agreed with the phenomenon of the coales-
cence collision. Figure 19 shows the comparison of the sim-
ulation result with experimental result for the bouncing
collision. As shown in Figure 19, two liquid trajectories
combine temporarily and separate immediately. It is agreed
with the phenomenon of the bouncing collision.

Table 4 presents the value of We0:5
LS Re0:25

LS for droplet-
packing collision under different operating conditions (gas
flow rate, liquid flow rate, and rotor speed) and different
positions in RPB. From Table 4, it is found that the value of
We0:5

LS Re0:25
LS for droplet-packing collision is between 3

and 57. According to the judge criteria listed in previous
section, the outcomes of droplet-packing collision are depo-
sition. This means there are not any bouncing and splashing
phenomena in RPB when the droplet-packing collision hap-
pens. If the droplet splashes and the secondary droplets are
produced, there would be a big mark on the paper like the
phenomenon of the satellite droplets which are produced by
droplet–droplet collision. Similarly, if the bouncing occurs,
there would be bouncing mark on the paper. However, it is
found that there is not any other mark except one liquid tra-
jectory on the paper (see Figure 3). The only explanation is

that the outcomes of the droplet-packing collisions are
deposition.

Table 5 present the value of WeLG for the deformation
and breakup of liquid droplets in gas–liquid two-phase flow
under different operating conditions (gas flow rate, liquid
flow rate, and rotor speed) and different positions in RPB.
From Table 5, it is found that the value of WeLG is very small
(the magnitude of WeLG is about 1022 m). According to the
judge criteria listed in previous section, the outcomes belong
to Vibrational mode. As the value of WeLG is so low, it is
reasonable to considered that the droplet only deformed and
does not have the ability to break up. This conclusion may be
supported by the experiment of Wierzba.58 The droplet behav-
ior of the deformation (flattening) without breakup is shown
in Figure 20. The experimental range of Weber Number in
Ref. 58 is from 11 to 14. However, the values of WeLG in
RPB in this article are much smaller than those values in
Ref. 58. As WeLG reflects the ratio of the aerodynamics force
by the gas to the interfacial tension of the droplets, it is reason-
able to think that the gas has little effect on the liquid state.

In fact, droplet–droplet collision, droplet-packing collision,
and droplet breakup should be considered at the same time

Figure 17. Comparison of the simulation result with experimental result for separation collision.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 18. Comparison of the simulation result with experimental result for the coalescence collision.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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when the liquid droplets enter the space among the pack-
ings. Above three interacting processes should also be con-
sidered (especially the interactive effects among the second
generation tiny droplets). However, as the conclusion of
droplet-packing collision is deposition and the conclusion
of the droplets in the gas stream is deformation, it is rea-
sonable to consider that the tiniest droplets in RPB are
probably the satellite droplets which are caused by the

droplet–droplet collision, not by droplet-packing collision
or droplet breakup.

Figure 21 shows the simulation results of kL1 and kL3

under a certain operation condition (rotor speed: 900 r/min,
liquid flow rate: 40 L/h). As shown in Figure 21, the values
of kL1 and kL3 increase with the increase of radii. This is
because the centrifugal force increases with the radii, which
causes thickness of the liquid film and size of the droplets

Figure 19. Comparison of the simulation result with experimental result for the bouncing collision.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 4. The Value of We0:5
LS Re0:25

LS for Droplet–Packing Collisions Under Different Operating Conditions

100 (L/h) 200 (L/h) 300 (L/h)

At
r 5 0.06 m

At
r 5 0.1 m

At
r 5 0.15 m

At
r 5 0.06 m

At
r 5 0.1 m

At
r 5 0.15 m

At
r 5 0.06 m

At
r 5 0.1 m

At
r 5 0.15 m

5 (m3/h)
600 (r/min) 6.9118 12.7855 15.1217 6.9118 12.7855 15.1217 6.9129 12.7855 15.1217
900 (r/min) 10.3778 19.1873 22.6885 10.3790 19.1873 22.6885 10.3801 19.1873 22.6885
1200 (r/min) 13.8436 25.5885 30.2549 13.8464 25.5885 30.2549 13.8519 25.5886 30.2549

