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A multi-scale approach with the combination of computational fluid dynamic (CFD) and macroscopic calculation meth-
ods has been proposed to predict the hydrodynamics behavior in the corrugated structured packing column. On the ba-
sis of the concept of the representative unit, the three-dimensional (3-D) volume of fluid (VOF) model of the structured
packing is applied in the small scale simulation, and the stream split fraction coefficients and effective wetted area ratio
are calculated. The unit network model, which is a mechanistic model, is applied in large scale calculation basing on
the small scale results. The liquid holdup distribution in the entire column can be available by this multi-scale method.
A comparison between the simulation results and the experimental data of our previous work is given to validate the
present model. The multi-scale model is proved to be prospective to assist the analysis and design of structure packing
columns in chemical engineering. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 3119–3130, 2013

Keywords: multi-scale model, CFD, macroscopic calculation, stream split fraction coefficients, structured packing

Introduction

Structured packing column is commonly used in unit
operations such as distillation and absorption etc., and the
structured packing column has the advantages of large
capacity, low pressure drop, and high efficiency.1 It is found
that the maldistribution of liquid and vapor phase on struc-
tured packings is the cause of the poor performance of the
industrial scale column. Detailed investigations of the fluid
dynamic behavior and mass-transfer behavior in structured
packing columns have been focused by many authors for
predicting the process performance or dealing with the scale-
up problem. Some empirical models, such as Billet2, SRP3,4,
and Delft5 models were proposed to predict the performance
in the packed column basing on the experimental data, but
their successful applications are still limited within certain
working conditions.

In the past decades, with the development of computer tech-
niques, computational fluid dynamic (CFD) method has become
a powerful implement applied by more and more researchers to
simulate the fluid flow in the structured packing columns. Hod-
son et al.6 maybe the first authors who introduced the CFD
method to investigate the performance of the structured packing
column and the flow pattern of vapor phase within the channel
simulated by Phoenics code. For simulating the hydrodynamics
of liquid phase flow in structured packing filled with catalyst
pellets, van Gulijk7 put forward a Toblerone model, simplified
the multi-phase flow to a single phase in the channels, and cal-
culated the transversal dispersion in the structured packed bed
using the CFX code. On the basis of van Gulijk’s research, the
group of Krishna8–10 carried out a number of experimental and
theoretical studies to investigate the flow and mass-transfer
behavior within a KATAPAK-S structure packed with catalyst.
Kl€oker and coworkers11–13 proposed an innovative approach
for the design of reactive distillation column internals and CFD
simulations, which was regarded as a virtual experiment for
providing the necessary hydrodynamic and mass-transfer corre-
lations. Petre and coworkers14,15 abstracted five types of
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representative units (REU) from a large amount of repetitive
packing structures, and calculated the pressure drop of
the REUs using CFD code FLUENT. Then the total bed pres-
sure drop could also be calculated according to the pressure
loss coefficient in each particular REU. Raynal et al.16 made
research in the influence of mesh size and turbulence models
on the dry pressure drop of structured packing, and they con-
sidered k–e RNG model as the most appropriate model in the
simulation of the column pressure drop. Khosravi et al.17 com-
pared the results of different turbulent models by CFX, and
they are inclined to believe k–x model as the best one. In their
work, a whole packing module is modeled and the total grid
number is as much as 7,000,000 to determine the pressure
drop. While for mass- and heat-transfer processes, a mesh of
1,000,000 cells was adopted. This may denote the high comput-
ing costs which need to overcome when structured packing
using CFD is studied. Similar problems also exist in other
researchers’ work. Fernandes et al.18,19 studied the structured
packing column for supercritical extraction using CFD method,
and the whole module of structured packing model included
2,000,000 tetrahedral cells. So as it can be seen, the problem of
high computing cost may be the barrier of application of CFD
method on the industrial scale column.

