Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Comparison of Two-Phase Porosity Models for High Capacity Random Packing

Poulsen, Mathias; Sgrensen, Kim; Condra, Thomas

Published in:
E3S Web Conf

DOl (link to publication from Publisher):
10.1051/e3sconf/202132101015

Creative Commons License
CCBY 4.0

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Poulsen, M., Sgrensen, K., & Condra, T. (2021). Comparison of Two-Phase Porosity Models for High Capacity
Random Packing. In E3S Web Conf: XllI International Conference on Computational Heat, Mass and
Momentum Transfer (Vol. 321). [01015] https://doi.org/10.1051/e3sconf/202132101015

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: November 19, 2022


https://doi.org/10.1051/e3sconf/202132101015
https://vbn.aau.dk/en/publications/bee4879a-1774-4669-a832-9268fb2da186
https://doi.org/10.1051/e3sconf/202132101015

E3S Web of Conferences 321, 01015 (2021) https://doi.org/10.1051/e3sconf/202132101015
ICCHMT 2021

Comparison of Two-Phase Porosity Models for High Capacity Random Pack-
ing

Mathias Poulsen'*, Kim Sgrensen', and Thomas Condral:
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Abstract. High capacity random packing is used in absorption applications where a large throughput of gas
is required while simultaneously maintaining as low a pressure loss as possible. Utilising computational fluid
dynamics to capture the internal flow patterns and transients when designing packed bed towers can be advan-
tageous in respect to expected performance and cost optimisation. However, capturing the direct interaction
between gas, liquid and packing is not computationally feasible and therefore the packed bed is modelled as
a porous media. In this work four different porosity model are calibrated with idealised equations to data for
the high capacity packing IMTP or I-Ring. The different models are evaluated based on their ability to predict
pressure loss and liquid holdup in the packed bed. An Eulerian two-phase model with a porous zone repre-
senting the packed bed is setup in a cylindrical tower. The CFD results are compared to the predictions of the
best performing porosity model. It was found that the best performing model had an absolute mean error of
6.7% when calibrated with the idealised equations. This error increased to 10.5% when the porosity model was
implemented into the CFD model.

NOMENCLATURE a random packed bed. When a sizeable amount of gas is
required to pass through the packed bed and the allowable
a specific surface area pressure loss over the packed bed is restricted, high capac-
A viscous model parameter ity random packing can be used to make up the packed
&/ viscous model specific parameter bed. These types of packing materials are characterised
B inertial model parameter by having a porosity above 95% and a liquid holdup that
2% inertial model specific parameter is below 10-15% during operation.
Cy  packing specific constant In some applications the packed bed is only a part of
d, packing diameter a tower, and other features may be installed up or down
Greek letters stream of the packed bed. In such cases using computa-
@  phase volume fraction tional fluid dynamics to model the tower can give valuable
Ui wetting factor insights about certain conditions during operation. Pack-
T  stress-strain tensor ing elements often have complex geometric shapes which
Subscripts alters the flow characteristics of both gas and liquid in-
dry dry packing side the packed bed and therefore no unified model has
i phase i been developed. Resent studies have modelled small scale
Jj phase j towers where the packing material is resolved by the com-
g gas phase putational mesh, to evaluate specific pressure loss, liquid
[ liquid phase holdup and interfacial areas [1, 2]. With the small scale
s solid phase towers requiring mesh sizes in the order of 1.5 x 10° these
wet wetted packing types of simulations are not suitable for large scale simu-

lations due to the computational resources required. Con-
sequently, modelling of a random packed bed is done by
treating it as porous media and thereby reducing the com-
putational requirements significantly.

Depending on the manufacturer the naming of the
same packing material differs. The packing material stud-
ied in this work is typically referred to by either: IMTP,
I-Ring or RSMR. The geometry for this type of packing is
shown in Figure 1.

