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HIGHLIGHTS

e A novel decarbonization concept applied to offshore natural gas wells benefiting CCUS technology.

o A comprehensive CFD model considers real gas EOS and the behaviours of gas, droplets, liquid film.

o Compatible with pure CO, and CH4-CO; models to study condensation and separation characteristics.

e The maximum CO, condensation amount under high pressure and low temperature is 10.33 ton/h.

e The maximum CO,, capture capacity is 4.43 ton/h with high heterogeneous droplet mass concentration.
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Carbon capture, utilisation and storage (CCUS) is of unique significance for building a green and resilient energy
system, and it is also a key solution to tackle the climate challenge. The concept of supersonic decarburization, a
joint product of non-equilibrium condensation and swirling separation, can contribute to CCUS technology in a
Supersonic separation clean way. In this paper, a numerical model is established and validated to investigate the complex physical
ccs phenomena of supersonic decarbonization in a high-pressure environment based on the real gas equation of state.
CCcuUs The model is compatible with the pure CO2 model and CH4-CO5 model. Through the simulation of the supersonic
nozzle and supersonic separator, the condensation and separation performance of supersonic decarbonization
technology was evaluated. For the condensation performance of carbon dioxide, the results show that higher
pressure makes it much easier to achieve the condensation process. When the pressure is supercritical, the
decrease of inlet temperature or the increase of inlet mole fraction of CO; leads to a higher liquid fraction. For
separation performance, when the mass concentration of inlet heterogeneous droplets increases from 0.1 kg/m>
to 7.5 kg/m®, the carbon separation amount increases from 3.33 ton/h to 4.43 ton/h, while the exergy loss of
condensed CO; drops from 436.57 kJ/kg to 329.56 kJ/kg. It demonstrates that the decarburization process is
easier, and exergy required for condensation decreases when the concentration of the foreign core is larger. This
new concept is beneficial to CCUS technology and can be applied to carbon capture in offshore natural gas
processing.

potentially effective climate mitigation technology, which captures
carbon dioxide emissions from fossil power generation and industrial
processes for reuse or storage [4-6]. In terms of carbon capture, the
advantages and disadvantages of existing decarbonization technologies

1. Introduction

The emission of the greenhouse gas carbon dioxide (CO2) is
becoming a potential threat to human existence and creation [1].

Therefore, the sustainable development of energy systems is recognised
as one of the top priorities, and it is a globalization proposition to limit
the global temperature rise to 1.5 C above the pre-industrial level [2,3].
Carbon capture, utilisation and storage (CCUS), is an important and
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are listed in Table 1, from which it can be seen that the limitations of
traditional decarbonization technologies such as absorption [7-9],
adsorption [10-12], membrane [13,14], cyclone [15] and cryogenics
[16] are corrosive, complicated machinery, environmental pollution,
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low utilization rate, etc., which are gradually decoupled from the global
energy call [17,18]. Therefore, the further development of the cost-
effective and high-efficient methods benefiting CCUS technology
should be focused on.

Supersonic separation is a revolutionary separation method with low
cost, no pollution, and high efficiency [19-21]. As shown in Fig. 1 (a),
the mixed gas can be cooled and condensed into droplets by a supersonic
nozzle, and then the swirl generated by the swirl generator can push the
droplets to the wall to form the liquid film. The liquid film will be
separated from the liquid outlet, and the outcome is that the proportion
of condensable components in the mixture decreases [22]. This sepa-
ration method can provide a new way for decarbonization, and the key
to understanding this new concept is carbon condensation in a super-
sonic nozzle. Fig. 1 (b) is used to explain this mechanism. Superheated
steam or mixed gas expands along the nozzle from the nozzle inlet (State
1), and in the process, the gas pressure decreases, and the supercooling
increases. The gas at a certain section behind the throat of the nozzle will
reach a saturation state and the supercooling will increase to zero (State
2). If the gas does not contain any foreign core, condensation will not
occur here [23]. The gas continues to expand into supersaturated or
supercooled steam. When the gas state reaches Wilson point (State 3), a
large number of condensation nuclei suddenly appear, and then vapour
molecules condense on the condensation nuclei to form droplets and
grow up gradually. After the above condensation process, vapour
quickly changes from a non-equilibrium supersaturated state to a state
close to thermodynamic equilibrium (State 4) [24]. Generally speaking,
the characteristics of non-equilibrium condensation in supersonic
expansion flow strongly depend on the coupling between the flow field
and CO; condensation. Accurate prediction of CO condensation flow
needs to emphasize physical characteristics such as carbon properties,
turbulence, two-phase slip, interphase mass transfer, and latent heat
[25].