For simulating the two-phase flow within a structured pack-
ing bed, the volume of fluid (VOF) approach is mostly chosen
to track the gas–liquid interface. Szulczewska et al.20 and Gu
et al.21 built a two-dimensional (2-D) model to find out the
interfacial area and the mechanism of falling film on the corru-
gated plate. Raynal et al.22 believed that the flow path of gas–
liquid flow within the structured packing bed can be simplified
into a 2-D zigzag channel, and the VOF approach was imple-
mented in their investigation to estimate the thickness of fall-
ing film and the liquid holdup. Valluri et al.23 and Haroun
et al.24 simulated the liquid film flow behavior on the surface
of structured packing sheet and found recirculation zone at the
wave trough at certain Re numbers. Chen et al.25,26 modeled
the exact packing surface geometry and simulated the gas–liq-
uid flow and mass transfer on the structured packing sheet
three dimensionally with VOF approach. In summary, VOF
approach is able to reveal the flowing details, and it can supply
useful information such as flow patterns, wetting area, etc.
However, this method requires the geometry of the packing
element cells be exactly modeled, and thus the simulation
should be confined to a small volume.

Accordingly, the published work reveal the simulation of
structured packing using CFD method can only reflect the infor-
mation in a very small sections of the packing by far, which
constraints to the computing power. As Mahr and Mewes27

pointed out, for columns of technical dimensions with today’s
computing power, modeling two-phase flow at the scale of the
exact packing geometry has not been feasible yet, while in prac-
tical applications, the parameters of the whole column, such as
pressure drop, separation performance, and backing mixing are
always focused, especially in the process of designing. For this
aspect, it is recognized that another type of macro-scale models,
namely, the mechanistic models28 are feasible for the whole col-
umn simulation with much less computing cost. However, these
types of models depend on the experimental data to regress the
model parameters, which also limits their applications.

The current problem is how to simulate the structured pack-
ing column at large scale with the account for the phenomena
inside very particular elements under a computing power avail-
able for a common researcher. Very naturally, it comes to
multi-scale approaches. Raynal and Royon-Lebraud29 have

proposed a multi-scale approach which is solely based on the
CFD method. In their study, the 2-D VOF approach was
applied for small scale for two-phase flow within packing ele-
ment. The result of the VOF calculation was put into use for
pressure drop prediction of one packing layer by pseudo single
phase CFD simulation. The result of the second step is sum-
marized to a resistance coefficient and employed in large scale
CFD simulation to predict the whole column pressure drop. As
for the last step, the exact geometry of packing was not neces-
sary to be modeled. In the present study, a multi-scale approach
is proposed, and the small scale simulation is 3-D VOF simula-
tion of the two-phase flow within the element cells with the
exact geometry modeled. A mechanistic model is adopted in
large scale calculation, and the parameters of the mechanistic
model come from the result of the small scale simulation of
the research. A comparison between the simulation results and
the experimental data of our previous work is given to validate
the present model.

Multi-scale Calculation Strategy

Representative unit

The concept of the representative unit is not a new one.
Early in 2003, Petre et al.14,15 submitted this concept in
their study, which is analogous to the intersections or nodes
of the mechanistic models. It is not complicated to find that
the structured packing is composed by lots of repeated
structures with similar boundary conditions. In this study,
four types of representative units are concluded, and they
are respectively named as inlet, outlet, side wall, and
interior unit. The structures of the representative units are
shown in Figure 1. These four types of units correspond to
the position of inlet, outlet, side wall, and interior of the
packing simultaneously. The interior unit refers to the ele-
ment space formed by two pieces of structured packing
sheet, and the contact point of two pieces of packing sheets
is defined as node.

For any unit, the inlet condition is determined by the out-
let flow behavior in the upper unit, and the outlet condition
of a unit is also the feeding condition of the lower one. The
liquid distribution in an interior unit is affected by three

Figure 1. Four kinds of representative units.
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upper interior units, but for side wall unit, only a side wall
unit and an interior unit exert the influence on it. For the
inlet unit, feed is assumed to be uniform and evenly distrib-
uted in two different channels. While for the outlet unit,
there is no need to know the outlet liquid distribution per-
formance as a result of no lower unit. Based on the above
perspectives, only two physical models need to be taken into
account to investigate the liquid distribution behavior, that
is, one is interior unit model, and the other is side wall unit
model as shown in Figure 2.

It must be noted that the unit models for CFD computing
in this work contains a few cells, which is different from
Petre’s14,15 concept.

The packing applied in this article is Mellapak 350X
corrugated sheet structured packing, and the structure param-
eters are list in Table 1.

Figure 3 gives the calculation strategy of the multi-scale
method. A 3-D CFD model which depicts the gas–liquid
two-phase flow in small scale is proposed for the first time,
and it is calculated to obtain the stream split fraction
coefficients. Then, with a newly defined liquid distribution
model and the coefficients obtained in small-scaled
simulation, a macro-scale calculation is conducted to display
the liquid distribution and holdup in the entire column. The
result of the multi-scaled calculation is of great value to the
optimum design of the column in chemical engineering.

