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Pressure drop for two phase counter-current flow
in a packed column with a novel internal
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Abstract

A novel internal made of several structured porous passages can eliminate excessive pressure drop and “flooding” in a packed column
with conventional gas liquid counter-current flow. A pressure drop model is developed on the assumption that the internal part divides the
gas flow into two branches, one of which contacts the liquid in a conventional counter-current flow and the other in a new cross current
flow. The model shows that the gas velocity for counter-current flow in a column with these internal parts of 15–30% volume fraction is
about 5–30% of that without the internal parts and more gas flows in the cross current pattern. Decreases in the gas velocity and liquid
hold-up make the pressure drop low.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Reactive distillation (RD), which combines reaction and
distillation, has been a focus of research in the chemical pro-
cess industry and academia in the last decade[1–3]. The ben-
efits of RD can be summarized as follows[4]: simplification
or elimination of the separation system, improved conversion
that can approach 100%, improved selectivity, significantly
reduced quantity of catalyst for the same degree of conver-
sion, avoidance of azeotropes, reduced by-product forma-
tion, heat integration benefits and avoidance of hot spot and
runaways using liquid vaporization as a thermal fly wheel.

A RD application requires the consideration of some prac-
tical issues[5], such as, efficient contacting of liquid with
catalyst particles, good vapor–liquid contacting in the reac-
tive zone, low pressure drop through the catalytically packed
reactive section, sufficient liquid hold-up in the reactive sec-
tion, and easy installation and removal of the RD equipment
and catalyst. Numerous patents and research reports give
catalyst loading methods designed to meet the above practi-
cal requirements. Some of the most popular catalysts load-
ing methods are as follows: (1) catalyst baskets on trays, (2)
catalytic random packings, (3) catalyst-containing bales or
structured catalyst supports like Katapak®-S.

∗ Corresponding author. Tel.:+86-10-62781469;
fax: +86-10-62772051.
E-mail address:hanmh@flotu.org (M. Han).

Although some of these catalysts loading methods above
have been used in industry, there have yet been no devices
that allow on-line removal and regeneration of catalyst. If
the catalyst deactivates, regeneration has to be done ex situ
and so there must be provisions for the easy removal and
installation of catalyst particles. RD is often passed over
as a processing option because catalyst deactivation would
require frequent shutdowns.

In the conventional catalysts loading methods, the catalyst
particles in a RD column are enveloped and divided into
many parts by baskets, bales, or wire gauze etc, that is,
the catalyst is in “dispersed phases”. To allow an on-stream
removal of the catalyst, the catalyst must be outside the
envelopes and contained in a “continuous phase”.

A novel RD device[6] that allows on-stream removal of
catalyst solves the above problem. In this device, a novel
internal part is installed inside the column, and the catalyst
particles are loaded in the same way as they are loaded into
a fixed bed reactor. Thus on-stream installation and removal
of the catalyst are easily realized. The cold model and hot
model experiments[7,8] showed that a RD column with
the novel internal part has many advantages such as low
pressure, simple structure, low operating cost, convenience
of installation and removal of catalyst, and a large catalyst
loading fraction.

The pressure drop is one of the most important parameters
in the design of a RD bed, even for predicting gas–liquid and
liquid–solid mass transfer[9]. Numerous attempts[10–16]
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Nomenclature

a geometrical area of packing (m2/m3)
a, b, c, d, e parameters
dP diameter of the particles (m)
d′

P diameter of the irrigated particles (m)
F volume fraction of the internal

(dimensionless)
h liquid hold-up in catalyst bed (m3/m3)
H height of the column (m)
K1 andK2 coefficients (dimensionless)
KM andK′