In recent years, more attention has been paid to the numerical
simulation of condensation in supersonic flow. Castier et al. [26]
considered single-phase flow and phase equilibrium processes at the
same time, numerically simulated natural gas flow in a supersonic
nozzle, and rigorously evaluated thermodynamic properties. Chen et al.
[27] established a condensation flow model of CH4-CO4 two-component
gas by using computational fluid dynamics (CFD) software for a super-
sonic nozzle and systematically studied the influence of different nozzle
structures on CO5 condensation. Niknam et al. [28] carried out a nu-
merical analysis of condensation parameters in supersonic flow. The
nozzle geometry was fixed, and the temperature, pressure, and gas type
were changed to evaluate the nozzle performance and cooling capacity.
Wen et al. [29] carried out numerical research and experimental vali-
dation on the decarbonization of natural gas in high-pressure supersonic
flow and found that the COy condensation predicted by ideal gas EOS
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had a great deviation from the real value under high pressure. On this
basis, in our recent research [30], a two-fluid model considering real gas
EOS was developed, and the thermodynamic and kinetic characteristics
of CO, at Wilson point in a supersonic nozzle were studied in detail. In
addition to carbon condensation, another key link in the proposed
concept of supersonic decarbonization is the separation of carbon di-
oxide from the equipment, which depends on the existence of swirling
flow, so that the condensed droplets are thrown to the wall and depos-
ited into the liquid film. Chen et al. [31] established and verified a two-
component steam (CO2-N3) condensation model, and studied the non-
equilibrium CO5 condensation in flue gas under the coexistence of su-
personic flow and swirling flow. The results showed that swirling flow
made the nucleation start point move to the nozzle throat. Yue et al. [32]
coupled the two-fluid model with the Eulerian wall film model and
studied the effect of liquid velocity on liquid film flows in a cylinder
cyclone. The results show that the high liquid velocity damages the
uniformity of the liquid film. Li et al. [33] used a similar model to study
the two-phase boiling flow. The simulation results show that the model
can capture the drastic temperature drift well. Chen et al. [34] also
proposed a combination of the Eulerian-Eulerian model and the thin film
model to simulate the coating deposition process when spraying curved
surfaces with a moving spray gun. Ding et al. [35] extended this nu-
merical model to a supersonic separator to simulate the flow of gas,
liquid droplets, and liquid film in supersonic swirling flows, taking into
account the effects of homogeneous and heterogeneous condensation.
However, the separation object studied is water vapour, which has
different physical properties from CO, [36], especially under high-
pressure operating conditions.

From the literature review, there is still a lack of simulation and
experimental research on the condensation and separation of super-
critical carbon dioxide by supersonic decarbonization technology. The
purpose of this study is to evaluate the effectiveness of non-equilibrium
condensation and swirl separation of COz in the concept of supersonic
decarburization, which will contribute to the development of CCUS and
capture CO5 more purely. To this end, a numerical model integrating a
two-fluid model and liquid film model suitable for CO, condensation
was established and validated, which uses a real gas EOS and considers
swirl and liquid film. The model is compatible with the pure CO, system
and CH4-CO» system, and for the sake of being closer to the actual in-
dustry [37-39], the high-pressure condition is our main research scope.
In this foundation, using the pure CO2 model, the difference between
real gas EOS and ideal gas EOS in simulated carbon condensation flow
was clarified, and the conditions more suitable for CO; condensation
were obtained. Using the CH4-CO;2 model, the effects of inlet tempera-
ture and inlet CO2 mole fraction on condensation were explored, and the
effects of inlet heterogeneous CO, mass concentration on separation
were studied. The main contribution of this study is to provide an

Table 1

Advantages and disadvantages of existing decarbonization technologies.
Decarburization technology Application Advantage Disadvantage
Absorption [7-9] TEG (a) High dew point depression (a) Complex process

Adsorption [10-12] Fixed Bed Adsorption Tower, NHD

Membrane [13,14] Polyimide

Cyclone [15] Cyclone separator

Cryogenics [16] J-T valve, turboexpander

(b) Low energy consumption (b) High cost

(c) Corrosive

(d) Difficult to regenerate

(a) High cost

(b) Low energy utilization rate
(c) Corrosive

(a) Corrosive membrane

(b) Harsh pretreatment process

(a) Simple process
(b) High decarbonization rate

(a) Simple process

(b) No additive

(¢) No secondary pollution

(d) Low energy consumption

(a) Simple process

(b) Low cost

(a) Simple process

(b) High operational flexibility

(c) High decarbonization efficiency

(a) Low decarbonization efficiency

(a) High energy consumption
(b) High dew point
(c) Easy to form hydrate
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(a) Supersonic decarbonization concept applied to CCUS technology
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Fig. 1. A novel concept for CO, separation in supersonic flows.

innovative technology choice and a comprehensive numerical basis for
CCUS technology which is beneficial for climate mitigation.

2. Modelling and validation

The composition, implementation, and validation of the proposed
numerical model capable of simulating both pure CO; and CH4-CO»
systems in supersonic flows are introduced in this section.

2.1. Two-phase flow modelling considering non-equilibrium phase
transitions

The established model is an integration of the gas phase equations,
homogeneous/heterogeneous condensation model, Eulerian wall film
model, and heat-mass transfer among gas, droplets, and liquid film. The
model is based on the following assumptions:

(1) Spherical droplets;

(2) Both homogeneous and heterogeneous condensations are
considered;

(3) The latent heat released by condensation is added to the source
term of the gas phase;

(4) The interphase slips and drag force are considered;

(5) The collision, deposition, and entrainment of droplets are
considered.

2.1.1. Modelling of the gas, droplet, and liquid film

The mass, momentum, and energy conservation equations, along
with the species transport equations, for pure CO5 or a mixture of CHy
and CO; are given by
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where a, p, U, p, E, and T represent physical quantities of volume
fraction, density, velocity, energy, and temperature, respectively. The
subscripts g and i represent the gas phase and species, respectively. m
represents the mass transfer rate (kg m > s~1), and its subscripts hom,
and het denote mass transfer from homogeneous droplets, and hetero-
geneous droplets, respectively. hig is the latent heat, g is the gravity

vector, Fp is the drag force between the gas phase and the droplet (N
m?), 7o is the effective thermal conductivity, and 7 is the diffusion flux
of species i. Y; represents the mass fraction of species i. S; is the mass

change between species where the value is 7<n'1hom +n'1het) for the

species of CO».