Small scale calculation: CFD model

To make the simulation sufficiently fundamental, i.e., take
enough consideration to the effect of geometry on the liquid
and vapor distribution, the VOF method is chosen to depict
the gas–liquid two-phase flow inside the representative units.
The commercial CFD code FLUENT is applied and RNG k–
e turbulence model is adopted to describe the turbulent flow
on the packing. The basic model equations are written as
follows.

The volume fraction equation is
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The momentum transport equation is
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The momentum equation depends on the phase volume
fraction because the physical properties in the momentum
equation are calculated as volume-fraction-weighted averages
over each phase. The average density q and viscosity l are
given by Eqs. 3 and 4

q5aLqL1 12aLð ÞqG (3)

l5aLlL1 12aGð ÞlG (4)

The source term F of the momentum equation in our
research only arises from the surface tension (FVOL) and
drag force (FLG).

For thin film flow, the effect of surface tension can be sig-
nificant.30 FLUENT includes the effects of surface tension as
a body force in the momentum equation according to the
method proposed by Brackbill et al.31. This technique inter-
prets surface tension forces as a continuous volume forces,
and it is defined as

FVOL 5rij
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where r is the surface tension coefficient, and j is the free
surface curvature, which is defined as
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The unit surface normal at the live cell next to the wall is
replaced by the following equation

n
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where n
_

wand t
_

ware the unit vectors normal to and tangen-
tial to the wall, respectively. The contact angle h is the angle
between the wall and the tangent to the interface at the wall.

The influence of the drag force can be described by the
friction pressure drop model developed by Woerlee32, and
then it can be depicted in Eq. 8

FLG 52aefiqG uG2uLð ÞjuG2uLj (8)

where ae is the effective interfacial area per unit volume and
it can be calculated by ae5jraGj5jraLj33. fi is the interfa-
cial friction factor. Stephan and Mayinger34 developed a new
correlation to give a description of the interfacial friction in
countercurrent flow which can be shown as follows

fi5 0:079Re20:25
G 11115d�N

� �
(9)

whereReG5 �uGqG D22dð Þ=lG and N53:95 1:813=D�ð Þ. D*

and d* are the dimensionless ratios of tube diameter and film

Figure 2. Physical models.

(a) Interior unit model, (b) Side wall unit model.

Table 1. Structure Parameters of Mellapak 350X

Crimp
height,
h (mm)

Channel
base,

B (mm)

Channel
side,

S (mm)

Specific
area, ap

(m2/m3)
Porosity,

e (%)
Corrugation
angle, h (�)

8.7 18.8 12.8 350 94 60

AIChE Journal August 2013 Vol. 59, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 3121



thickness to the Laplace length r= qL2qGð Þg½ �0:5, respec-
tively. The tube diameter D is replaced by the hydrodynamic
diameter d of the packing unit, and its value can be consid-
ered as the channel side of the packing unit (S). d is calcu-
lated by Nusselt film thickness35, and it is defined as
d5 3lq= qGgcos hð Þ�0:333
h

. Where q is the volume flow rate
per unit of perimeter length, h is the corrugation angle of
packing.

The turbulent kinetic energy (k) equation and turbulent
dissipation rate (k) equation are
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where a is the reciprocal of effective Prandtl number. Gk is
the turbulence kinetic energy caused by averaged velocity
gradient. C1e and C2e are constant as 1.44 and 1.92,
respectively.

The unstructured grid generation technique is applied to
deal with the complex geometrical structure. The grid num-
bers of the models shown in Figure 2a and b are 100,000
and 68,000, respectively.

In the simulation, the geo-reconstruct method is employed
to trace the gas–liquid interface precisely, and the time step
size is set as 1 3 1025 s. First-order upwind differencing is
chosen as the solution of momentum equation. The Body
Force Weighted method is implemented for pressure discreti-
zation, and Pressure Implicit with Splitting of Operators
method is adopted for pressure–velocity coupling.