M friction factors (dimensionless)
lb height of the stage between two

baffles (m)
n number of the stages in a spring

divided by the baffles
N number of springs in the column
�P, �P′ pressure drop of per unit bed

height (Pa/m)
�PB friction loss for the gas radial flow

through catalytic bed (Pa)
�PF wall friction of the gas flow

though the springs (Pa)
�PI friction loss for the gas radial flow

through the interface (Pa)
�PM momentum lose arising from the

change of gas flow direction (Pa)
�PS sum of pressure drops per stage of the

springs (Pa)
r radius of the springs (m)
�r̄ equivalent radial distance (m)
R inside radius of the column (m)
Re Reynolds number (dimensionless)
uB effective axial gas velocity in catalyst

bed (m/s)
uB,0 superficial axial gas velocity in catalyst

bed (m/s)
uG superficial gas velocity in column (m/s)
uL effective axial liquid velocity in catalyst

bed (m/s)
uL,0 superficial axial liquid velocity in

column (m/s)
uP effective axial gas velocity in porous

passages (springs) (m/s)
uP,0 superficial axial gas velocity in porous

passages (springs) (m/s)
Z height in vertical direction (m)

Greek letters
ε void fraction in dry bed (dimensionless)
ε′ void fraction in irrigated bed

(dimensionless)
φ gas friction factor (dimensionless)
µ viscosity (N s/m2)
ρ density of gas (kg/m3)

ω0 superficial radial gas flow velocity in the
catalyst bed (m/s)

ω effective radial gas flow velocity in the
catalyst bed (m/s)

Subscripts
G gas
L liquid

have been made to describe the hydrodynamic behavior
of packed columns operating as countercurrent gas–liquid
contactors. The basic approaches to describing the hydro-
dynamics of a packed column are the channel model and
the particle model. In the first, the gas is assumed to flow
upwards inside numerous small channels having the same
characteristic dimension; as liquid flows down the ‘walls’
of the same channels it reduces the available cross-sectional
area for gas flow, thus causing increased pressure drop. In
the particle model the gas is assumed to flow around a pack-
ing particle of a characteristic dimension and the liquid acts
to increase this dimension by its adherence to the particle
surface. The presence of the liquid also reduces the void
fraction of the bed. These attempts have ranged from the
very empirical to semi-empirical and have achieved mod-
erate success for some applications within certain limited
ranges of operating conditions.

However, the pressure drop in the column with the new
internal is about 1/10 as that in the column without the in-
ternal, and it depends on not only the properties and flow
behavior of fluid, but also the geometric parameters of the
internal [7,8]. Obviously, the internal changes the flow be-
havior of fluid and a new flow behavior is formed, so the
traditional models[10–17] cannot be used to calculate the
pressure drop in the column with the internal which is de-
termined by several geometric parameters. To calculate the
pressure drop, the pressure model must be correlated with
the new flow behavior of fluid and the geometric parameters.

In this present work, a particle model has been developed
to compute pressure drop not only for a better understanding
of the mechanism of the novel internal part but also for
developing necessary information for design and scale-up
purposes.

2. Experiments

A schematic drawing of the cold model experimental ap-
paratus is shown inFig. 1. The column is a Plexiglas tube
of 140 mm i.d. Air and water at normal temperature and
pressure are used as test fluids. For the solid phase, porce-
lain balls with an average diameter of about 5 mm are used
and the bulk void fraction is 0.4. The flow rates of liquid
and gas are determined by rotameters. The pressure drop is
measured by a differential pressure meter.
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Fig. 1. Schematic drawing of the cold model experimental apparatus for a counter-current flow in a packed column with a novel internal. 1: Air blower;
2: gas rotameter; 3: differential pressure meter; 4: liquid distributor; 5: column; 6: internal; 7: porcelain balls; 8: gas distributor; 9: liquid rotameters; 10:
valve; 11: pump; 12: water tank; 13: gas vent.

The cold model experiment is conducted as follows: gas
from the blower enters the bottom of the RD column through
the gas distributor, then flows upward through the catalyst
bed and finally vents out from the air exit at the top of the
column. Similarly, water from the water tank enters the top
of the column through the liquid distributor, flows down-
ward through the catalyst bed (i.e. the ball bed in the cold
experiments) and exits from the drain outlet at the bottom
of the column to the water tank.

A schematic drawing of the structure of the novel internal
parts and the catalyst loading method is shown inFig. 2. The
internal parts function as porous passages that form gas and
liquid flow channels. These passages are mounted in a frame
and placed into the column vertically. The catalyst particles
are dumped into the column and fill the space between the
passages and thus on-stream installation and removal of cat-
alyst are easily realized. Openings are provided in the re-
taining screens of the passages to allow gas and liquid to
flow into or out of the passage. These openings are sized
to prevent the catalyst particles from entering the passages.
Each passage is separated into several stages by baffles. The
baffles are installed alternately between adjacent passages.