Generally a packing material can be found in different
*e-mail: mps@energy.aau.dk sizes. IMTP can for example be found in sizes varying

INTRODUCTION

Random packed beds are used in various industrial ap-
plications where gas-liquid interaction is required such as
distillation, gas pollution absorption and CO, capture. De-
pending on aspects such as spatial limitations for equip-
ment, power requirements or throughput different types of
packing material and geometries are available for making

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Geometry of IMTP packing material.

from 15 to 70 mm. A smaller packing has a lower bed
porosity which leads to a larger liquid holdup and pressure
loss at a given gas and liquid load compared to a larger size
of the same packing geometry. In the following different
porosity models will be compared based on their perfor-
mance in predicting the pressure loss and liquid holdup in
a packed bed consisting of the high performance packing
material IMTP-50.

GOVERNING EQUATIONS

The pressure loss in a packed bed is caused by both by
the friction between the gas and packing material and the
shear force between the gas and liquid. As more liquid
accumulates in the packing the liquid film on the packing
elements thickens. This results in both an enlargement of
interfacial area between the gas and liquid and a reduction
of the cross sectional area in the paths where the gas can
pass through the packing, thus leading to an increase in
the pressure loss.[3] At some point when the liquid load or
the gas velocity is increased the shear force between the
gas and liquid becomes large enough to restrict the flow of
the liquid film. This causes the liquid holdup to increases
considerably which in turn causes the pressure loss to rise.
The point of operation where this occurs is termed as the
loading point of the packing material [4]. In the following
comparison of the different porosity models the operating
points considered are below the loading point.
Representing the random packing as a porous media
requires a set of closure equations for the Navier-Stokes
equations which can represented by a porosity model. In
most cases whether it be for single or multi-phase flows the
closure equations are some variation of the Ergun equation
[5]. Finn and Galvin [6] presented, three different porosity
models as candidates for the closure of the Navier-Stokes
equiation. The models developed by Attou et al. [7] and
Lappalainen et al. [8] are based on solid spherical parti-
cles with void fractions in the range of 0.3-0.5 and lig-
uid holdup in the range 0.2-0.3. The model developed by
Fourati et al. [9] is based on parallel slits within a struc-

tured packing, where the liquid is assumed to flow as film
on the bottom of the slit.

The governing equations for mass and momentum con-
servation for a given phase in the Eulerian framework
without heat and mass transfer can be given as:

d o
5 (@P)+ V- (aipiid;) = 0 ey
P _
5; (@ipill) + V- (aipidiil;) = —a;Vp + VTt
ipig + Z ﬁij 2

Finn and Galvin [6], presented a set of idealised steady
state, one dimensional versions of Equation 2 for the gas
and liquid phase respectively. This set of idealised phase
equations can be utilised for calibrating the respective
porosity models and are given as:

agd—ly’ + g+ Fig+ Fpy=0 3)
d
azd—’y’ + g+ Fy + Fis = 0 )

The interacting forces acting on each phase can be di-
vided into three separate parts that are as follows gas-solid,
liquid-solid and gas-liquid. A general expression for each
of the interaction forces between the phases can be given
as:

Fys = (1= ) (Ags + Bylilyl) iy (5)
Fis = n(As; + Byslidil) i 6)

Fy = n(Ag + By |it, - i) (i - iiy) (7)
ﬁlg =-Fy ®)

The wetting factor 7 is an empirical equation corre-
lated from a database of experimental data for various
packing types where a packing specific constant C;, ac-
counts for the geometric properties of the packing type in
question [4]. The wetting factor can be expressed as :

3 {C;,Re?'lsFr?'1 Re; <5

9
0.85C;1Re?'25Fr?'1 Re; > 5 ©)

As it can be seen from Equation 9, the wetting factor
is dependent on the liquid Reynolds and Froude number.
Both dimensionless groups are based on the superficial ve-
locity and the specific surface area of the packing material.
The superficial Reynolds and Froude number can be given
as:

e = la’ﬂzllpl = |C¥1L?1|2 Ag (10)
ap 4

By evaluating the gas-solid interaction with data for
dry packing material and the liquid-solid interactions only
with liquid flowing through the packed bed, Equations 3
and 4 can be reduced to:

dp
a/gd—y+a/gpgg+ng =0 an

g+ Fig=0 (12)
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Porosity models