Water–air system is selected, and the fluid properties (q,
l, r) are set to be constant, which are equal to the fluid
properties at 20�C. The liquid–solid contact angle is 57�. For
model shown in Figure 2a, there are two liquid inlets which

cling to the two channels in the top interior unit. For the
model shown in Figure 2b, only one liquid inlet exists in the
top side wall unit. The width of the liquid inlet is 1 mm. In
the present study, a wide range of liquid spray density from
10 to 100 m3/(m2 h) is applied, which is conducted to inves-
tigate the stream split fraction coefficients, and it is extended
from 10 to 150 m3/(m2 h) to obtain the data of the effective
wetting area ratio. The large liquid spray density corresponds
to the industrial background of absorption processes, in
which the liquid load can be very large, especially for the
CO2 capture process, the liquid spray density varies from 10
to 250 m3/(m2 h)24,29. Another reason is that the liquid load
applied in Gu’s36 experiment, which is used to validate the
present model, varies from 30 to 100 m3/(m2 h).

Macro-scale calculation: unit network model

The macro-scale calculation is based on a newly estab-
lished mechanistic model: unit network model. In this model,
each element cell in the structured packing can be defined
by indicators i, j, and k, and the directions are indicated in
Figure 4.

The unit network model is based on the following
assumptions:

1. Once the liquid flows into the packing unit, the mixing
and distribution of the liquid happens only in the unit,
and it is not influenced by other units around.

2. The liquid distribution in a unit can be divided into
three parts, namely, flowing along the channel, trans-
verse flow, and flowing downwards across the node.

3. The liquid flowing downward across the node is evenly
split into two parts, and then flowing along the two
channels in the lower unit.

4. Liquid at the column side is partly reflected to the cen-
ter of the column.

Figure 3. The strategy chart of the multi-scale method.
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The assumption 2 suggests all the possible stream split
manners corresponding to the packing surface without holes.
Obviously, it is flexible in other cases. Based on the assump-
tion 2, three stream split fraction coefficients f, h, and g are
introduced to describe the proportion of liquid flowing along
the channel, the transverse flow, and the liquid flowing
downwards across the node, respectively. The relationship is
f 1 h 1 g 5 1. While for the side wall unit, the case is totally
different. First, the proportion of transverse flow is different
and another parameter hr is defined to distinguish with that
in interior unit; second, the liquid flowing downwards splits
up in a different manner with that in interior unit. As for the
interior unit, the liquid downwards across the node is
actually divided into two streams along two sheets, respec-
tively, in the unit below. In this work, these two streams are
assumed to be equal in flow rate, as depicted in assumption
3; but for the side wall unit, the liquid flow downwards
flows across the node and then splits up into one stream on
the column wall, and another stream reflected back to col-
umn interior along the adjacent sheet, as depicted in assump-
tion 4. A parameter r is defined to represent the reflected
part of the liquid flow.

The liquid distribution can be determined with the
assumptions above. The liquid distribution law in the interior
unit as well as side wall unit is illustrated in Figure 5. A–D
represents the cells included in interior or side wall units. In
this article, L and R are defined as the liquid flowing along
the left-inclining and right-inclining channels, respectively.
G is defined as the liquid flowing vertical downward. For the
side wall unit, LWL and LWR represent the liquid flowing
close to the left and right column wall.

The details of how the liquid in the original cell (A) flows
into the neighboring lower cells B, C, or D is revealed in
Figure 5. Figure 5a shows that, in side wall unit, there are
two streams on the opposite sheets flowing out the original
cell (A). One stream flows down along the left wall, and is
defined as (LWL_A (1)). Here (1) is the stream number, and
LWL_A is the quantity. The rest of this section can be
deduced in the same manner, thus it is not explained or dis-
cussed again in the article. The other stream flows along the
right-inclining channel, and it is defined as (R_A (2)). Then

(LWL_A (1)) is divided into two parts: one stream (3) flows
downward to D and the quantity is LWL_A*(1 2 hr), and it
is defined as (LWL_A*(1 2 hr) (3)); the other stream
(LWL_A*hr (4)) firstly flows transverse to C, and then flows
along the left-inclining channel to D. The two streams con-
verge into one, and then they are reassigned to two streams
at the node again. One stream (LWL_A*(1-r) (8)) flow con-
tinuously down along the left wall, and the other one
(LWL_A*r (9)) is reflected to the column along the right-
inclining channel of D. (R_A (2)) is divided into three
streams in C. The first stream (R_A*f (7)) flows continuously
along the right-inclining channel of C, the second stream
(R_A*g (6)) flows downward to the node at the bottom of C,
the third stream (R_A*h (5)) flows transverse to D and flows
along the right-inclining channel of D. For the interior unit
revealed in Figure 5b, the two streams in the original cell
(A) are along the two channels, and the developing of these
two streams is similar to that of R_A (2) in side wall unit.

