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HIGHLIGHTS

e Feasibility and prospect of supersonic CO, capture technology benefiting CCUS technology.

e A numerical model coupling Euler-Euler-Euler real gas model and entropy transport equation.

e The dual utilization of mass and energy by the CO, capture process in a CH4-CO> binary system.

e System analysis and study of energy, entropy and exergy in the supersonic separator.

e Heterogeneous concentrations range in 5-7.5 kg/m3 separate the most CO, and require the least energy.

ARTICLE INFO ABSTRACT:
Keywords: Accelerating global population growth and civilizational progress exacerbate energy demand, and global pres-
CCUs sures involving decarbonization, energy poverty and fuel depletion force carbon-intensive countries to highlight

Carbon capture

CO,, capture

Supersonic separation
Utilization of mass and energy
Climate change

carbon-negative carbon capture, utilization and storage (CCUS) technologies. As an emerging CCUS technology,
its global applications hold great promise. However, the feasibility and prospects of supersonic CO2 capture
technology remain unclear, particularly regarding energy utilization. To this end, the entropy transport equation
was innovatively introduced into the Euler-Euler-Euler real gas numerical model in the present study. The
created model was utilized for simulating carbon capture in the CH4-CO4 system. To validate the accuracy of the
developed model, a CO, condensation experiment and a supersonic separator experiment were used. Further, a
series of simulations were conducted to investigate and quantify the mass and heat transfer for the CO, sepa-
ration process in a supersonic separator. The results show that an inlet heterogeneous droplet mass concentration
between 5 kg/m® and 7.5 kg/m® was expected to separate the most CO, mass and require the least energy. In
addition, this study also investigated the economic parameters of different separation technologies and compared
supersonic separation technology with other methods. In the future, major challenges in researching supersonic
CO;, capture technology will be to obtain ample experimental and simulation data, and to calculate the optimal
structures and operating conditions.

forcing the exploration of renewable energy and the reduction of carbon
utilization in high-carbon fuels [4]. Carbon capture, utilization, and
storage (CCUS) technology is highly valued as a key carbon-negative
technology by carbon-intensive countries [5], and it is highlighted as
an essential solution with an emission reduction potential assessed by
the International Energy Agency (IEA) as 6.9 x 10° t of CO, per year by
2070 under a sustainable development scenario, accounting for 19.27%
of the total emission reduction [6].

CCUS technology, which separates and captures CO, from the

1. Introduction

In the past few decades, accelerating global population growth and
advancing civilization have led to the exponential growth in energy
demand [1]. However, the primary contributor to the energy sector
remains fossil energy [2], which worsens climate change and cannot
ensure sustainable access to energy [3]. Global pressures related to the
environment, energy poverty, decarbonization, and fuel depletion are
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Nomenclature y thermal diffusivity, m? s~!
8 film thickness, pm
a heat transfer coefficient, Wm 2K ! € relative error of two meshes, —
b sample value € refinement factor ratio, —
c Sound speed, m s 9 CO,, molecule volume, m®
Cphase phase change constant, — KB Boltzmann's constant, —
d droplet diameter, m A thermal conductivity, W m™! K1
Dy, cell-center-to-wall distance, m u molecular dynamic viscosity, Pa s
E total energy, J kg P density of mixture, kg m—3
) drag force, kg m~2 s 2 Phoms Phet hornciggeneous/heterogeneous droplet mass concentration,
Fyq safety factor, — k.g m . 1
— - 1 -2 o liquid surface tension, N m™
g gravity vector, m s N
e gravity component parallel to film, m~! s=2 Tofy effective stress tensor, Pa
GCI Grid Convergence Index T viscous shear stress on gas-film interfaces, Pa
; -1 e L _
h static enthalpy, J 1kg ® specific dissipation rate, s
hyg latent heat, J kg™~
I homogeneous nucleation rate, m > s~! Subscripts
T 2 A due to aerodynamic losses
7 diffusion flux, kg m 2 s~? itical yn
R _ c critical
k turbulence kinetic energy, J kg~! ..
LS col collision and coalescence
K bulk modulus of elasticity, Pa R
Cc due to heat conduction
M molecular mass, kg . . .
. 3 .1 CFD computational fluid dynamics
m mass change rate, kg m™" s L
rr e 2 1 d deposition
M mass diffusivity of vapor, m*s K X
. _3 D due to viscosity
n droplet number concentration, m X
_ . eff effective
n film area normal, — Exp experiments
num sample size, — f liquid film
Neol source term due to collision, m 3 s~} < gas
P gr;ﬁlgtrerf;f; fr’s gen entropy generation
> het heterogeneous
Rg specific gas constant, J kg~ K71 hom homogenous
RMSE root mean square error, — i specie
o 1 -1
S specific entr(.)py, Jkg K in,out inlet, outlet
S sppersaturatlon, — I liquid
t time, s L due to phase change
T temperature, K ;
s m mixture
Tsur film surface temperature, K ref reference
T film half depth temperature, K sat saturation
Ty wall temperature, K sur surface
u velocity vector, m s~ ! tu turbulence
u,v,w  velocity component, ms ' tran entropy transfer
X,Y,% cartesian coordinates v vapor
Y entropy generation rate, J m3s 1K
Y mass fraction, — Superscripts
* stagnation condition
Greek — Time-averaged
a volume fraction, — ! fluctuation
s constant p order of algorithm accuracy