The governing equations of the CO; droplet phase include the droplet
mass conservation equation, droplet momentum conservation equation,
and droplet number concentration transport equation.
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where p; is the droplet density. mq (kg m~3s71) is the mass source term
due to collision and coalescence between homogeneous and heteroge-
neous droplets, N¢o (m~3 s71) is also the source term due to collision.

?D_hom and FD,het are drag forces between gas and CO,

droplets,?n‘hom + ?D,het = ?D. Nhom and nper (m™3) are the droplet
number concentration, meaning the number of homogenous and het-
erogeneous droplets per unit volume.

For the supersonic separator, the presence of the rotating field causes
the droplets to hit the wall and transform into liquid films. The con-
servation equations are given by [40]

0 — . .
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where Vj is the surface gradient. § is the film thickness. The subscript f
represents the liquid film. ?T is the gravity component parallel to the
film. Ts, Tw, and Ty, are the film surface, wall, and film half-depth
temperature, respectively.my is mass transfer rate due to the deposi-
tion of homogeneous and heterogeneous droplets,mq = Mgpom +
M4 het-Mfim represents film phase change rate between gas and film.

2.1.2. Calculation of source terms
The mass exchange due to evaporation and condensation between
the gas phase and droplets is denoted by ey, and mye in Eq. (1):

. 4nr2 drhom
Mpom = 1p; 3 + Nhomp AT rﬁom c;t )
an
A 5 et
Mper = nhelp[“'”rhclw

where the homogeneous nucleation rate I (rn_3 s_l) and the critical
nucleation radius of the droplet r. are computed by
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where v is the volume of a single liquid molecule, my, is the mass of the
single liquid molecule. kg is Boltzmann’s constant. S; means supersatu-
ration, equal to py/psa(Tg), where the subscript ‘sat’ represents the
saturation state. ¢ is the liquid surface tension (N/m). Ry represents the
specific gas constant. Besides, the mean radii rmom and rpe in Eq. (11) are
expressed as

1 1
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om — 3 et — 14
" (4ﬂnh0m> Thet (4ﬂnhe‘> ( )
The growth rates of both homogeneous and heterogeneous droplets
are calculated by

dr 2427](1,'
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e
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r

where the subscript ‘v’ represents COy vapour. g; is the heat transfer
coefficient for species i [41]. T, is the droplet surface temperature. AT is
supercooling, AT = Ty - Ty

The drag force in Eq. (2) is defined as [42]
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where the relative Reynolds number Rep hom and Rep et are
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The drag coefficient Cp is calculated as [43]
24
—, Re,<1
Re, '
=< 24
G E(l + 0.15Reg'687>, 1 < Re,<1000 a9
P

0.3455, Re, > 1000

The source term of Eq. (5) and Eq. (7) for collision and coalescence
are [44]
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where f is the mean collision frequency.
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where 7 is the normal vector of the film area, that is, perpendicular to
the direction of liquid film flow. Here, we consider the mass transfer at
the boundary of the liquid film to be the dot product of the term in the
left bracket in Eq. (6) with the normal vector of the film area.

The phase change rate between the liquid film and gas phase mg, is
calculated by [45]

pM/D

1
5 mcphase(ysal -7Y) (22)

Mijim =

where D represents cell-centre-to-wall distance, and M is the mass
diffusivity of CO, vapour. Cppase is the phase change constant. Y, rep-
resents the saturation mass fraction of CO, vapour.

2.1.3. Thermodynamic property modelling

In physics and thermodynamics, an equation of state (EOS) is an
equation that describes the thermodynamic state of a material under
given physical conditions, which provides a mathematical relationship
between three or more related “state variables” such as temperature,
pressure, volume, or internal energy. The ideal gas EOS is not precise
enough when the temperature is very low or the pressure is high, so a
suitable real gas EOS plays a key role in high-pressure supersonic flow
[46].

The NIST Real Gas Model uses the National Institute of Standards and
Technology (NIST) Thermodynamic and Transport Properties Database
for Refrigerants and Refrigerant Mixtures Version 9.1 (REFPROP v9.1)
to evaluate the thermodynamics and transport of approximately 125
fluids or mixtures of these fluids properties, including methane and
carbon dioxide [47]. For pure COo, the REFPROP v9.1 database uses the
precise EOS for pure fluids provided by NIST. These equations are based
on three-state equations, modified Benedict-Webb-Rubin (MBWR) EOS,
Helmholtz-energy EOS, and extended corresponding states (ECS) [30].
For a mixed fluid composed of CH4 and CO,, the thermodynamic
properties were calculated using the mixing rule applied to the
Helmbholtz-energy EOS of the mixture components [48].