The liquid solid interaction force is the same for first three
models, and can be given as:

o>
Ajy = Ms/lldz_s (13)
p&
a,
B = «@mmd— (14)
P

For the models by Attou et al. [7] and Lappalainen
et al. [8] the gas-solid and gas-liquid are described by the
same expression. Only the in model by Fourati et al. [9]
the gas-liquid interaction has a distinctive expression. The
coefficients for the respective models can be given as:

Model 1 - Attou et al. [7]:

(1 —ag) a. \*
" ( s ) (15)
9 gitg La, \1-a,
(=) a, V!
Byj = HByipy d (1 “a ) (16)
P g
for j = [s,1]

Model 2 - Lappalainen et al. [8]:

(1 - ag)2

Agj = Ayjltg La. (17)
y2ant’)
B, =% (1-a) 18
9i = #gijPg d, (18)
for j = [s,1]
Model 3 - Fourati et al. [9]:
A= 0% (19)
gs = PgsHg 5~ —~
2 (1-ay)
B, = B @y (20)
gs — gspgdg (1- 05)2
2
as
Ay = «%mgm 2n
ay
Bgl = <%gI,ng_ (22)
p

The diameter of packing used in the three models can

be given as [4]:
dy =62 (23)
As

Model 4 :
The final model bases the gas-liquid interaction on the in-
crease in specific pressure loss when the packed bed is ir-
rigated [10]. The gas-solid and liquid-solid interactions
takes a form the resembles the Darcy-Forchheimer model
and are given as:

ﬁgs =y (%sz,gS,ug + %gsz,gxpg |’/7g|) 'Zg (24
Fiy=ao (Msz,ls,ul + Bis [.1sp1 |ﬁz|) i (25)

It can be seen that the respective coeflicients are scaled by
a function f. These functions are dependent on the volume
fraction of the phase in question and will be determined
when calibrating the models.

Dividing the specific pressure loss as shown in Equa-
tion 26 allows for the determination of the gas-liquid in-
teraction force:

Vp = Vpdry + pret (26)
V wei - -
ﬁgl = |ﬁlli ﬁ’t | (ul - ug) 27
g

From Equation 11 it can be inferred that the dry spe-
cific pressure loss can be given as:

Vpury = Fo (28)

MODEL COMPARISON

The model parameters are fitted to data using least-squares
to minimise the error between the data and the model.
Data for the packing material is found in the literature
where Linek et al. [11] reports the liquid holdup and Sve-
toslav et al. [12] reports pressure losses at varying liquid
loads and gas velocities for the packing IMTP-50. The
specific surface area and volume fraction for the IMPT-50
packing are:

2
a, =100 @, =002
m

Gas-solid

When the packing is dry @, = 1 — a, and Equations 16,
18 and 20 can be reduced and becomes identical. Thus
the only varying parameter in the three first models is the
viscous model parameter 7. Additionally the wetting
factor n = 0. The specific pressure loss for the calibrated
the gas-solid interaction are shown in Figure 2.

In Table 1 the calibrated coefficients are presented.
Here it can be seen that the viscous parameter for all mod-
els are close to zero. Considering that the contribution to
the interaction force for these are scaled by the viscosity,
they can be neglected without introducing any noticeable
error to model predictions. Additionally, the functions
fags and fp4s in Equation 24 for model 4 were found to
be unity.

Table 1. Coeflicients for the calibrated gas-solid interaction and
function expression for model 4

Hys Bys

model 1 | 1.990-10™* 1.655 - 10°
model 2 | 1.486-107° 1.655-10°
model 3 | 1.486-1075  1.655 - 10°
model 4 0.000 2.874 - 10!

fA,ys fB,gs
model 4 1 1
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Figure 2. Specific pressure loss for the dry packing calculated by
the models which are calibrated with data form Svetoslav et al.
[12].