emission sources or the air, and delivers it to a suitable site for storage or
recycling through cost-effective conversion [7], is acknowledged as an
essential technology package for climate mitigation [8]. Recently, there
has been a rapid maturation of CCUS-related technologies on a global
scale, indicating a trend towards the emergence of new technologies and
gradual drops in energy costs [9]. Fig. 1 summarizes various existing
CCUS technology classes and outlines their pros and cons. Objectively
speaking, absorption [10,11], adsorption [12,13], membrane [14,15],
cyclone [16], cryogenics [17], and other technologies have been
developed and proven effective for abatement in specific circumstances.
However, research into supersonic separation technology began rela-
tively recently, leaving uncertainties regarding its feasibility for decar-
bonization and ultimate application prospects. Therefore, this paper will
focus on the challenges and potential opportunities for the development

and promotion of this innovative technology.

Supersonic separation technology was initially patented in 1989 for
air conditioning [18] and has evolved over the following decades to
integrate the cooling properties of convergent-divergent nozzles with
the centrifugal separation principle [19]. This integration utilizes
swirling action to propel the condensed carbon droplets towards the
wall and out [20]. In the late 1990s, two companies, Twister [21] and
Translang [22], conducted structural, theoretical, simulation, and
experimental research on this technology in parallel. Since then, other
research institutions, including the Memorial University of Newfound-
land [23], China University of Petroleum [24,25], and Beijing University
of Technology [26] have also started to get involved in this field [27].
The supersonic separator depicted in Fig. 2(a) is a result of extensive
research and testing [28]. It has undergone numerous iterations to
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Fig. 1. Pros and cons of existing CCUS technology.
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Fig. 2. Supersonic separator: (a) working mechanism; (b) experimental platform; (c)(d) measuring means.

achieve its current design [29]. The swirl-condensation-separation
dehumidification step is considered to have a good dew point depres-
sion, which is beneficial to gas-liquid separation. Further, to understand
the working principle and performance of supersonic separators, it is
critical to grasp the condensation and swirling processes involved,
which can be achieved through numerical studies. Liu et al. [30]
developed an Euler-Euler mathematical model of a methane-vapor bi-
nary system, as a way to study the energy separation and condensation
characteristics of wet natural gas. Their finding is that pressure energy
recovery efficiency in the range of 57.1%-64.2% ensures high lique-
faction efficiency of natural gas in actual natural gas processing.
Shooshtari et al. [31] developed an Euler-Euler model considering ho-
mogeneous/heterogeneous condensation to study the effect of hetero-
geneous salt particles on the process of condensation and separation in a
supersonic separator. Bai et al. [32] utilized Euler-Lagrange method to
simulate crucial features of supersonic branching flow. In a similar vein,
Wang et al. [33] harnessed the Euler-Lagrange model to forecast droplet
trajectory and separation efficiency within supersonic separators. The
study shows that steam separation is significantly affected by droplet
diameters that fall within the 2-4 pm range. Combining both the Euler-
Euler and the Euler-Lagrange approaches provides a comprehensive
understanding of gas and droplet behaviors. The Euler-Euler approach
considers macroscopic droplet information, while the Euler-Lagrange
approach locates discrete droplet information.