In this work spiral springs are used as the retaining screen
of the passages. The opening ratio on the wall of the spiral
spring (retaining screens of the passages) is 50%, and the

height of the internals is 1 m. The heights of the stages be-
tween the baffles for each internal are 62.5, 125, and 250 mm,
respectively. The other geometric parameters of the different
spiral spring internals are shown inTable 1.

Table 1
Main geometric parameters of the different spiral spring internals

Serial
number of
internals

Numbers
of spiral
springs

Outer
diameter of
the springs
(m)

Volume
fraction of
the internal
in the
column (F)

Height of
the stage
between two
baffles, lb
(m)

1 5 0.025 0.159 0.0625
2 – – – 0.125
3 – – – 0.250
4 7 0.025 0.223 0.0625
5 – – – 0.125
6 – – – 0.250
7 9 0.025 0.287 0.0625
8 – – – 0.125
9 – – – 0.250

10 5 0.035 0.313 0.0625
11 – – – 0.125
12 – – – 0.250
13 3 0.045 0.310 0.0625
14 – – – 0.125
15 – – – 0.250
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Fig. 2. (a and b) Schematic of the novel internal and catalyst loading method. 1: Spiral spring (retaining screen of passage); 2: baffle; 3: catalyst pellets;
4: column wall; 5: liquid flow; 6: gas flow; 7: frame.

3. Pressure drop model

To establish a pressure drop model, an ideal flow pat-
tern [18] of gas and liquid in the column is assumed as
shown in Fig. 3. The internal part divides the gas flow
into two branches: one contacts the liquid in a conventional
counter-current flow and the other does so in a new cross
current flow, that is, the gas and liquid flows in the catalyst
bed consists of a conventional counter-current pattern and a
new cross current pattern.

In the conventional flow pattern, gas flows upwards
and liquid flows downwards, and they contact in a
counter-current pattern in the catalyst bed.

Fig. 3. Ideal flow patterns of gas and liquid in the column.

In the new flow pattern, shown inFigs. 2(b) and Fig. 3,
gas and liquid flow behaviors are different from those of the
conventional flow pattern. For the gas flow, gas flows up-
wards (axially) inside the springs, changes the flow direction,
and subdivides uniformly through the wall of the springs
into the catalyst bed when it is blocked by the baffles, then,
flows radially through the catalyst bed into adjacent springs;
thus, the gas contacts the liquid in a cross current pattern
in the catalyst bed. After entering the adjacent springs from
the catalyst bed, the gas will change its flow direction and
flows upwards again. Gas enters the stage from the lower
half portion and leaves the stage from the upper half portion
continuously. For the liquid flow, when the liquid load is be-
low the load point, the space between the catalyst particles
is not totally filled with liquid and capillary effects draw the
liquid into the catalyst bed; when the liquid load is above
the load point, the excess liquid leaves the catalyst bed and
goes into the internal, namely liquid fills in both the catalyst
bed and internal.

Upon entering the column, the gas is divided into two
branches. One enters the porous passages (springs), and the
other enters the catalyst bed.

πR2FuP,0 + πR2(1 − F)uB,0 = πR2uG (1)

that is,

FuP,0 + (1 − F)uB,0 = uG (2)

where uP,0 and uB,0 are the superficial axial gas veloci-
ties in the porous passages (springs) and the catalyst bed,
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respectively,uG the superficial gas velocities in the column,
R the inside radius of the column, andF is volume fraction
of the internal.

For the counter-current flow, the pressure drop�P per
unit bed height can be calculated by the Ergun equation as
follows:

�P = 150
µG(1 − ε)2uB,0

d2
Pε

3
+ 1.75

ρG(1 − ε)u2
B,0

dPε3
(3)

or

�P =
(

4.17

ReG
+ 0.29

)
(1 − ε)a

ε3
ρGu

2
B,0 (3′)

whereε is void fraction of catalyst bed anddP is diameter
of particles.