Applied Energy 339 (2023) 120975

2.2. Numerical method

Ansys fluent software is used for numerical calculation, and the user-
defined function is written and coupled with the solver of the software
itself. User-defined-scalar equations are defined to calculate the con-
servation of droplets, and user-defined memories are defined to store the
values of physical quantities of interest. For the supersonic nozzle, the
standard k-epsilon model is used for turbulence. For the supersonic
separator, the Reynolds stress model (RSM) is more suitable as the tur-
bulence model because of the high accuracy of the RSM model to the
swirl problem. A pressure-based transient solver is used, and the implicit
formulation and Roe-FDS flux type are used to solve the problem. The
governing equations, turbulent kinetic energy equations, and turbulent
dissipation rate equations are calculated using the second-order upwind
equation.

Pressure inlet and pressure outlet are used as boundary conditions,
and there is no wall slip. When the research object is a supersonic
separator, the coupling between the wall and the Eulerian liquid film
model will be opened, to correctly handle the problem of droplet
deposition and entrainment.

2.3. Model validation

Next, the model is validated, which can be mainly divided into two
parts. Firstly, it is validated whether the model can accurately CO,
condensation in a pure CO3 system. Secondly, it is validated whether the
evaluation of the overall performance and the prediction of the liquid
film by the model are in place in the two-component system containing
carrier gas.

Fig. 2 shows the structure and mesh of the supersonic nozzle being
used to validate the pure CO5 model. The structure and CO5 condensa-
tion experiment carried out by this structure are from Lettieri et al. [49].
The total length of this nozzle is 98.37 mm, and the diameters of the
inlet, throat, and outlet are 12.70 mm, 3.09 mm, and 4.01 mm respec-
tively. A two-dimensional structured mesh is used and the area near the
wall and throat is locally refined. Only half of the mesh is drawn, and the
whole flow field is restored by choosing its axis as the axisymmetric
boundary. To guarantee the accuracy of the mesh, a verification test is
first performed. The Grid Convergence Index (GCI) is an estimate of the
mesh refinement error derived based on the generalized ER

Table 2
The specific test results of the Grid Convergence Index.

Grid a-b 1-fine 2-medium Grid b-c 2-medium 3-coarse

Fs p £1,2 (%) GCIL > (%) 2,3 (%) GClI 3 (%)

Position 3 3 0.15% 0.19 % 0.81 % 1.02 %
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Fig. 2. The geometry and mesh of the supersonic nozzle.
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extrapolation theory [50]. To obtain the best computational mesh, GCI
was utilized to calculate and analyze three sets of meshes: a: fine
(107,820 quad cells), b: medium (71,880 quad cells), and c: coarse
(47,920 million quad cells). The calculation formula of GCI is as follows:

_ Fe

GCI e 100% (23)

where F; is the safety factor with an empirical parameter value of 3, ¢ is
the relative error between the two grids, y is the refinement factor ratio,
and superscript p is the order of algorithm accuracy. Accurate prediction
of condensation shockwave in a supersonic nozzle is a measure of grid
quality. Taking the position of condensation shockwave as the param-
eter, the specific test results of GCI are shown in Table 2. The GCI value
of Grid a-b is small and qualified, so the medium grid (71,880 elements)
is selected, which improves the calculation speed and saves the calcu-
lation cost.

With the same pressure and temperature conditions as those in Let-
tieri’s [49] experiment, namely, the inlet pressure is set to be pi, =
57.24 atm and the inlet temperature is set to be Tj;, = 314.78 K, a set of
simulations are carried out using the established pure CO2 model. The
comparison between simulation results and experimental results is
shown in Fig. 3. Fig. 3 (a) proves that the established pure CO, model
has accuracy in predicting the position of the Wilson point when the real
gas EOS is used. It is also obvious from the figure that when the ideal gas

1.0 £
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Fig. 3. Model validation: prediction of carbon condensation by Real gas EOS
and Ideal gas EOS.
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EOS is used, the nucleation position predicted by the model is later than
that predicted by the real gas EOS, which leads to a deviation from the
experimental values. In Fig. 3 (b), the prediction accuracy is further
calculated, R Square (Rz) is used here to evaluate the consistency:

num 2
R = - it =) (24)
>y (ai —a)

where num, aj, b;, and a are the number of experimental points, exper-
imental values, CFD values, and experimental sample mean value,
respectively. It can also be seen intuitively from the figure that R? (Real
gas EOS) of the pressure ratio can reach 0.996, but R? (Ideal gas EOS) of
the pressure ratio is only 0.899, therefore, the established pure CO,
model can be used to simulate the carbon condensation in supersonic
nozzles, especially after considering the real gas EOS.

The main purpose of the second validation is to validate the pre-
diction effect of the model on the separation performance of the two-
component system. The research object is the supersonic separator
shown in Fig. 4. At present, the experiment of COy condensation and
separation of the two-component system in the supersonic separator is
still blank, so we use our equipment to experiment on an air-steam
system. The experimental device and method were introduced in detail
in our previous work [40]. Under the experimental conditions, the inlet
pressure and outlet pressure are 3 atm and 1 atm respectively, the inlet
temperature and outlet temperature are 300 K, the inlet humidity is 100
%, and the diameter and mass concentration of heterogeneous droplets
at the inlet are 2.2 pm and 0.005 kg/m° respectively.