In recent years, there has been progress in introducing the Euler film
model into the intrinsic framework, allowing for accurate simulation of
the liquid film spreading on the wall [34,35]. Yue et al. [36] investigated
the sensitivity of liquid flow rate to liquid film flow in a Gas-Liquid
Cylindrical Cyclone using the Euler-Euler-Euler model. Their findings

suggest that increased liquid flow rates impact the uniformity of the
liquid film distribution. Meanwhile, Deng et al. [37] simulated the gas-
liquid separation process within an axial flow cyclone by utilizing both
the Euler-Lagrange method and the Euler film model. The outcomes
reveal a progressive coverage of the separation section by the liquid film
over time. Ding et al. [29,38] introduced these two methods into the
supersonic separator, respectively, and analyzed the condensation and
separation performance from both continuous and discrete perspectives,
and obtained some key factors affecting the separation efficiency.
Meanwhile, a joint model integrating the Euler-Euler-Euler model and
the NIST real gas EOS has been developed to analyze the effect of su-
percritical CO; capture under different conditions [39]. The discussion
focuses on the condensation characteristics of the pure CO5 system, as
well as the mass separation characteristics of the CH4-CO; system.
Additionally, the impact of heterogeneous droplet concentration on
mass separation is also explored. In addition to mass separation, energy
loss is also crucial for assessing the performance of supersonic separa-
tors, of which entropy analysis is a commonly utilized method for this
purpose [40]. However, previous research has not extensively addressed
the energy and entropy aspects, and thus is necessarily insufficient to
comprehensively assess the decarbonization capability of supersonic
separators.

The purpose of this study is to assess the potential of supersonic COy
capture technology for high pressure decarbonization using an inte-
grated model that incorporates the entropy transport equation into the
Euler-Euler-Euler real gas model, focusing on the mass, energy and
economic analysis of the separation process while discussing entropy
generation and exergy destruction. Heterogeneous droplet concentra-
tion is still considered a factor for sensitivity analysis with the aim of
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improving condensation and separation. The direction of optimization
and potential applications for supersonic COy capture technology are
also presented in terms of numerical simulation.

2. Supersonic CO, capture technology
2.1. Working mechanism

The supersonic separator employs two processes to perform gas-
liquid separation, namely low-temperature condensation and cyclone
separation [41]. The low-temperature condensation process creates a
low-temperature environment by expanding the nozzle, resulting in the
condensation of vapor into droplets. Cyclone separation refers to the
process that the static blades on the guide cone with a certain diversion
angle have an influence on the internal flow field, resulting in a cen-
trifugal speed, so that the droplets with large mass are centrifuged to the
wall and gas-liquid separation is realized [42]. Fig. 2(a) is a conceptual
diagram of a typical supersonic separator, and Fig. 2(d) is the corre-
sponding object. A supersonic separator mainly consists of a swirl
generator, a supersonic nozzle, and a diffuser. A mixture of methane
(CH4) and CO; enters the swirl generator and becomes swirled. The
swirling gas is accelerated and cooled in the convergent section of the
supersonic nozzle to create a condensing environment. In the divergent
section of the supersonic nozzle, the CO5 vapor condenses into droplets
that are thrown against the wall and spread out to form a liquid film
under the action of the swirl.

Ideally, the produced liquid film flows along the wall outside the
liquid outlet, and only dry gas containing methane enters the diffuser,
where pressure is restored. However, it is important to note that steam is
not completely condensed into droplets, and not all droplets are large
enough to be separated by centrifugation. Small droplets will evaporate
and escape into the diffuser. Additionally, the liquid film formed by
droplet deposition can be stripped and entrained to the gas core. All of
these factors will impact the actual separation efficiency. Heterogeneous
droplets refer to externally introduced droplets that provide condensa-
tion cores to the supersonic separator. Contrastingly to homogeneous
droplets, when a non-equilibrium condensation environment takes
place, foreign cores can grow directly, without the need for steam to
form the core through condensation. The external core's diameter sur-
passes that of the homogeneous condensation core, providing centrifu-
gal separation with greater benefits. Previous studies have shown that
introducing heterogeneous droplets is an effective method to increase
the separation efficiency of a supersonic separator for mass separation
purpose [39]. However, the qualitative and quantitative analysis of the
entropy generation distribution and the energy distribution in the su-
personic separator has not been carried out yet. Therefore, the entropy
transport equation is added to the existing model, and the entropy
generation in the supersonic separator is intensively studied.