For the cross current flow, the pressure drop per stage of
the springs,�PS, is given by the sum of wall friction due to
the axial gas flow though the springs,�PF, momentum loss
arising from the change of gas flow direction,�PM, friction
loss for the gas radial flow through the interface between the
wall of the springs and catalytic bed,�PI and that through
catalytic bed,�PB. It can be expressed byEq. (4).

�PS = �PF + �PM + �PI + �PB (4)

For gas flow in the upper half portion of the springs stage
(Fig. 3), 0.5lb ≤ z ≤ lb,

πr2uP = πr2uP,0 − 2πr

(
z − 1

2
lb

)
ω0 (5)

wherelb is height of the stage between two baffles,uP the
effective axial gas flow velocity in the springs,r the radius
of the springs, andω0 is superficial radial gas flow velocity
which can be calculated as follows:

ω0 = πr2uP,0

2πr(lb/2)
= ruP,0

lb
(6)

CombiningEqs. (5) and (6),

uP =
(

2 − 2z

lb

)
uP,0 (7)

For gas flow in the lower half portion of the stage, 0≤ z ≤
0.5lb,

πr2uP = 2πrzω0 (8)

CombiningEqs. (6) and (8),

uP = 2z

lb
uP,0 (9)

The detailed expressions for each term ofEq. (4)in the dry
case as well the irrigated case are discussed in the following
sections.

3.1. Dry pressure drop

3.1.1. Wall friction of the gas flow though the springs,∆PF

When the gas flow rate along the stages is changed con-
tinuously without liquid flowing in the column, friction loss

by the gas flow though the springs�PF in one stage can be
expressed as follows:

�PF =
∫ lb

0

2φρGu
2
P

r
dZ (10)

whereφ is gas friction factor, which can be between 0.004
and 0.01[19]. SubstitutingEqs. (7) and (9)into Eq. (10)
and simplifying:

�PF = 2φρGlbu
2
P,0

3r
(11)

3.1.2. Momentum loss due to the change of gas flow
direction,∆PM

For two adjacent springs, the flow direction changes four
times. The resistance loss from the flow direction changes
�PM is expressed by[20,21]:

�PM = 2

(
KMρG

ω2
0

2
+ K′

MρG
u2

P,0

2

)
(12)

where friction factors,KM andK′
M, can be taken to be be-

tween 0.6 and 1.2[19] since the gas makes a 90◦ change in
direction.

3.1.3. Friction loss for gas radial flow through the
interface,∆PI

�PI can be regarded as the friction loss from the sudden
enlargement and sudden contraction of gas flow in the pipes.
It can be expressed as follows[19]:

�PI = 2

(
K1

ρG(ω
2 − ω2

0)

2
+ K2

ρGω
2

2

)
(13)

where the first term ofEq. (13)is the friction loss from the
sudden enlargement, the second term is that of the sudden
contraction.K1 andK2 are coefficients, which are less than
1 and 0.67, respectively[19]. ω is the effective radial gas
flow velocity in the catalytic bed,

ω = ω0

ε
(14)

3.1.4. Friction loss for radial flow of the gas through the
catalyst bed,∆PB

The pressure drop�PB can be calculated by the Ergun
equation:

�PB = 2

[
150

µ(1 − ε)2ω0

d2
Pε

3
+ 1.75

ρG(1 − ε)ω2
0

dPε3

]
�r̄ (15)

or

�PB = 2

[(
4.17

ReG
+ 0.29

)
(1 − ε)a

ε3
ρ�2

0

]
�r̄ (15′)

where�r̄, an equivalent radial distance, is the distance of
gas flow between two adjacent springs. It can be written as:

πR2H − Nπr2H

N
= π(�r̄ + r)2H − πr2H (16)
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so

�r̄ =
√

1

N
(R − r) (17)

3.1.5. Pressure drop per unit bed height,∆P′
SubstitutingEqs. (11)–(13) and (15)into Eq. (4)and sim-

plifying, the total pressure drop per unit bed height is:

�P ′ = �PS

lb

= 1

lb

{
2φρGlbu

2
P,0

3r
+ 2KMρG

ω2
0

2
+ 2K′

MρG
u2

P,0

2

+ 2K1
ρG(ω

2 − ω2
0)

2
+ 2K2

ρGω
2

2

+ 2

[
150

µ(1 − ε)2ω0

d2
Pε

3
+ 1.75

ρG(1 − ε)ω2
0

dPε3

]
�r̄

}

(18)

In the same column, the pressure drop of the counter-current
flow of the gas in the catalyst bed�P, is equal to that of
the cross current flow�P′. Therefore,

�P = �P ′ (19)

CombiningEqs. (2), (3), (18) and (19), we obtain a simulta-
neous equation group, which is the dry pressure drop model.