Similarly, the simulation keeps the same conditions as the experi-
ment, and the three-dimensional structured mesh used in the simulation
is shown in Fig. 4. By conducting GCI tests, the number of grid cells was
determined to be 557,560. Fig. 5(a) shows the comparison between the
experimental results and the simulation results. Dew point depression
ATy and vapour separation efficiency 7, are parameters used to evaluate
separation performance, and their calculation methods are as follows:

ATy =Ty, in — T, ont (25)
71\, _ v, iny_ »yv. out % 100% (26)

where Tg, in and Tq, oyt are the dew point at the inlet and gas outlet, yy, in
and yy, ou are the vapour mole fraction at the inlet and gas outlet. ATy
obtained by experiment and CFD are 20.04 K and 22.95 K, respectively,
and 5y captured by experiment and CFD are 73.04 % and 77.27 %
respectively. The relative errors are 12.67 % and 5.47 %, which is within
the acceptable range. The agreement between them is great, which
proves that the established model can calculate the separation perfor-
mance well. In addition, three cases of CFD and experiments of liquid
film thickness are compared. The difference between the three cases is
that the mass concentration of heterogeneous droplets at the inlet is
0.0001 kg/m?>, 0.0010 kg/m?> and 0.0020 kg/m?> respectively. Fig. 5(b) is
the comparison between the experiment and CFD. For the three cases,
the experimental film thicknesses at the liquid outlet are 18.80 pm,
52.71 pm, and 89.24 pm, respectively, while the CFD film thicknesses
are 12.74 pm, 50.29 pm, and 88.15 pm, respectively. Fig. 5(c) shows the
change of film thickness at the liquid outlet of the three cases within 120
s during the experiment, when the liquid film is thin, the deviation be-
tween the experiment and CFD results is slightly larger, which is because
the flow fluctuation at the actual liquid outlet is more complicated and
more difficult to observe, but generally speaking, the deviation between
the experiment and CFD is within a reasonable range. To sum up, the
established model is practical and can be used as the basis for further
research.



H. Ding et al.

N : (a) Geometry structure

//////l/// ‘///// - (b) Geometry size
é@h’;ﬁ' A
7////'////) I =

(c) Three-dimensional mesh

Applied Energy 339 (2023) 120975

Z (mm)

12.

iz=-145mm z=0mm z=265 mm 7="749 mm
Fig. 4. Structure, size, and mesh of the supersonic separator.
350
90 280 | Casel A 0.0001 kg/s
[ 80 | i 210 F
Experiment Experiment
80 b 140 | u
CFD Model CFD Model 70F | |
70 0 M »~.—rl|~.-‘-l AT l
70 0 20 40 60 80 100 120
60 -~
E_ 60 350
50 O, ~ ~ 280
- % 50 i 210
-’ = =
40 & % ° 10
< €40 70
| 0
30 = 100 120
30
20 350
20 ~ 280 [ Case3:q, , =0.0020 ke/s
10 E 210
10 3 10 ]}“. “‘W h w k L‘ Hw M
0 . 707 }‘ J,IJ‘,‘.' "‘h, mlﬁ\.:’"‘.‘ ‘:.
Dew point depression  Vapor separation efficiency case 1 case 2 case 3 0 0 20 40 0 100 120
(a) (b) ©
Fig. 5. Model validation: prediction of condensation and separation performance.
0.75 Compressibility factor (-)
0.70 x (mm)
0.65 i i i 1 1 1 1 1 1 L
-30 -20 -10 0 10 20 30 40 50 60

I a—
0.650 0.667 0.683 0.700 0.717 0.733 0.750 0.767 0.783 0.800

Compressibility factor (-) by Real gas EOS

Fig. 6. Compressibility factor of Real gas EOS model in supersonic flow.

3. Results and discussion
3.1. Evaluation of condensation performance

Taking the supersonic nozzle (Fig. 2) as the research object, using the
pure COy model, different thermodynamic models are compared, the
condensation mechanism of carbon dioxide is illustrated, and the envi-
ronment easy to condense is pointed out. Using the CH4-CO2 model, the
effects of different conditions on CO, condensation are studied.

3.1.1. CO; condensation flow predicted by thermodynamic models
Firstly, different thermodynamic models are compared. Fig. 6 shows
the profile of the compressibility factor of the pure CO5 model consid-
ering the real gas EOS. The compressibility factor is usually considered
an indicator of deviation from the ideal gas hypothesis. The compress-
ibility factor ranges from 0.65 at the supersonic nozzle inlet to 0.80 at
the nozzle outlet, which indicates that an ideal gas EOS can lead to
inaccurate prediction of heat and fluid flow in supersonic flow. Fig. 7 is a
comparison diagram of properties predicted by real gas EOS and ideal
gas EOS under different conditions, the specific simulation conditions
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Table 3
Simulation conditions for pure CO, model.
Case Din Dout Tin Tout Tsat ATy, State
(atm) (atm) x x x x)
Case 30 10 278 300 268 -10 subcritical
1
Case 60 10 310 300 295 -5 near-critical
2
Case 100 10 340 300 304 —26 supercritical
3
Solid
Supercritical
zone
100 - )
Critical /
Liquid point @
~~
£
-
E
P \
-
a Easy to
] condense
ot
o Normal to
condense
10+ Gas
Triple
point -
Case 1 Case 2 Case 3
220 250 280 310 340
Temperature (K)

