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Numerical modeling of CO, separation process
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Abstract Paper presents the results of numerical modelling of a rect-
angular tube filled with a mixture of air and CO2 by means of the induced
standing wave. Assumed frequency inducing the acoustic waves corresponds
to the frequency of the thermoacoustic engine. In order to reduce the com-
putational time the engine has been replaced by the mechanical system
consisting of a piston. This paper includes the results of model studies of
an acoustic tube filled with a mixture of air and CO2 in which a standing
wave was induced.
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1 Introduction

Carbon dioxide (COg2) belongs, together with water vapour, methane, chlo-
rofluorocarbons, ozone and nitrogen oxides, to a group called greenhouse
gases. These gases are responsible for the accumulation of heat in the at-
mosphere of the Earth. It is estimated that COs has a significant, about
50% share in this effect [4]. This results from its strong absorption of in-
frared radiation, as well as from the large quantities of COy present in
the atmosphere due to its emissions in conventional processes of heat and
electricity generation. Therefore, the efforts of research circles are strongly
focused on the methods to reduce COs emissions into the atmosphere by
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means of the improvement in the efficiency of power engineering systems
and of the introduction of CO4 capture technologies.

Separation methods of CO2 are divided into precombustion and post-
combustion techniques, fuel oxygen combustion, and the use of fuel cells
to reduce COq emissions [4,5]. The COgy separation process itself can be
divided into absorption, adsorption, membrane separation, and cryogenic
methods. Each of these processes can be used in all separation methods.
Apart from the above-mentioned methods, which are already at a certain
level of research advancement, other separation methods based on different
physical phenomena are being developed. One of them is separation which
makes use of the acoustic or thermoacoustic wave. The thermoacoustic phe-
nomenon was described for the first time by Lord Rayleigh in 1878 [9]. The
original description comes down to the statement that, if heat is added to
gas when it is compressed the most, or extracted when the gas is expanded,
an oscillatory wave will be formed. Naturally, the description does not spec-
ify the mechanism of the thermoacoustic wave formation; it merely presents
a description of the concept of induction of such a wave. A scientific in-
vestigation of this phenomenon can be found in studies conducted in the
80s and 90s of the 20th century. In particular, they are the works of Rott
from the 60s and 70s, and Weatley and Swift from the 80s and 90s, and
others [1-3,6]. The simplest method to induce a thermoacoustic wave is the
application of the Rijke tube [8,9]. From the thermodynamic point of view,
the thermoacoustic phenomenon realises the Stirling cycle and, as such, it
can be considered as a right- or left-running cycle, i.e., as the engine cycle
or the cycle of the cooler. Both cases have already found application in
prototype devices such as thermoacoustic engines and coolers, natural gas
liquefaction facilities and many others. Studies of the thermoacoustic wave
have also shown that, in certain conditions, the wave can be used in the gas
separation process. The aim of this study is to investigate the possibility of
using the thermoacoustic wave in COg separation processes. It should be
treated as preliminary research for further, more detailed, analyses. In par-
ticular, the aim of this study is to start a numerical model of the separation
process, and its parametric analyses.
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2 Thermal diffusion

Thermal diffusion (thermodiffusion, the Soret effect) is a process of dis-
turbance in the mixture homogeneity which is caused by the difference in
temperatures in the medium, and which consists in the movement of parti-
cles in the mixture or solution resulting from the temperature gradient. The
Soret effect is explained in Fig. 1. In subsequent time the moving acoustic
wave produces a temperature gradient, which in turn causes a momentary
disturbance in the contents of individual components in the mixture. If
the temperature gradient direction is properly correlated with the direction
in which the mixture particles move, a lasting effect of separation can be
obtained.
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Figure 1. Thermal diffusion mechanism produced by the temperature gradient between
the wave front and the tube wall [10]: ¢ — time, T" — temperature, 7 — period
of oscillation, § — thickness of the boundary layer.

As it can be seen in Fig. 1, in subsequent time the moving front of the
pressure wave produces a temperature gradient towards the tube walls,
which entails a momentary separation of the mixture. It should be noted
that, apart from this effect, there is also a purely mechanical impact of the
wave on the mixture particles.
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3 CFD model, parametric analysis

The numerical model of COy separation was developed with the use of
a computational fluid dynamics commercial code Ansys-CFX13 [11]. The
scheme of the computational domain is presented in Fig. 2. The following di-
mensions of the computational region are adopted: x = 20 mm, y = 50 mm,
z = 1000 mm. Both for the lateral and the top, as well as, bottom areas,
boundary conditions were assumed as symmetry. Therefore, the model does
not take account of the impact of the walls and the friction related to it on
the behaviour of the acoustic wave.

inductor

symmetry

Figure 2. View of the rectangular tube, with dimensions 20 x 50 x 1000 mm, adopted for
the calculations.