Approximate calculation shows that the sum of pressure
drop from�PF, �PM and�PI is less than 5% of�PS, so
�PF, �PM and�PI can be ignored and�PS is equal to
�PB. FromEqs. (2), (3′), (15′) and (17), we obtain:

uB,0 =
√

2(�r̄/ lb)ruG

lb[F + (1 − F)(r/ lb)
√

2(�r̄/ lb)]
(20)

or

uB =
√

2(�r̄/ lb)ruG

lbε[F + (1 − F)(r/ lb)
√

2(�r̄/ lb)]
(20′)

whereuB is the effective axial gas velocity in catalyst bed.

3.2. Irrigated pressure drop

The main differences between the dry pressure drop and
the irrigated pressure drop is the friction loss of the gas
within the catalyst bed with or without liquid. Therefore, liq-
uid hold-up among the particles within the catalytic bed has
a very important effect on the irrigated pressure drop. When
the liquid hold-up increases, porosity is decreased and par-
ticle diameter is increased. The void fraction in an irrigated
bedε′ can be expressed as:

ε′ = ε − hL (21)

wherehL is the liquid hold-up in the catalyst bed. Since there
is liquid in the internal part, especially above the load point,
the liquid hold-up in the column measured by experiments

is not equal to value ofhL. Therefore, we express the liquid
hold-up by an empirical formula,Eq. (22):

hL = aubLu
c
B(1 − F)d

(
H

n

)e

(22)

where

uL = uL,0

(1 − F)ε
(23)

The change in particle diameter can be described by:

1 − ε′

(d′
P)

3
= 1 − ε

d3
P

or

d′
P = dP

[
1 − ε′

1 − ε

]1/3

(24)

If Eqs. (20), (21), (22) and (24)are substituted intoEq. (3),
the irrigated pressure drop per unit bed height can be calcu-
lated.

4. Results and discussion

4.1. Estimating parameters

The calculated results from the mathematical models have
been compared with experimental data inFigs. 4 and 6–8.
For the irritated pressure drop, the deviation of the calculated
values is neglectable at a lower gas–liquid velocity, but it
is nonnegligible at a higher gas–liquid velocity when the
pressure drop changes very quickly with the increase of
gas–liquid velocity. The first reason of the deviation is that
a little deviation of the liquid hold-up calculated byEq. (22)
will have an evident effect on the calculated pressure drop
when the operation is near the flooding; the other reason
may be that the precision accuracy of the experimental data
is not high enough; the third reason is that the actual flow

Fig. 4. Relationship between the pressure drop and the superficial liquid
velocity for the internals with different outer diameters.



M. Han et al. / Chemical Engineering Journal 94 (2003) 179–187 185

Fig. 5. Comparison between the calculated liquid hold-up in the catalyst
bed and experimental liquid hold-up in the column.

behaviors of gas and liquid deviate from that in the ideal
flow model.

The parameters inEq. (22)can be estimated by fitting the
experimental data to the mathematical model. We obtain:

hL = 1.18u0.32
L u0.25

B (1 − F)0.158
(
H

n

)0.158

(25)

Fig. 5shows that the comparison between the liquid hold-up
in the catalyst bed calculated byEq. (25) and that in the
column obtained by experiments[7,21]. We can see that
both of the calculated and experimental liquid hold-ups are
similar when the liquid load is below the load point, but
the former is less than the later above the load point. The
reason is that capillary effects draw liquid into the catalyst
bed below the load point and the excess liquid leaves the
catalyst bed and goes into the internal part above the load
point.