Simulation Results

Hydrodynamic behavior analysis

The liquid film flow behavior in different spray density
and unit models is depicted in Figures 6a–d. In side wall
model, especially for the water–air system, most liquid flows
along the side wall, and it is reflected to the right-inclining
channel of the lower side wall unit. No liquid can be
observed to flow transverse. In Figures 6c, d, most liquid
flows along the channel down to the lower unit, only a small
fraction of it flows transverse and vertical downwards. The
flow pattern of the liquid flowing downward and transverse
is changed from the film flow to mist flow as a result of the
small flow rate. In addition, the increased flow rate of liquid
has little effect on the distribution result.

Stream split fraction coefficients

The result of the stream split fraction coefficients in dif-
ferent spray densities (L) are shown in Figure 7. As men-
tioned above, most liquid flows along the channel, and this
leads to a higher value of f. The value of h and hr are less

Figure 4. Direction of the packing calculated.

Figure 5. Liquid distribution law of the unit network
model.

(a) Side wall unit model, (b) Interior unit model
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than 0.03, which suggests that seldom liquid flows transverse
to other units. It can also be observed that L has little influ-
ence on f, h, g, and hr. Particularly for hr and h, both of
them are almost the same. For f and g, because of the mar-
ginal change with L, they can also be considered as con-
stants. The parameter r declines with the increasing of L.
Higher value of r indicates a larger amount of liquid
reflected to the internal of the column, and it is helpful to
form a better distribution. Data of the stream split fraction
coefficients are shown in Table 2. As the split fraction
coefficients are dimensionless quantities, the parameter r is
correlated against Reynolds number, and it is defined as
Re5qLuLd=lL, where uL is the liquid velocity.

Liquid distribution in two pieces of packing sheets

To validate the present model, a simulation of the same
condition as that in Gu’s work36 is provided, in which the
sole liquid flow distribution is measured in two pieces of
Mellapak 350X packing sheets without holes or openings.
The experimental equipment in Gu’s work is illustrated in
Figure 8. The height and width of the two pieces of packings
are 200 mm and 400 mm, respectively. Water was fed into
the packing surface from the distributor placed on the top of

the two sheets, and it was collected by 10 reservoirs beneath
the packing in order to measure the liquid distribution, each
of which is 40 mm in width.

The liquid distribution simulation result of two pieces of
structured packing obtained by the present and Gu’s model
is compared with the experimental data in Figure 9. In Fig-
ure 9a, it is well distributed in the condition of uniform feed-
ing except a higher liquid distribution ratio at side wall of
the column. A good agreement of experimental and simula-
tion data is observed.

The liquid distribution result in the condition of single-
point feeding is illustrated in Figure 9b. The liquid is fed in
the middle of the packing at the top. It is found that the liq-
uid scatters evidently as most of the liquid flows along the
packing channel, and seldom flows vertical downward. It can
also be observed that in the middle of the packing, both the
models predict a higher value of liquid distribution ratio.
The reason of that may be the underestimation of parameter
f which is caused by a smaller solid–liquid contact angle
applied in the simulation. The comparison result shows that
the CFD calculation of small scale can supply the parameters
that the macro-scale calculation need. Moreover, the parame-
ters in the present model reveal a degree of flexibility, and
the stream split fraction can be varied according to the local
liquid feed and no more a constant as in common mechanis-
tic models. On the one hand, it makes the multi-scale simu-
lation more precise, and on the other hand, it avoids any
regression from experiment data at the expense of a certain
amount of CFD computing. From the viewpoint of design-
ing, no requisition for experiment data may be welcome
albeit a moderate computing cost, which may not become a
heavy burden for computers today.

Effective wetting area ratio

The VOF simulation result can supply the interfacial in-
formation and the wetting ratio can be deduced. The effec-
tive wetting ratio ae/ap predicted by the present model is
offered in Figure 10 as well as the results by some other

Figure 6. Liquid film flow behavior on the structured packing.

(a) L5100 m3/(m2 h), (b) L540 m3/(m2 h), (c) L5100 m3/(m2 h), (d) L540 m3/(m2 h).