2.2. Numerical model

All mathematical equations and the CFD implementation will be
presented in this section and the following section 2.3. As mentioned
above, the model developed in this paper introduces the entropy
transport equation to the Euler-Euler-Euler model, which distinguishes
this study from other literature related to supersonic separators. As
shown in Fig. 3 the flow field within the supersonic separator was
evaluated via the Euler-Euler-Euler approach. The governing equations
for the gas and liquid phases were Eulerian, while the exchange of
source terms, such as evaporation and condensation, was taken into
account. The Euler film model was utilized to compute the formation
and development of the liquid film and the phase change of gas and
droplets on the liquid film, to determine the information at the wall.
Additionally, to evaluate the thermodynamic and transport properties of
a mixture of CH4 and CO», the NIST real gas model was employed [43].
In detail, the thermodynamic properties were calculated using the

Applied Energy 373 (2024) 123856
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Fig. 3. Schematic: mathematical model and entropy generation.

mixing rules of the Helmholtz-energy EOS applied to the mixture com-
ponents [44]. Furthermore, the introduction of the entropy transport
equation enabled the calculation of entropy generation resulting from
aerodynamic losses, viscosity, heat conduction, and phase change.

2.2.1. The Euler-Euler-Euler model

The developed Euler-Euler-Euler model is a three-field, two-phase
model consisting of a gas phase and liquid phase, with the fields
comprising the gas, droplet, and liquid film [29]. Each field is governed
by its own equations, and interactions between the fields are accounted
for, including non-equilibrium phase transitions between gas and
droplet, deposition between droplet and liquid film, and condensation
and evaporation between gas and liquid film. Mass changes are con-
verted among the three fields through source terms.

All the details of the governing equations can be found in Table 1.
The conservation equations for mass, momentum, and energy in a gas-
phase mixture of CH4 and CO,, along with the species transport equa-
tion between CH4 and CO-, gases, are presented in Eq. (1) - Eq. (4). For
the CO, droplets, the governing equations include the droplet mass
conservation equation, the droplet momentum conservation equation,
and the droplet number concentration transport equation, correspond-
ing to Eq. (5) - Eq. (7) in Table 1. For a supersonic separator, the
presence of the swirling field causes the droplets to impinge on the tube
wall and transform into a liquid film, and the liquid film conservation
equations are given by Eq. (8) - Eq. (10).

In Table 1, Mpom, Mpet, Mg, and n; represent the source terms resulting
from phase interactions that ensure mass conservation across two phases
and three fields, Eq. (11) - Eq. (14) in Table 2 are the calculation for-
mulas for them. My, My, represent the mass source term produced by
gas non-equilibrium condensation or homogeneous/heterogeneous
droplet evaporation, my represents the mass source term produced by
droplet deposition to form a liquid film, and my represents the mass
source term produced by film evaporation or gas condensation to liquid
film. In particular, for the calculation of important parameters for
droplet nucleation and growth during non-equilibrium phase transition
process, a detailed description is also given in Table 2. Eq. (15) is the
formula for calculating the nucleation rate (m_?’ s_l) of a homogeneous
droplet, where the critical nucleation radius is obtained from Eq. (16).
Eq. (18) is a formula for calculating the growth rate of a homogeneous
or heterogeneous droplet, wherein the radius of the homogeneous or
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Table 1
Summary of the governing equations for gas, droplets and liquid film
Item Equation
Gas phase 9 . . @™
p! 5 (agpg) + Vo (agpgﬁg> = - (mhom + mhe[>
[ - (2
x (ag/’g “3) +Ve (U’g/’g =
—agVp+Ve (agreﬁ) + ag,og? - (mh,,m + nihet) 7g — FD
(©))