4.2. The influence of internals on the pressure drop

Fig. 6 illustrates the relationships between the pressure
drop per unit catalyst bed height and the superficial gas
velocity when internal parts of different volume fractionsF
are added into the bed. The pressure drop in the catalyst bed
with internal parts is much lower than that without internal
parts. Moreover, with the increase of the volume fraction of
the internal, the pressure drop of the catalyst bed decreases.
Obviously, these internal parts can reduce the pressure drop
and ameliorate operational flexibility.

Fig. 6 gives the value ofuB,0/uG of the different exper-
iments using different internals. It shows that the superfi-
cial gas velocityuB,0 for counter-current flow with the in-
ternals is much less than that without internal parts. When
the volume fractions of the internal parts are 0.159, 0.223
and 0.287,uB,0 is 27, 18 and 13% of that without inter-
nal parts. This is because the internal parts cause a large
amount of gas to flow in the cross current pattern. In addi-

Fig. 6. Relationship between the pressure drop and the superficial
gas velocity for the beds loaded with internals of different volume
fractions.

tion, from Eq. (25), we can see that the liquid hold-uphL
will decrease with increases of the volume fraction of the
internal partsF and the decrease of gas velocityuB. The
decreases ofuB,0 andhL cause the decrease in the pressure
drop.

4.3. The influence of the diameter of the spiral springs
on the pressure drop

To study the effect of the diameter of the springs on the
pressure drop, three internal parts whose volume fractions
are nearly 30% (Table 1) are manufactured, which are made
of nine spiral springs ofΦ 25 mm, five spiral springs ofΦ
35 mm, and three spiral springs ofΦ 45 mm, respectively.

Fig. 7. Relationship between the pressure drop and the superficial gas
velocity for the internals with different outer diameters.
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Fig. 8. Relationship between the pressure drop and the superficial gas
velocity for the internals with different heights of the stages.

Fig. 7 presents the pressure drop curves for the three
internal parts. The operational flexibility deteriorates with
increasing outer diameter of the spiral springs when the vol-
ume fraction of the internal parts, the liquid flux and the
height of the stages are almost the same.

With an increase in the diameter of the spring,uB,0 in-
crease, which results in an increase ofhL. The increases of
uB,0 andhL cause large pressure drops. So the diameter of
the springs should not be too large.

4.4. The influence of the height of the stages on the
pressure drop

Fig. 8 shows the influence of the height of the stages
on the pressure drop of the catalyst bed. With increasing
height of the stages, the operational flexibility improves
when the volume fraction of the internal parts, the liq-
uid flux and the diameter of the spiral springs are nearly
same.

When the height of the stages decreases,uB,0 increases,
which results in an increase ofhL. The increases ofuB,0 and
hL causes large pressure drops. So the height of the stages
should not be too small.

On the other hand, it is not good to extend the height of
the stages. One of the reasons for installing the baffles is
to prevent the gas from escaping through the hollow spiral
springs. With respect to the catalytic reactions, more contact
of the gas and the liquid with the catalysts leads to more use
of the catalysts. Since there is almost no resistance inside the
spiral springs, the main gas body flows up vertically in the
spiral springs and flows out radially through the wall pores
when hitting the baffle. If the height of the stages is too
large, some gas does not contact some parts of the catalyst
bed and such catalysts are wasted. Therefore, the height of
the stages has to be adjusted according to the individual
reaction system.

5. Conclusions

On the assumption that the internal part divides the gas
flow into two branches, one of which contacts liquid in a
conventional counter-current flow and the other in a new
cross current flow, a pressure drop model is developed. The
irrigated pressure drop calculated by the model in this work
does not agree well with experimental data, but the model
can be used to explain other experimental results reasonably
well.

The model shows that the gas velocity for counter-current
flow in the column with internal parts of 15–30% volume
fraction is about 30–5% of that without the internal parts
and more gas flows in the cross current pattern. The internal
part can hold superfluous liquid and reduces the effective
liquid hold-up in the catalyst bed. The decreases in the gas
velocity and the liquid hold-up make the pressure drop low.

It is expected that the deviation of the model in this work
will be considerably reduced in large-scale experiments in
which the wall effect is much less, so further research is
necessary for the scale-up of the internal part.
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