20 (m3/h)
600 (r/min) 6.8933 12.7691 15.1106 6.8933 12.7691 15.1106 6.8944 12.7691 15.1106
900 (r/min) 10.3612 19.1725 22.6786 10.3624 19.1725 22.6786 10.3635 19.1725 22.6786
1200 (r/min) 13.8282 25.5748 30.2458 13.8309 25.5748 30.2458 13.8364 25.5749 30.2458

45 (m3/h)
600 (r/min) 6.8751 12.7522 15.0992 6.8751 12.7522 15.0992 6.8761 12.7522 15.0992
900 (r/min) 10.3445 19.1573 22.6683 10.3457 19.1573 22.6683 10.3468 19.1573 22.6683
1200 (r/min) 13.8126 25.5606 30.2363 13.8153 25.5607 30.2363 13.8208 25.5607 30.2363

Table 5. The Value of WeLG for the Deformation and Breakup of Liquid Droplets in Gas–Liquid Two-Phase Flow Under Dif-

ferent Operating Conditions

100 (L/h) 200 (L/h) 300 (L/h)

At
r 5 0.06 m

At
r 5 0.1 m

At
r 5 0.15 m

At
r 5 0.06 m

At
r 5 0.1 m

At
r 5 0.15 m

At
r 5 0.06 m

At
r 5 0.1 m

At
r 5 0.15 m

5 (m3/h)
600 (r/min) 0.01143 0.01822 0.02062 0.01143 0.01822 0.02062 0.01143 0.01822 0.02062
900 (r/min) 0.01584 0.02646 0.03038 0.01584 0.02646 0.03038 0.01584 0.02646 0.03038
1200 (r/min) 0.02028 0.03471 0.04014 0.02029 0.03471 0.04014 0.02029 0.03471 0.04014

20 (m3/h)
600 (r/min) 0.02079 0.02389 0.02415 0.02079 0.02389 0.02415 0.02079 0.02389 0.02415
900 (r/min) 0.02441 0.03192 0.03382 0.02441 0.03192 0.03382 0.02442 0.03192 0.03382
1200 (r/min) 0.02846 0.04006 0.04354 0.02847 0.04006 0.04354 0.02847 0.04006 0.04354

45 (m3/h)
600 (r/min) 0.04262 0.03507 0.03064 0.04262 0.03507 0.03064 0.04262 0.03507 0.03064
900 (r/min) 0.04283 0.04216 0.03999 0.04283 0.04216 0.03999 0.04283 0.04216 0.03999
1200 (r/min) 0.04518 0.04984 0.04954 0.04519 0.04984 0.04954 0.04520 0.04984 0.04954
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decrease markedly. According to the simulation in Figure 21,
the magnitude of kL1 is about 102221021 cm/s, whereas the
magnitude of kL3 is about 10212100 cm/s. That is, kL3 >>
kL1. Therefore, it is unreasonable to consider the whole liquid
film flow as laminar flow.

As shown in Figure 22, the flying droplets in the space
among the packings are divided into three stages: the first
stage is the droplet forming stage, the third stage is that the
droplet is approaching the solid surface, and the second stage
is the process within the two stages above. In the first stage,
the mass-transfer coefficient is rather high. This is because
there are strong oscillation and distortion in the droplets
when the droplets are just thrown away from packings,
which cause the higher mass-transfer coefficient during the
initial stages of the droplets formation. The mass-transfer
coefficient is decreased sharply with the time at the first
stage, and then remain a low value when it enters the second

stage. In the second stage, droplet–droplet collisions may
occur. If the droplet–droplet collisions occur, the new satel-
lite droplets may be produced (or some other momentum
and mass exchanges may occur between droplets), which
may also cause the high mass-transfer coefficient. The pro-
cess of the droplet approaching the solid surface is called the
third stage. This process can be deemed as the reverse pro-
cess of droplets forming. Therefore, the values of mass-
transfer coefficient are distributed symmetrically in first and
third stages, which are shown in Figure 22. The magnitude
of KL by simulation in this article is 1022 2 100 cm/s, which
agrees with those reported by Chen and Tong59 and Munjal
et al.60 (in researches of Chen and Tong, KL is about 0.086–
0.11 cm/s. In researches of Munjal et al., KL is about 0.08–
0.1 cm/s).