9 -
&(agng) +Ve [“g(PgE +p) ug} =

Ve [agzeffvr 7agZhIJ +ag reff. T, )] mh0m+n‘lhe,)h(g

4
3 (agngl) +Ve (agpg gY) =—-Ve (

x) - (mhom + mhe[) @

Droplets i . . 5)
&(ahompl) +Ve (ahompli}hom) = Mpom — Meol
4 — . .
* (Ahetpr) + V' ® | Qhetpy Uher | = Mher + Mcol
(6)
ax (ahum/)[ u hom) +Ve <ahom/)lﬁ)ham H)hom> = —@hom VP + ahom/’l?
+("‘Umm - mcol) H>hom + ?D.hom
4 - - = -
ax QhetPy Unet | +V ® | GhetPy UWnet Unet | = —Ohet VP + Qhetfy &
+ (mhet + Fflcoz) Whet + Fopet
on — : )
ah;m +Ve <nhom uhum) =1—Neo
[
’;her +Ve <“herﬁhet> =0
Liquid film 9 ) . ®
q = (018)+ Vaur o (p,&@) - 6<md - mf>
0 3 3 L 9
3 (plé uf> + Vur ® (plé uy uf> — VD + pla g+ —?fs ”is S + T‘; + (md — mf) ﬂ}
2} 2 . . (10)
at (/’l‘shf) + Ve (Pl5hfﬂ>f) gl(Tsur +Tw —2Tn) + (md - mf) hyg
bl heterogeneous droplet is obtained from Eq. (17).
Table 2

Summary of the source terms for gas, droplets and liquid film

2.2.2. Entropy transport equation

Equation

. 4nrd
Source term between gas and droplet [45]: Mpom = Ip; 3 <+

dry,
nhomﬂl“”"}?om d;m

. dr,
Source term between gas and droplet: myp,, = "het/’14”’3he[ d’ft

Source term between droplet and film [46]:
. . . — — — —
My = Mg hom + Mdhet = XhomP| Uhom ® T + AnetPy Uher ® T
Source term between gas and film [47]:
1 pM/Dy ; .
iy = LS G (Vi — V)
T 76 pM/Dyy + Cppase P
Homogeneous nucleation rate [48]: I =

9 | 20 167 9%6°
S NPl T3 e a2
S\ amp, 3 (ksTy) (In(S))

20
Critical nucleation radius: r, = ————
¢ pReTeln(S)
. 3ap, 1 3pe \ L
Droplet radius: rho,m = O )3 P = | — )3
P o (47"lhom het 47N

ar Yia T
Droplet growth rate [49]: P lillgl (Tsar =Ty — (Tsar — Tg) f)

11)

(12)

(13)

(14)

(15)

(16)

17)

(18)

Furthermore, the entropy transport equation was introduced to
advance this study. The specific entropy s of wet vapor in a transonic
condensing flow can be expressed as [50]

§ — Sy = Stran + Sgen = Stran + Sgen,D + Sgen.C + Sgen L + Sgen.A (19)

where sy4, stands for entropy transfer. The total entropy generation Sge,
consists of four components (Sgenp, Sgen,C> SgenL> Sgena), T€Presenting the
entropy generation due to viscosity, heat conduction, phase change, and
aerodynamic losses, Table 3 is the specific equations. The transport
equations for entropy are first-order linear partial differential equations
(PDEs) that satisfy the principle of superposition, each part of entropy
change is calculated by Eq.(20). The equations for the source terms Yiqn,
YeenDs Ygenc, and Ygen that correspond to Siran, Sgen.Ds Sgen,c> and Sgen . can
be found in Eq. (21)-Eq. (28). The viscous dissipation Y, p appears two
groups of terms, one with mean and the other with fluctuating quanti-
ties, namely local viscous entropy generation rate. The entropy gener-
ated during a condensed phase transition is denoted by sg; 1, which is
caused by the temperature difference between the liquid and vapor.
Therefore, Y, is also linked to the temperatures of both gas and liquid.
After completing calculations for the other variables, subtracting their
sum from the total provides the result for sgen.