Calculations for a thermoacoustic tube with similar dimensions have con-
firmed that there was no significant impact of this assumption on the calcu-
lation results [7]. However, the assumed symmetry (Fig. 2) has a substantial
impact on the computation time, which becomes definitely shorter. As an
enforcement, a sinusoidally changeable location of the closed end of the tube
was assumed, while the other tube end remained open. The adopted com-
putational model thus realises a computational scheme whose mechanical
analogy is shown in Fig. 3. It is a long cylinder closed at one end with a
movable piston. The piston location is described by the following equation:

xy = scos(2m fts) , (1)

where z; is the change in the location of the mesh enforcing (piston) oscilla-
tions, s, and f is the maximum shift and oscillation frequency, respectively,
and %, is the simulation time. However, this equation does not take account
of the fluctuations of the connecting rod, and the changes in the piston
location resulting from them. The change in location is caused only by
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Figure 3. Mechanical analogy of the computational model.

the rotation of crank r. The maximum shift from the initial state was as-
sumed at s = 2 mm. The tube was filled with a mixture of air and COy
with volume contents of 85 and 15%, respectively. At the outlet section,
an open boundary condition was assumed with inlet pressure equal to 0 Pa
(compared to reference pressure). The open boundary condition allows a
two-way flow of gas, depending on the pressure distribution.

For the case under analysis, the mechanical enforcement of the acoustic
wave was performed by the method of so-called movable meshes imple-
mented within the code ANSYS-CFX. In our case, this allows a simplified
modelling of the sound source. The target source being a thermoacoustic
engine. It was assumed that one of the walls of the calculation area (the
inductor) oscillated with a strictly defined frequency. This results in a lo-
cal deformation of the numerical mesh. The oscillations are responsible for
the formation of an acoustic wave in the device. At the same time, on
the inductor wall itself, the velocity value is assumed as zero (the velocity
node), and the pressure at this point reaches its maximum value (the pres-
sure antinode). The basic data of the numerical simulation are: frequency
f = 85.25 Hz, temperature T = 300 K, reference pressure p = 0.1 MPa.
Assumed physical model consists of two continuous phases, air and COg,
governed by Euler-Euler approach with the volume fraction 85 and 15%,
respectively. The adopted basic time step of 3.91 x 10™* s corresponds
to 30 iterations per single acoustic wave period. The impact of time dis-
cretisation will also be discussed in detail in one of the sections below.
Additionally, in the case under consideration, the inductor oscillation fre-
quency was adopted at 85.25 Hz — the value resulting from the frequency
of the standing wave for this tube. The aim of the numerical analysis was
to determine whether COq, would be concentrated due to the effect of the
acoustic wave, and whether the mixture homogeneity would be disturbed.
For this purpose, the CO2 content at individual locations was analysed. Fig-
ure 4 presents the obtained results, which show that COs concentration at
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certain locations increases with time, while at other locations it decreases.
After 2.5 s the carbon dioxide content increases near the inductor itself and
reaches the value of approx. 0.28, whereas near the outlet area the CO5 con-
tent is approx. 0.08. At the same time, all thermodynamic values and COq
content at individual locations oscillate around their local average values.
However, the oscillations are small compared to the obtained differences in
CO4 contents. The control points were placed at a distance of 0.1, 0.25,
0.5, 0.65, 0.8, and 0.95 m from the inductor.

0.3

C; content

Time [s]

Figure 4. The CO2 contents at control points pl-p6 for mesh I.

4 The impact of space discretisation in six control
points

In order to analyse the impact of space discretisation, three different sizes
of orthogonal numerical meshes were assumed: I — 2.500, IT — 10.000, and
IIT — 40.000 finite volumes. In the analysed cases, the size of meshes was
enlarged proportionally in all three directions. Figures 4 and 5 present
the content of CO; at six individual control points for the three numerical
meshes under consideration. It can be noticed that for the smallest mesh
(mesh I) the course of CO4y contents as a function of time is uniform. The
differences in COy contents between the far ends of the device gradually
increase. The maximum COs concentration is approx. 0.28, and the min-
imum is approx. 0.08. For the second numerical mesh the values are 0.3
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and 0.08, respectively. At the same time, the course of COs contents for
point p2 is characterised by a slight change in amplitude in the final part
of the considered time interval.

o

-

ol
3

o4

CO: content
s

4

o
1

Figure 5. The CO2 content for mesh II (left) and mesh III (right) at control points p1—p6.

The last numerical mesh which was analysed (Fig. 5) was composed of
40.000 elements. In this case, it can be seen that COs content at individual
locations are characterised by abrupt changes in values and in the ampli-
tude. It is best visible for control points p2 and p3, which are situated close
to the outlet section. It can also be seen that the COy content value for
the point pl is stabilised at a steady level. In this case, the maximum CO
concentration is approx. 0.25, and the minimum is approx. 0.08. Figure 6
presents COy content obtained for the three used numerical meshes. The
contents were calculated for four simulation times: 0.5, 1, 2, and 2.5 s. On
the basis of the presented characteristics, it can be stated that the impact
of the numerical mesh at the initial stage of the simulation is slight. For all
separated time instants, a sufficient consistency of results is obtained. How-
ever, the differences grow as the numerical simulation proceeds. For time
2.5 s, discrepancies appear for all control points. They are the biggest for
points pl and p3. For point p3 the difference between the results obtained
for different numerical meshes reaches the value of approx. 15%.