Figures 23 and 24 show the comparison of the simulation
results with the experimental results of distillation under dif-
ferent rotor speeds and different liquid flow rates, respec-
tively. As shown in Figures 23 and 24, the ethanol

Figure 20. The phenomenon of the droplet behavior of the deformation (flattening) without breakup (by Wierzba58).

Figure 21. Simulation results of kL1 and kL3 under a
certain operational condition.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 22. The flying droplets in the space among the
packing are divided into three stages.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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concentrations at bed top are less than 95% without extract-
ing agent because water–ethanol is an azeotropic mixture.
Using ethylene glycol as an extracting agent, the azeotropic
point of ethanol–water system disappears and the higher con-
centrations of ethanol are obtained. Both Figures 23 and 24
show that the results of simulation agree well with the exper-
imental results, which prove that both hydrodynamic model
and mass-transfer model can better describe the gas–liquid
two-phase flow and mass-transfer process in RPB.

As shown in Figure 23, the ethanol concentration at bed top
is increasing with the rotor speed. This phenomenon may be
explained by the changing rule of the mass-transfer coefficient
KL. The reason is that, as the rotor speed increases, the velocity
of the liquid in RPB is increased, resulting that the size of
droplet is getting smaller and the thickness of the liquid film is
also getting thinner. These results make KL increasing.

However, as shown in Figure 24, the ethanol concentration
at bed top is nearly unchanged with the liquid flow rate. To
illustrate the point, Figures 23 and 24 are melded into Figure
25. As shown in Figure 25, the effect of rotor speed on the
mass-transfer coefficient is greater than that of liquid flow
rate obviously. This is because the liquid velocity in RPB
almost has nothing to do with the liquid flow rate (see Ref.
16). On the one hand, the thickness liquid film is increasing
when the liquid flow rate is increasing, which may make KL

decrease. On the other hand, the number of droplets and the
number of liquid trajectories increase when the liquid flow
rate is increased, this makes the frequency of droplet–droplet
collisions increases. Above two factors counterbalance with

Figure 24. Comparison of the simulation result with
experimental result under different liquid
flow rates.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 25. Comparison of rotor speed effect with liquid
flow rate effect on the ethanol concentration
of bed top.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 23. The comparison of the simulation result with experimental result under different rotor speeds: (a) distil-
lation; (b) extractive distillation.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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each other and make KL nearly unchanged with the liquid
flow rate.

Figure 26 shows the concentration distribution of ethanol
along the rotor radial under different rotor speeds. As shown
in Figure 26, the ethanol concentration decreases with the
radii and the ethanol concentration reaches a maximum in
the inner edge of the rotor (r 5 r1). The curve lines can be
divided into two regions (entry region and development
region). By simulation, it is found that the curve line of etha-
nol concentrations increase sharply in the entry region. This
indicates that the mass-transfer efficiency in the entry region
is very high. This conclusion may be supported by the con-
clusion of Zhu et al.61 and Zhang et al.11 The reason may be
explained by the large gas–liquid interface surface in the
entry region. As shown in Figure 27, the packings are almost
wetted by the liquid totally due to the great relative move-
ment (the magnitude of the relative velocity in this article is
about 1–10 m/s) between the liquid and the packings along
the circumferential direction in entry region. As two-phase
flow fluid interface aLG is very large in entry region, the

impetus of mass transfer is also getting larger, which makes
the ethanol concentration increase sharply in entry region.