(a) p-T curves under different conditions

Supercooling at Wilson point (K)

are shown in Table 3. As shown in Fig. 7 (a), the relative error between
ideal gas EOS and real gas EOS in predicting the Mach number of nozzle
outlet in Case 1 with the subcritical state is 11.0 %, which means that the
ideal gas hypothesis overestimates the expansion characteristics of
carbon dioxide in the supersonic nozzle. Besides, when predicting Case 2
and Case 3, the relative error climbed to 17.4 % and 19.4 %, indicating
that the increase in pressure will magnify this overestimation. Fig. 7 (b)
shows the release of latent heat at Wilson point. Similarly, the ideal gas
EOS overestimates the heat transfer characteristics of CO, condensation,
and with the increase of pressure, this overestimation is enlarged from
9.6 % to 25.1 %. Fig. 7 (c) shows the liquid fraction at the nozzle outlet
predicted by different thermodynamic models. The ideal gas EOS seri-
ously underestimates this value, which proves that its grasp of mass
transfer characteristics is also very inaccurate. For example, in Case 3

'y
S pu= 30atm
(T, =268 K)
12 - / —o— p. = 60atm
(T, = 295K)
/ —e— py =100 atm
—‘ (T, =304 K)
9|
6 -
3 L
0 1 1 1 1 1 I=
0 8 16 24 32 40 48
Inlet superheat (K)

(b) DT- AT curves under different conditions

Fig. 8. p-T and DT-AT curves under different conditions for non-equilibrium condensation.
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with supercritical state, the predicted liquid fraction at the nozzle outlet
of the real gas EOS is 0.03557, while the predicted value by the ideal gas
EOS is only 0.00723, with a dramatic relative error of 79.7 %. Compared
with the ideal gas EOS, the real gas EOS is more suitable for the pre-
diction of expansion characteristics and mass-heat transfer in supersonic
condensation flow, and the increase of pressure environment will
enlarge the deviation between the ideal gas EOS and the real value.

Then, the p-T curves of real gas EOS with a more accurate description
of the flow field under the three conditions are observed and plotted in
Fig. 8 (a). It can be seen intuitively from this figure that when the
pressure is in the subcritical state, it still takes a long time to struggle to
reach the condensation condition after CO, gas reaches gas-liquid
saturation. When the pressure rises to the near-critical state, conden-
sation becomes a little easier, and when the pressure rises to the su-
percritical state, condensation happens almost as soon as it touches the
saturation line. Keeping the pressure constant, a series of simulations of
varying inlet superheat DT (negative supercooling) are conducted and
the supercooling at the Wilson point of each case is collected, as shown
in Fig. 8 (b). When the gas pressure at the inlet is relatively high, the
supercooling at Wilson point will be relatively small, that is, the tem-
perature drop required to reach the condensation condition will be
relatively small, and condensation will occur more easily.

3.1.2. Condensing CO2 nanodroplets from natural gas

In the previous section, the result that CO, is easier to condense in a
high-pressure environment has been discussed. In this section, the in-
fluence of different conditions on CO, condensation of carbon-rich
natural gas in a high-pressure is concerned. Unless otherwise speci-
fied, the thermodynamic model will always use the real gas EOS from
this section onwards. Set the inlet pressure as pj; = 80 atm, outlet
pressure as oyt = 20 atm, inlet CO, vapour mole fraction as ycoz,in = 25
%, and the effect of inlet temperature on condensation is summarized in
Fig. 9. Fig. 9 (a)- Fig. 9 (d) are the distributions of droplet radius,
supercooling, nucleation rate, and vapour mole fraction of the flow field
in the supersonic nozzle when Tj, is changed. Correspondingly, Fig. 9
(e)- Fig. 9 (h) are line charts of data distribution on its axis. It can be
found that with the increase in temperature, the radius of the condensed
CO4 nanodroplets at the outlet decrease from 0.44 pm to 0.29 pm, the
condensation onset position (Wilson point) moves backwards, and the
supercooling at Wilson point increases by 4.53 K. The nucleation posi-
tion moved backwards by 43.8 mm, and the nucleation range and outlet
mole fraction also decrease. Keep the inlet pressure at 80 atm, the outlet
pressure at 20 atm, and the inlet temperature at 273 K, and increase the
vapour mole fraction of CO,. This is because the higher the inlet
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temperature, the greater the supercooling required for condensation,
and the condensation is more difficult to achieve. Fig. 10 are cloud maps
and axial distributions of condensation properties of CO, under different
inlet CO5 vapour mole fractions. It can be found that with the increase of
inlet carbon dioxide mole fraction, the condensation onset position
moves forward, and the supercooling at Wilson point decreases by
12.09 K. The radius of the condensed droplets at the outlet decreases by
0.07 pm. The nucleation position moved forward by 39.8 mm. This is
because the greater the inlet CO5 vapour mole fraction, the greater the
partial pressure of CO in the gas mixture, the easier it is for CO; to
condense, and the more CO, will condense.

The condensation amount of CO, under different conditions is
calculated and shown in Fig. 11. Here, the condensation amount is
evaluated by two indexes: the condensed mole fraction of CO3 (¥con) and
the condensed CO, mass per hour i, (ton/h), namely

YC0,.in — YCO, 0ut
yCOl’I = 7
e @)
Yco,.infitin — Yco,.outtflous

3.6

Meon =

where iy, and iy, are the mass flow rate (kg s~1) at the nozzle inlet and
outlet. It can be seen from Fig. 11 that when the inlet temperature rises,
Yeon and ricon show a downward trend. When the inlet temperature rises
from 263 K to 283 K, ycon and mieo, decrease from 19.47 % and 10.33
ton/h to 7.84 % and 2.84 ton/h respectively. On the contrary, when
Ycoz2,in increases, ycon and ricon both increase significantly. With the in-
crease of ycog,in from 20 % to 35 %, ycon and i, increased from 13.22
% and 4.41 ton/h to 17.53 % and 11.67 ton/h, respectively. Lowering
the inlet temperature or increasing the inlet vapour mole fraction can be
used as means to improve the carbon condensation performance and
contribute to the development of supersonic decarbonization
technology.