Liquid-solid

To model the wetting which is required for the liquid-solid
interaction the parameter Cj; has to be calibrated to the
packing material. A comprehensive list of values for C,,
is available [4]. However, it is not given for the IMPT
packing which is studied here. To obtain a value for Cj, an
expression for the liquid holdup that is dependent on the
wetting factor is used [4]:

1/
= (12 _'lfl vlai] n’” (29)
|g|/01

The expression given in Equation 29 is only valid be-
low the loading point of the packing. It was found that
for C;, = 1.1 the liquid holdup is predicted with errors of
+1-7% for liquid loads below 60 /> whereas the error is
13% for a liquid load of 97 = /u1. The resulting predictions
for the liquid holdup for Equation 29 and the calibrated
liquid-solid interactions are shown in Figure 3.

It can be observed in Figure 3 the wetting factor has lit-
tle influence on the liquid holdup predicted by models 1-3.
The coefficients for these models were found not to change
noticeably when the wetting factor was not accounted for.
Moreover, model 1-3 does not represent the data for the
liquid holdup accurately compared to model 4. By exam-
ining the calibrated coefficients shown in Table 2 it can
be seen the viscous coefficient <7 is small for all of the
porosity models. Therefore, it has little influence on the
interaction force as is the case for gas-solid interaction.
For model 4 the function fp,;; were found to be the squared
inverse of the liquid holdup. Whereas for model 1-3 there
is no dependency on the liquid holdup as it can be seen in
Equation 14 which causes the poor performance of models
1-3.

liquid load %

Figure 3. Liquid holdup in the packing with stagnant gas pre-
dicted by the models which are calibrated with data from Linek
etal. [11].

Table 2. Coefficients for the calibrated liquid-solid interaction
and function expression for model 4

=Q{ls '%ls
models 1-3 | 3.718-1073 8.149-107!
model 4 0.000 5.244-107!
Sajs SBs
model 4 1 a/l‘z
Gas-Liquid

In the data set used for calibrating the gas-liquid inter-
actions the liquid holdup was not measured. Instead the
liquid holdup estimated by the liquid-solid interaction is
utilised for the respective models. Data for other pack-
ing types and the data used for the liquid-solid interaction
shows that the gas velocity has little influence on the lig-
uid holdup as long as the packing is operated below the
loading point [3, 11].

It can be seen from Figure 4 that the models 1-3 again
cannot approximate the data no matter if the wetting fac-
tor is applied or not. However models 1 and 2 consistently
over estimates the specific pressure loss when the wetting
factor is not applied. Model 3 shows some improvement
compared to model 1 and 2 when the wetting factor is not
applied but an increase in the liquid load does not produce
the increase in specific pressure loss seen in the data. It
is notable that for models 1-3 the error between predicted
pressure loss and the data decreases significantly at higher
liquid loads. The mean absolute error between the spe-
cific pressure loss predicted at 10 »* /w2 and 120 »* /w2 for
models 1-3 are 27.7-17.7%, 30.4-18.5% and 40.8-18.0%,
respectively.
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Figure 4. Specific pressure loss in the packing with liquid loads varying from 10-120 % The models are calibrated with data from

Svetoslav et al. [12].

As for the gas-solid and liquid solid interactions it can
be seen from the calibrated coefficients in Table 3 that
the viscous model coefficient .27, can be neglected for all
models. The values found for <7, where all in the order of
107" and are therefore reported as 0.

Table 3. Coefficients for the calibrated gas-liquid interactions

‘ f%s 9395
model 1 | 0.000-10° 4.079-107!
model 2 | 0.000-10° 2.028-107!
model 3 | 0.000-10° 2.078-107!