Conclusions

The frequency of droplet–droplet collisions per unit radial
length and per unit liquid trajectory and its change rules are
obtained by the experimental and statistical method. By experi-
ment and simulation, the type of the collision outcomes, the
size of the satellite droplets, the number of the satellite drop-
lets, the size of the two end droplets, and some other complex
hydrodynamic characteristics for the droplets in RPB are also
obtained. The values of We0:5

LS Re0:25
LS for droplet-packing colli-

sions in RPB are between 3 and 57 which are obtained by sim-
ulation. By theoretical analysis and experiment, the conclusion
is that the frequency of droplet-packing collisions is very high
and the outcomes of droplet-packing collisions are deposition.
The gas has little effect on the liquid state and the liquid drop-
lets only deformed when it fly through the space among the
packing in RPB. The tiniest droplets in RPB are probably the
satellite droplets which are caused by the droplet–droplet colli-
sion, not by the aerodynamics force by the gas or droplet-
packing collisions. The collisions improve the mass transfer
effectively and the satellite droplets can increase the two-phase
flow fluid interface greatly.

The liquid film flow on the packings surface can be divided
into two distinctly different segments according to the bound-
ary layer development (segment AB and BC). The mass-
transfer coefficient in segment AB is much higher than that in
segment BC. The flying droplets in the space among the pack-
ings are divided into three stages. The first stage is the droplet
forming stage whose mass-transfer coefficient is higher. The
mass-transfer coefficient is much lower after the droplet has
formed, which is called the second stage. The third stage is
that the droplet is approaching the solid surface, whose mass-
transfer coefficient also is higher. Droplet–droplet collisions
in RPB can greatly enhance the mass-transfer coefficient.
After collisions, the satellite droplets may be produced, which
not only improve the mass-transfer coefficient greatly, but
also increase the gas–liquid mass-transfer interface greatly.

Based on the hydrodynamic results, mathematical models
for the mass transfer in RPB are proposed in this work.
Mass-transfer experiments in RPB are also carried out using
ethanol–water solution under different operating conditions.
By comparison, the results of simulation agree well with the
results of the experiment, and show that both hydrodynamic
model and mass-transfer model can better describe the gas–
liquid two-phase flow and mass-transfer process. In fact, the
effect of the thermal energy transport in RPB is also critical
to determine the mass transfer when RPB is applied to distil-
lation, however, it has not been considered in this article for
the limitation of thesis. Therefore, one of the remained mis-
sions is to consider heat transfer in RPB for using the devise
to distillation.
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Notation

a = specific surface area of the packing, m2/m3

ad = surface area of the liquid droplet, m2

af = constant

Figure 26. The concentration distribution of ethanol
along the rotor radial under different rotor
speeds.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 27. The large gas–liquid interface surface in
entry region.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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aLG = two-phase flow fluid interface, m2

AL = passing section of the liquid flow, m2

AV = passing section of the gas flow, m2

bf = constant
c1, c2, . . .,cn = constants

cA = mass concentration of the component A
cA,0 = initial concentration inside the drop of the component A
cA1 = mass concentration of the component A outside the

boundary layer
cAs = mass concentration of the component A on the solid

surface
C1, C2, . . ., Cn = constants

CVS = separation volume coefficient
dbo = diameter of the bouncing droplets, m
dco = diameter of the coalescence droplets, m
de = hydraulic diameter, m

dend = diameter of the end droplet, m
dL1 = diameter of the larger droplet, m
dL2 = diameter of the smaller droplet, m
d
0

L = initial diameter of the ligament, m

d
00

L = ligament diameter at the breakup, m
dm = droplet diameter, m
dsat = diameter of the satellite droplets formed from the liga-

ment breakup, m
DG

AB = gas diffusion coefficient, m2/s
DL

AB = liquid diffusion coefficient, m2/s
E = strain rate tensor

E
0
d = dissipated energy after droplet-packing collision

Ek = kinetic energy before droplet-packing collision
E
0

k = kinetic energy after droplet-packing collision
Ep = potential energy before droplet-packing collision