3.2. Evaluation of separation performance

Taking the supersonic separator (Fig. 4) as the research object, using
the CH4-CO2 model, the separation processes dominated by homoge-
neous condensation and heterogeneous condensation are studied
respectively, and the separation amount was evaluated.

3.2.1. Separation process dominated by homogeneous condensation
The cloud chart shown in Fig. 12 shows the behaviour characteristics
of vapour, droplets, and liquid film in the supersonic separator when
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Fig. 9. The effect of inlet temperature on CO, condensation.
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only homogeneous condensation exists. The simulated inlet conditions
are pip = 150 atm, Tin = 258 K, yco2, in = 23.2 %, gas outlet condition is
Dg,out = 80 atm, liquid outlet condition is p oy: = 60 atm. As can be seen
from Fig. 12 (a), the CO2 vapour undergoes the process of firstly
condensation and then evaporation in the supersonic separator, and its
mole fraction can be reduced to 0.13 at the lowest. As shown in Fig. 12
(b), the condensation process will produce homogeneous CO, droplets,
the size of which is very small, and the largest droplet has a radius of
1.35 pm. Under the action of swirling flow, the CO, droplets will be
thrown to the wall to form the liquid film. However, due to the small
particle size of homogeneous droplets, they are more likely to be
entrained by the gas phase, instead of forming the wall film. The liquid
film shown in Fig. 12 (c) has only a very thin layer, and the maximum
thickness is only 1.10 pm. The reason for its formation is the conden-
sation of COy vapour near the wall and the deposition of a few CO,
droplets. Fig. 13 shows the proportion of different forms of carbon di-
oxide in the supersonic separator of this case, all the data come from the
axis. It can also be seen from the figure that the mole fraction of CO,
vapour at the inlet and outlet of the supersonic separator is almost equal,
which indicates that the separation amount of the separation process
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dominated by homogeneous condensation approaches zero.

3.2.2. Separation process dominated by heterogeneous condensation

Next, the separation process dominated by heterogeneous conden-
sation is discussed. Keeping the above simulation conditions unchanged,
heterogeneous droplets with a radius of 10 pm and a mass concentration
of phetin = 7.5 kg/m? are continuously injected into the inlet, and the
changes of gas, droplet, and liquid film are shown in Fig. 14. It can be
seen that, compared with Fig. 12, the lowest value of the mole fraction of
CO, vapour can be reduced to 0.10, and the particle size of homoge-
neous droplets can also be increased to 1.62 pm. At the throat, homo-
geneous droplets will collide with heterogeneous droplets, and be
aggregated into heterogeneous droplets with larger particle sizes. When
the heterogeneous droplet is the largest, the particle size can grow to
about 0.1 mm, which means that it can provide more opportunities for
vapour condensation. The separation process is completed when the
liquid film on the wall flows out of the liquid outlet. Therefore, more
liquid film content is beneficial to separation. When heterogeneous
droplets exist, the number of large droplets in the flow field significantly
increases, so the number of droplets that can be thrown to the wall
surface increases. As shown in Fig. 14 (d), the liquid film thickness of
this case ranges from 13 pm to 121 pm, which means better separation
capacity.

Fig. 15 is the influence of different heterogeneous droplet mass
concentrations on the molar fraction of COy vapour. It is easy to
conclude that when ppe,in increases, the mole fraction of CO, vapour at
the outlet will decrease, which means that more CO, vapour is separated
in the form of the liquid phase. For example, when phetin = 0.1 kg/m3,
the mole fraction of CO, vapour at the outlet is 19.4 %, and when phet,in
= 7.5 kg/m®, this value decreases to 15.9 %.In the diffuser, the mole
fraction of carbon dioxide vapour rises. This is because the pressure rise
in the diffuser is accompanied by the temperature rise, which creates
conditions for the evaporation of droplets. Fig. 16 is the energy and mass
evaluation of different ppe,in, as can be seen from Fig. 16 (a) and Fig. 16
(b), when pretin increases from 0.1 kg/m3 to 7.5 kg/mg, Yeon and Micon
increase from 6.73 % and 3.33 ton/h to 23.53 % and 4.43 ton/h,
respectively. This is because when the concentration of heterogeneous
droplets increases, it means that there are more condensable cores in the
flow field, which provides more opportunities for the accumulation and
condensation of CO, vapour, and the condensed CO, will grow more
fully, which also indicates that more mass of CO5 will be separated in the
form of droplets. Fig. 16 (c) counts the exergy loss per kg condensed COy
under different phet,in. When ppet,in changed from 0.1 kg/m3 to 7.5 kg/
m®, the value of exergy loss dropped from 436.57 kJ/kg to 329.56 kJ/kg,
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Fig. 13. The proportion of different forms of carbon dioxide.

this shows that when the concentration of foreign core is relatively large,
the exergy required for condensation will decrease. Generally speaking,
the increase of heterogeneous droplet concentration, that is, the increase
of heterogeneous cores, can have a positive impact on the mass collec-
tion and energy utilization in the CO, condensation process, and can be
used as an effective means to strengthen the performance of the super-
sonic separator.