Figure 7. The stream split fraction coefficients in differ-
ent L.

Table 2. Model Parameters

f H hr r g

0.85 0.020 0.028 ln(2.14–1.531023Re) (R250.93) 0.13
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models in literatures. It can be found that the ae/ap increases
with the increase of L in all cases. The value of ae/ap pre-
dicted by Brito37 and BRF3,4 model is higher than 1 at some
L. For Delft5 model, the predicted values in different L are
all close to 1. The results of the present model and BS38

model are somewhat similar and reasonable.

The significant difference of the predicted ae/ap is caused
by different applicable conditions for the models mentioned,
such as the packing type, operating condition, flow rate
range of the liquid, and gas phase. The advantage of the
present model is that the wetting ratio is deduced from VOF
result and this approach has a high accuracy for any operat-
ing condition as long as the geometry can be precisely
modeled.

Liquid holdup

According to the result of effective wetting area ratio, the
average liquid holdup is obtained by macro-scale calculation
in the same condition of Gu’s experiments and the result is
illustrated in Figure 11. The averaged liquid holdup39 is
defined as

ht5
1

N
�
XN

i51

hti5
1

N
�
XN

i51

aei

api
apidi (12)

In Figure 11, it can be observed that the liquid holdup pre-
dicted by the present model agrees well with Gu’s model
and experimental results. Moreover, ht varies relatively
significant under small L, which is well described by
the present model. The good agreement of simulation and

Figure 8. The experimental equipment in Gu’s work.

1. Water storage, 2. Centrifugal pump, 3. Rotameter, 4. Distributor, 5. Polymethyl methacrylate cover, 6. Packing sheet, 7. Water

reservoir, 8. Recirculation groove.

Figure 9. The comparison of liquid distribution
between unit network model and Gu’s
work.

(a) Uniform feeding, (b) Single-point feeding.

Figure 10. Effective wetting area ratio predicted by dif-
ferent models.
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experimental results indicates a higher reliability of the
effective wetting area ratio calculated by the present model,
and it provides a power support for the subsequent study on
the liquid distribution and holdup in packed column.

A 2-D liquid holdup distribution with uniform feeding in
two pieces of structured packings is illustrated in Figure 12.
The height and width of the packings studied are 200 mm
and 400 mm, respectively. In Figure 12, it can be seen that
ht close to the side wall is very small at the top, and then it
increases when the liquid flows down. This phenomenon is
called wall effect, which can be clearly depicted by the
macro-scale calculation. As the side wall unit is not con-
nected with each other, the ht in the interior unit between
two side wall units is a little smaller, leading to a discontinu-
ous increase of ht at sides. The ht in the middle, nearby the
packing center, is a little higher because of more liquid flow-
ing downward along the channel. In addition, the gradient of
ht in Figure 12b decreases compared with the result in Fig-
ure 12a, and it indicates a better liquid distribution with the
increased L.

Figure 13 gives the liquid holdup distribution with single-
point feeding on the same packings mentioned in Figure 12.
Because most of the liquid flows downward along the chan-
nels, the liquid holdup in the channels nearby is higher, and
it decreases with the increase of the distance to the inlet. In
addition, a higher L leads to a larger ht in the cells, which
indicates more liquid accumulates in the packing.

Liquid distribution in the structure packing column

The liquid holdup distribution results of different layers of
a column by 3-D macro-scale calculation are depicted in
Figure 14. The column diameter is 0.4 m and the height of
the packing layer is 0.2 m. The inlet is uniform feeding, and
spray density is 80 m3/(m2 h). From Figure 14a, it can be
found that, due to the anisotropy of structure packing, a sin-
gle peak of liquid holdup can be found in the center, and the
wall effect is also obvious. This is reasonable and compati-
ble with the result in Figure 12. In Figure 14b, the liquid
holdup distribution shows multi-peak structure and isotropy,
which is a better distribution because most of the peaks are
flat. The liquid holdup distribution results at the end of the
fourth layer depicted in Figure 14d seems almost the same
as that of the second layer except for the staggered direction.
The above indicates how the preferential flow forms. The
wall effects from 2nd to the 4th layer seem alike, and the
region where the wall effect is serious is always changing.
This is due to the reflection effect in side wall units.