As previously mentioned the increase in pressure loss
at a given gas velocity when the packing is irrigated is
caused by the increase in liquid film thickness. Conse-
quential, the specific wet pressure loss should be depen-
dent on the gas velocity and the liquid holdup. The ex-
pression found for the specific wet pressure loss used in
model 4 are given below:

Vpue = 92.11a; £1(12.3901+0.695)| 7| (30)
Using this expression in Equation 26 results in an average
absolute error for the entire data set of 6.7% and a max-
imum error of 17.7% for a single data point. The largest
relative errors are seen at gas velocities below 1 /s espe-
cially when the liquid load is between 10 and 40 /w2,

Generally the expression tends to over predict the specific
pressure loss for all liquid loads except 120 #’/n2n, where
the model under predicts the specific pressure loss with
10% on average.

SIMULATION

Considering that the porosity models are calibrated using
an idealised set of equations the performance is evaluated
in a CFD simulation. As porosity models 1-3 were shown
not to perform well for the IMTP packing material they
will not be tested going further.

The solver multiphaseEulerFoam from OpenFOAM
v8.0 is used to carry out simulations. Here the phases are
treated as isothermal with constant densities and viscosi-
ties. The properties of the gas and liquid phases are set to
that of air and water at 20°C, respectively. The packing
material is considered as a stationary phase, meaning that
no momentum or transport equations are solved for this
phase and that its velocity is zero. The stationary phase is
essentially a place holder for the volume fraction equation
and the interaction force equations. This is to ensure that
the sum of the gas and liquid volume fractions are that of
the bed porosity and to simplify the implementation of the
porosity models.

The simulations are setup for a cylinder with height of
5Sm and a radius of 0.4m. At the bottom a liquid outlet and
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a gas inlet is set and vice versa for the top. The packed bed
is centred in the cylinder with a height of 3m. Utilising the
symmetry of the cylinder a 2D axisymmetric mesh with
a wedge boundary condition is used to simplify the case.
To evaluate the specific pressure loss and liquid holdup in
the packed bed the pressure gradient and liquid volume
faction are volume averaged over its entirety. The specific
pressure loss is corrected according to Equation 3, where
the gravitational contribution is subtracted from volume
averaged gradient.

In Figure 5 the results of the CFD model is compared
with the data. It can be seen that the errors of the model has
increased which is caused by the assumption of constant
liquid holdup made for the gas-liquid interaction force. In
the model results it is seen that the liquid holdup differs
from that used in the model calibration by as much as 15%
when the gas velocity is above 1 /. The mean absolute
error for the entire data set has increased to 10.5% with a
maximum error of 26.4% for a single data point.

Comparison of CFD results and data
e 10 /A
A 20 G oy
m 40 ’
.
*

80
120

fffff 10% error
20% error

1021~ 30% error

Specific pressure loss - CFD

10t K2
10! 102
Specific pressure loss - Data

Figure 5. Comparison of CFD model results and data from Sve-
toslav et al. [12]

CONCLUSION

Four different porosity models have been tested and com-
pared on their predictive performance with respect to the
high capacity random packing material IMTP-50.

It was found that all models were independent on the
viscous parameter when calibrated to the data. All mod-
els were found to match data for the gas-solid interaction
without any noticeable errors. Models 1-3 were found to
be unable to represent the data with respect to both liquid
holdup and specific pressure loss. This was found to be
the case whether or not the wetting factor was as applied

to the interaction forces. Model 4 was found to predict
the liquid holdup with reasonable accuracy. For the spe-
cific pressure loss the average error model was found to

be 6.7% for the entire data set with a small bias towards
over prediction. However for a liquid load of 120 »*/»2x the

model was found to be biased towards under prediction of
the specific pressure loss with and average error of 10%.

Considering the poor performance of models 1-3 only
model 4 was implemented in a CFD model. Here it was
found that the mean absolute error increased from 6.7%
for the idealised equations to 10.5% for the CFD model.
This increase were found to be mainly caused by the as-
sumption of the liquid holdup being independent of gas
velocity when calibrating the gas-liquid interaction for the
model.
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