3.3. Discussion

In this paper, the brand-new CCUS technology, namely the concept
of supersonic separation, which can provide a new way for decarbon-
ization, is systematically studied. The implementation of this research
can provide positive help for the treatment and purification of offshore
natural gas. Offshore gas wells used for natural gas production are heavy
carbon emitters, and tens of thousands of tons of carbon dioxide are
discharged as by-products of natural gas exploitation every year. The
new concept described in this paper separates and produces liquefied
carbon dioxide from a high-pressure supersonic separator, and it can be
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commercialized by dew point adjustment [51]. Compared with con-
ventional methods, the core of offshore natural gas treatment by su-
personic decarbonization lies in the Laval nozzle in the tubular device to
ensure the supersonic flow of non-equilibrium condensation of con-
densable parts. This simple structure and the pollution-free way can win
the potential for the new method to make the natural gas plant have
higher income, lower operating cost, and more environmental
sustainability.

One of the contributions of this paper is the hope to promote the deep
development of this field and achieve a win-win balance between en-
ergy and the environment. A model considering gas, liquid droplets,
liquid film, condensation, swirl, slip, collision, and coalescence is
established to evaluate the applicability of supersonic decarbonization.
The prediction accuracy of this model for condensation performance
keeps a high correlation with the near-critical experiment of Lettieri
et al.[49], while the prediction of separation efficiency and the liquid
film is proved to be accurate by a gas-water separation experiment. This
is due to the compromise of the lack of high-pressure experimental data.
For the development and application of the supersonic decarbonization
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method, in the foreseeable future, it is hoped that there will be more
experimental methods and the resulting data, which can be deeply
bound with the numerical simulation results. The pressure distribution,
droplet size, liquid fraction, and gas humidity of supersonic equipment
in the process of high-pressure carbon dioxide condensation should be
paid attention to fill the data gaps in this respect.

The research in this paper points out a direction for the operation
conditions of supersonic decarbonization equipment, and the follow-up
work can continue to dig along the direction of high pressure, low
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temperature, and high heterogeneous droplet mass concentration to
determine a more accurate operation condition. In addition, regarding
the condensation and separation performance, besides the difference in
conditions, the structure of the equipment will also have a significant
impact. In this paper, the supersonic nozzle structures used in Fig. 2 and
Fig. 4 are different, and the condensation performances obtained by
simulation are also different. It is appropriate for further work to focus
on exploring low-cost and high-efficiency supersonic separation struc-
tures, which may require a complex combination of theoretical analysis,
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experimental basis, and computational science.
4. Conclusion

A computational fluid dynamics model considering the complex
physical characteristics of the supersonic decarbonization concept is
established and validated to evaluate the pioneering contribution of this
new concept to CCUS technology. High-pressure operating conditions
closer to actual production and real gas EOS are selected as part of the
model. The established model is compatible with the pure CO, model
and CH4-CO3 model and has been applied to two research objects, a
supersonic nozzle and a supersonic separator, for evaluating the
condensation and separation performance of the supersonic decarbon-
ization concept. The integrated conclusions of the evaluation results are
as follows:

i. Compared with the ideal gas EOS, the real gas EOS is more
suitable for the prediction of expansion characteristics and mass-
heat transfer in supersonic condensation flow, and the increase of
pressure environment will enlarge the deviation between the
ideal gas EOS and the real value.

ii. Higher pressure will make the properties of carbon dioxide
develop into a state of easy condensation. Keep pj, at a super-
critical state, with Tj, increases from 263 K to 283 K, the radius of

the condensed CO; nanodroplets at the outlet decrease from 0.44

pm to 0.29 pm, the Wilson point moves backwards, the super-

cooling at Wilson point increases by 4.53 K, and ycon and ficon
decrease from 19.47 % and 10.33 ton/h to 7.84 % and 2.84 ton/h.

Keep pin at a supercritical state, with yco2 i increases from 20 %

to 35 %, the Wilson point moves forward, and the supercooling at

Wilson point decreases by 12.09 K. The radius of the condensed
droplets at the outlet decreases by 0.07 pm, while y.on and icon
increase from 13.22 % and 4.41ton/h to 17.53 % and 11.67 ton/
h.

The separation amount of the separation process dominated by
homogeneous condensation approaches zero. When a certain
mass concentration of heterogeneous droplets is added at the
inlet, the separation effect is improved. When ppetin increases
from 0.1 kg/m3 to7.5 kg/m3, Yeon and nicop, increase from 6.73 %
and 3.33 ton/h to 23.53 % and 4.43 ton/h, respectively.

iii.

iv.
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v. When phe,in increases from 0.1 kg/m3 to 7.5 kg/m?’, exergy loss
per kg condensed CO; dropped from 436.57 kJ/kg to 329.56 kJ/
kg, this shows that when the concentration of foreign core is
relatively large, the exergy required for condensation will
decrease.

The precision of operation conditions, the determination of optimal
structure, and the implementation of the high-pressure experiments will
be the focus of the follow-up work.
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