To give a better understanding of the liquid distribution,
Figures 15a–f give the liquid holdup distribution of different
column layers with single-point feeding. At the end of the
first layer shown in Figure 15a, liquid injected is limited
between the two pieces of packing, and no liquid is observed
at the side wall due to the limitation of the packing height.
After the staggered arrangement of the second packing layer,
liquid is extended and it transverses to form an area similar
to rectangle, and the liquid holdup has four peaks at the four
vertices of the rectangular region. After that, there are still
some regions which are not wetted until the fourth layer
shown in Figure 15d. At the end of the fourth layer, all the
regions of the packing are covered with water and wall

Figure 11. The comparison of liquid holdup between
unit network model and Gu’s work.

Figure 12. Liquid holdup distribution in two pieces of packing with uniform feeding.

(a) L540 m3/(m2 h), (b) L560 m3/(m2 h).
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effect takes hold at the same time. With the increased num-
ber of packing layer, an even distribution is observed in Fig-
ure 15f.

Discussion

The multi-scale calculation method proposed in this article
aims to investigate the liquid distribution in the packed col-
umn. The small scale calculation is a VOF simulation inside
the representative units, and the result can supply the stream
split fractions and wetting area ratio to the macro-scale
model. The macro-scale model is a mechanistic model,
which considers all the possible stream splits in the packing
cells. A validation of the multi-scale model is provided by
the comparison of the calculation result of this model and
the experiment liquid distribution data. Due to the lack of
experiment liquid distribution data of gas–liquid counter-cur-
rent, it is a pity that only a validation with merely liquid
feed is performed. However, the present model has given
good results, and the practicability and reliability of this
method are proven in the article.

Although validation of the proposed model with merely
liquid feed was given in the article, this model can certainly

extend to other working conditions and other practical
materials. Only the stream split fractions and wetting area
ratio need to be changed, which are the communication
between macro- and small-scale calculations, to get suc-
cessful simulation of other structure packings such as
250Y, 500X, or other materials by adopting the appropriate
properties. For some structured packings with holes or
openings, the multi-scale model is also appropriate by add-
ing another coefficient to describe the liquid flow through
the holes or openings. The material used in this article is
water–air system with the solid–liquid contact angle as 57�.
The contact angle is determined by the properties of the
material selected. It is commonly regarded that the solid–
liquid contact angle affects the wetting of the packing sur-
face greatly. In order to investigate the effect of the contact
angle, we give an example of calculated liquid flow distri-
bution in the condition of theoretical least contact angle,
0�. The result is shown in Figure 16. It can be apparently
found that the packing surface still cannot be wetted com-
pletely, but the proportion of transverse flow is increased.
The flow characteristic is significantly different with that in
a larger contact angle as shown in Figure 6, and the stream
split fraction coefficients in this condition are illustrated in

Figure 13. Liquid holdup distributions in two pieces of packing with single-point feeding.

(a) L540 m3/(m2 h), (b) L560 m3/(m2 h).

Figure 14. Liquid holdup distributions in the column tray with uniform feeding.

(a) The first layer, (b) The second layer, (c) The fourth layer.
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Table 3. The spray density range is 40 m3/(m2 h)� L� 100
m3/(m2 h).

Figure 17 shows the liquid flow behavior at the flow rate
of 40 m3/(m2 h) with 0� contact angle and different F fac-
tors. It is found that when F 5 1, the liquid film is expanded
and the wetting area increases due to the decreased liquid
flow rate caused by the resistance of the gas phase and the
increased proportion of transverse flow. When the F factor
increases to 2, the liquid film flowing transverse on the pack-
ing nearby is blown scattered to droplets, which incurs the
small flow rate of transverse flow. While on the packing
where the liquid flow rate is high, the liquid film is expanded
by the impact of gas phase. And as higher gas velocity exists
in the regions where liquid is blown scattered, it limits the
increasing of the transverse flow ratio. The stream split

fraction coefficients in these conditions are illustrated in
Table 4.

Conclusions

A new multi-scale model based on small-scale and
macro-scale calculation is proposed in this article to pro-
vide an effective way to predict the liquid distribution in
the structured packing column. The conclusions are as
follows,

1. The small-scale calculation of the multi-scale model is
VOF calculation inside the representative units, and the
simulation is mostly precise by modeling the exact ge-
ometry of the structure packing cells. By summarizing
the result of the VOF simulation to the stream split

Figure 15. Liquid holdup distributions in the column tray with single-point feeding.