E
0
p = potential energy after droplet-packing collision

Es = surface energy before droplet-packing collision
E
0

s = surface energy after droplet-packing collision
Edissip = viscous dissipation
Estrtch = total effective stretching kinetic energy
Esurten = surface energy in the region of interaction

FO = Fourier number for the mass transfer
h = height of the bed, m

H0 = liquid holdup per unit volume
H
0
0 = gas holdup per unit volume

kG = mass-transfer coefficient in gas phase, cm/s
kL = mass-transfer coefficient in liquid phase, cm/s

kL1 = mass-transfer coefficient of the liquid boundary layer,
cm/s

kL2 = mass-transfer coefficient of the drop formation, cm/s
kL3 = mass-transfer coefficient of the droplet approaching the

solid surface, cm/s
kL4 = mass-transfer coefficient for the droplet flying through

the space among the packings, cm/s
kS = fit parameter

KL = overall mass-transfer coefficient, cm/s
l = length of the entry region along the radial direction, m

l1 = flying distance of the liquid ligament in the space
among the packing after collision, m

L = flow rate of mixed solution, m3/s)
Le = width of the liquid trajectory, m
Dl = moving distance of the liquid during Dt along the

radial direction m
Dld = small radial length near the outer edge of the flabellate

paper, m
m = constant

MA = total transferred mass
nbo = number of the bouncing droplets during r–r 1 Dl
nco = number of the coalescence droplets during r–r 1 Dl
nC = number of the droplets that collision during r–r 1 Dl
nF = number of the flying droplets before droplet–droplet

collision
nsat = number of all satellite droplets during r–r 1 Dl
nend = number of all end droplets during r–r 1 Dl
nW = number of the liquid trajectories
Nd = whole number of the intersection for the liquid trajec-

tories in statistic region
Nsat = number of satellite droplets
NW = whole number of liquid trajectories in statistic region

OhLS = Ohnesorge number in droplet-packing collision

Pd = collision frequency per unit radial length and per unit
liquid trajectory

r = radius, m
rA = rate of the formation of the component A in the chemi-

cal reactions
ReLS = Reynolds number in droplet-packing collision

t = time, s
td,r = time of the breakup of the ligament, s

tf = drop formation time
ttr = travel time of the liquid droplet among the space of

packings, s
T = time scale
U = velocity of the liquid in the irrigated bed, m/s

Ui
d;r = velocity of the liquid droplets at the radial position of

r, m/s
Ui

d;r;n = the normal components of the velocity for the droplets
at the radial position of r, m/s

U
0i
d;r = velocity of the liquid ligament after collision at the

radial position of r, m/s
Ur1 = velocity of the undisturbed liquid flow at the radial

position of r, m/s
j �U12j = relative velocity between the two droplets, m/s

v = kinematic viscosity, m2/s
V = velocity of the gas in the unirrigated bed, m/s

VG = gas flow rate, m3/s
Vr,z,h = velocity of the gas whose coordinate position is

(r, z, h) in RPB, m/s
Vr,max = maximal velocity of the gas at the radial position of r,

m/s
WeLL = Weber number between two droplets
WeLS = Weber number in droplet-packing collision

WeLS,r,z,h = Weber number at any position (r, z, h) in RPB in the
droplet deformation process

Greek letters

b = chance for the liquid enters the space among the packing
dD = thickness of the concentration boundary layer, m
dL = whole thickness of liquid film flow, m

dL1 = thickness of the velocity boundary layer, m
dL2 = thickness of the undisturbed liquid flow, m

e = porosity
l = fluid viscosity, kg/m s
n = ratio of concentration boundary layer to velocity boundary layer

qG = gas density, kg/m3

qL = liquid density, kg/m3

v1 = proportion of the laminar flow in the whole liquid flow
v2 = proportion of the drop formation in the whole liquid flow
v3 = proportion of the droplet approaching the solid surface in the

whole liquid flow
wi = volume lost from the smaller and the larger droplets to form the

ligament
x = rotational speed, rad/s
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