5 The influence of time discretisation

In addition to the determination of the space discretisation effect, the im-
pact of the adopted time step on the distribution of the COs content along
the device was checked. For this purpose, similarly as before, four charac-
teristic time points were selected, and the calculations were conducted with
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Figure 6. The CO2 content at control points pl-—p6 at four times (0.5, 1, 2, and 2.5 s)
obtained with three different meshes.

the use of four different time steps for numerical simulation. The time steps
in this case were determined on the basis of the following dependence:

t=— (2)
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where t is the time step, f is the inductor oscillation frequency, n is the
assumed number of iterations per acoustic wave period; n was assumed at
15, 30, 60, 120, which gives the following time steps: ¢; = 7.82 x 1074 s,
to =3.91 x 107% s, t3 = 1.96 x 107* s, and t4 = 9.78 x 107° s. Figure 7
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Figure 7. CO2 content at six control points (p1-p6) at four times (0.5, 1, 2, and 2.5 s),
for four different time steps.

presents the obtained calculation results. It can be noticed that the impact
of the adopted time step on the COy contents at individual control points
is much stronger than in the case of space discretisation. Therefore, the
inappropriate selection of the time step, restricted by the time of the cal-
culations themselves, may result in big differences in the obtained results.
Significant differences in CO49 contents depending on the applied time step
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occur for all control points under consideration (Figs. 7 and 8). The biggest
differences appear for point pl. The discrepancies between the obtained
results of the CO4 content vary from 0.15 to 0.35 for the simulation time of
2.5 s. Smaller differences also appear for the remaining control points. For
point pb the differences are included in the range of 0.06-0.013.

Figure 8. The CO2 content for time steps 7.81 x 10™* and 9.78 x 1075 at control points
pl-p6.

6 The impact of average pressure

The impact of average pressure on the COs content at individual control
points was analysed within the time range of 0-1.3 s. The following aver-
age pressure values in the device were considered: p,; = 0.1 MPa, py,y =
0.4 MPa, p,o = 0.2 MPa, p,5s = 0.5 MPa, p,s = 0.3 MPa, p,s = 0.6 MPa.
Figure 9 presents the distribution of COs content at control points in the
case of application of different values of average pressure. For the initial
stage of the simulation it can be observed that the impact of average pres-
sure is slight, but gradually increases with time. The biggest impact of
average pressure can be observed for point 5. For simulation time of 1.3 s,
the volume content of COqy is 14% for pressure pg3, and for pressure pog
is 10%. However, the conducted analysis shows that the impact of aver-
age working pressure on the COsy content at individual control points is
not unequivocal.
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Figure 9. The CO2 content at six control points for four times (0.4, 0.7, 1, and 1.3 s),
depending on reference pressure po1—pos-

7 Visualisation of calculation results

The conducted numerical analysis shows that if in the rectangular tube
filled with a mixture of air and CO4 an acoustic wave with an appropriately
selected frequency is generated, due to the effect of the wave a slow-changing
process of the separation of the gases occurs. The process has a lasting
nature with respect to the running acoustic wave, i.e., subsequent wave
cycles do not disturb the process, but they rather intensify it. This is
shown in Fig. 10. The whole tube is filled with a homogenous mixture of
air and COq at instant ¢ = 0 s, but after time ¢ = 0.6 s, appear the places
with an increased concentration of COq, and after time ¢ = 1.2 s the lasting
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inhomogeneity is already clearly visible. Although in the numerical model
intense separation process occurred, the obtained result has to be verified
by laboratory tests.

[02 Time [s]

40%
- I o5

0%

Figure 10. CO3 separation. Image of the modelled tube at subsequent times: 0, 0.6, and
1.2 s.

8 Conclusions

The results of numerical modelling of an acoustic tube filled with a mixture
of air and CO4 were presented. A rectangular testing tube with dimensions:
20 x 50 x 1000 mm was assumed. Omne end of the tube was left open,
whereas an acoustic wave inductor was modelled at the other end. Due to
the effect of an acoustic wave, a disturbance in the mixture homogeneity
occurred in the modelled tube. The homogeneity disturbance had a lasting
character with respect to the subsequent oscillation cycles in the tube. The
observed phenomenon was not qualitatively affected by parameters such
as the numerical mesh size, the adopted time step or the pressure in the
tube. The separation could be observed regardless of the values of adopted
parameters, within the set limits, of course. At the same time, the values
adopted for the modelling had an impact on the level and time of separation,
which was the case for space and time discretisation in particular. The
presented results need experimental verification.
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