(a) The first layer, (b) The second layer, (c) The third layer, (d) The fourth layer, (e) The fifth layer, (f) The sixth layer

Figure 16. Liquid film flow behavior with theoretical least contact angle.

(a) L5100 m3/(m2 h), (b) L5 40 m3/(m2 h), (c) L5100 m3/(m2 h), (d) L540 m3/(m2 h).
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fraction coefficients, the macro-scale model, namely,
the unit network model, can be conducted and the
liquid distribution and the liquid holdup in the entire
column can be predicted.

2. The results of small-scale calculation inside the repre-
sentative units is summarized into the stream split frac-
tion coefficients, f, h, g, r, hr in interior and side wall
units, respectively. These parameters are theoretically
variable with the local liquid feed of the representative
units, which is different with other mechanistic models.
In particular, for the air–water system with contact
angle of 57� in the paper, f, h, g as well as hr can be
considered as constants, but r decreases with increase
of L. Furthermore, the parameters in the present model
avoid any regression from experimental data, which is
welcome for industrial design.

3. A good agreement of the liquid distribution and holdup
predicted by the present model and the experimental
data is obtained, which indicates a higher reliability of
the model.

4. A heuristic extension of 3-D calculation of the entire
column is further conducted to analyze the hydrody-
namic characteristic in the entire column. A uniform
feeding and single point feeding are applied, and the
liquid holdup distributions are given.

With the present multi-scale model, the liquid holdup and
distribution in the entire column have been successfully pre-
dicted. Moreover, the model can also be applied to simulate
the gas–liquid two-phase hydrodynamic behavior for differ-
ent experimental systems and packing geometries. The next
step is to extend the application of the model to predict the
concentration distribution in the entire column, which needs
the proper assessment of mass-transfer coefficient in the rep-
resentative units instead of the overall mass-transfer coeffi-
cient of the total column. The above mentioned suggests that
the model of the article may support a more fundamental

route to study the mass-transfer performance of the structure
packing column. Based on the above consideration, this
multi-scale method can be prospective for the analysis and
design of distillation and absorption columns in chemical
engineering.
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Notation

ae = wetting area, m2/m3

ap = specific area, m2/m3

B = channel base, mm
C = constant
D = diameter of the packing tray, m
d = hydrodynamic diameter, m
F = source term of the momentum equation, N/m3

f = proportion of liquid flows along the channel
fi = interfacial friction factor

Gk = the turbulence kinetic energy caused by averaged veloc-
ity gradient

g = proportion of liquid mixing in the node
H = packing height, m
h = crimp height, mm
h = proportion of liquid flows transverse in feature unit

hr = proportion of liquid flows transverse in side wall unit
ht = liquid holdup, m3/m3

k = turbulent kinetic energy, m2/s2

L = spray density, m3/m2 h
L = liquid flowing down along the left-inclining channel

LWL = liquid flowing close to the left side wall
LWR = liquid flowing close to the right side wall

PL 5 PR = half of the liquid mixing in the node
q = volume flow rate per unit of perimeter length, m3/m s
R = liquid flowing down along the right-inclining channel
r = reflected part of the liquid flowing down along the side

wall
S = channel side, mm
u = liquid velocity, m/s

Greek letters
a = the reciprocal of effective Prandtl number
a = volume fraction

ae = effective interfacial area per unit volume, m2/m3

h = corrugation angle of structured packing, �

q = density, kg/m3

r = surface tension, N/m
l = dynamic viscosity, kg/s m or Pa s
e = porosity
j = free surface curvature, m21

e = turbulent dissipation rate, m2/s3

d = thickness of the liquid film, m

Subscripts
L = liquid phase
G = gas phase

Figure 17. Liquid film flow behavior in different F
factors.

(a) F 5 0, (b) F 5 1 (m/s*(kg/m3)0.5), (c) F 5 2 (m/

s*(kg/m3)0.5).

Table 3. Model Parameters with Theoretical Least Contact

Angle

f h hr r

0.08Re0.365 32Re20.916 6.43Re20.734 4.04 3 1026Re222.30 3

1023Re 1 0.607
(R2 5 0.86) (R2 5 0.93) (R250.99) (R250.97)

Table 4. Model Parameters with 0� Contact Angle and

Different F Factors

F, (m/s)(kg/m3)0.5 f G h

0 0.465 0.184 0.351
1 0.291 0.246 0.463
2 0.264 0.420 0.316
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