It is worth pointing out that in this mathematical model, the
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Table 3
Summary of the formulas for calculating the entropy change
Item Equation
General D(sy) dpsy 0 - (20)
— =t pspUi ) =Yy
"Dt o o </)s/ u‘) ’
Stran v _ 0 (lg T (21
T g \ T 0xg
Sgen,D Yeenn = ngﬁ + Yeenr (22)

e R (ORI B

(D )]

"k 24
Yo = ””T‘”
Sgen.C Yeene = Yoeug + Yeenc (25)
v ATV LTV, (T 26)
et =72 |\3 Py P
Y, Yu 4 [ (OT\* | (9T\* , (9T\? @7
gnc =5 T2 | \ox ay 0z
s . . 1 1 28
genL Yeen1 = <mhum + mhez> . hlg (F - Fl) 28
g

thermodynamic properties are calculated using the modified Benedict-
Webb-Rubin (MBWR) EOS, Helmholtz-energy EOS, and extended cor-
responding states (ECS) triplet equations of state provided by the NIST
model for the pure CO, system, and the mixing rules of the CH4-CO»
system, the thermodynamic properties were calculated using the mixing
rule of Helmholtz-energy EOS.

2.3. Numerical schemes

Numerical calculations were performed in this study utilizing Ansys
Fluent software. A combination of default solver and user-defined
functions was utilized. User-defined functions (UDFs) are written to
compute the droplet governing equations, the coupled source terms of
the two-phase three-field models, and the entropy transport equation
using the UDS equations, and the UDM is used to store the values of the
relevant physical quantities. The turbulence model uses the standard k-
epsilon model when the simulation object is a Laval nozzle and the
Reynolds stress model (RSM) when the simulation object is a supersonic
separator, bringing a heightened level of accuracy to the simulation. A
pressure-based transient solver utilizing implicit formulation and the
Roe-FDS flux type solution is employed. The governing equations, the
turbulent kinetic energy equation, and the turbulent dissipation rate
equation were calculated using the second-order upwind equation. To
solve the droplet deposition problem, the coupling between the wall and
the Eulerian wall film model is turned on in order to compute the liquid
film formation and evolution problem. The boundary conditions are
similar to the operation conditions, where the pressure inlet condition is
applied to the inlet of working fluid, while the pressure outlet condition
is applied to the outlet of working fluid. The detailed boundary

Table 4
Boundary conditions
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conditions are listed in Table 4. Furthermore, the numerical model is
based on the following considerations and assumptions [39]:

(1) The condensation characteristics of CO5 in pure CO, flow are
studied by using pure CO, system, and the CO, capture process in
natural gas is simulated by using CH4- CO; system.

(2) Assuming that all droplets are spherical, consider coalescence
and collision between droplets.

(3) Considering the homogeneous and heterogeneous condensations
of CO, vapor, it is assumed that the latent heat released by
condensation is absorbed by the gas phase.

(4) Considering the slip between gas phase and liquid phase, the
phase change between gas phase and liquid film, and the depo-
sition and entrainment between liquid droplets and liquid film.

3. Validation and analysis

The model was subjected to two validation processes, the first
focused on demonstrating the model's ability to accurately predict CO,
condensation, and the second aimed to assess the accuracy of the model's
prediction of the combined performance of the supersonic separator. In
addition, classical variables such as pressure and temperature are
analyzed to illustrate the rationale for numerical and geometric
modeling.

3.1. Validation of the condensation model

Fig. 4 (a) shows the structure and mesh of the supersonic nozzle used
for the validation from the CO; condensation experiment of Lettieri et al.
[51]. The experimental data of pressure ratio also comes from this
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6
4
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document. The total length of the nozzle was 98.37 mm with inlet,
throat and outlet diameters of 12.70 mm, 3.09 mm and 4.01 mm,
respectively. A two-dimensional structural mesh was used with localized
refinement of the region near the wall and throat. Half of the mesh was
drawn, and the axes were used as axisymmetric boundaries to patch the
entire flow field.

A verification test was performed first to obtain the optimal
computational mesh, three sets of meshes were computed and analyzed
using the Grid Convergence Index (GCI): I: fine mesh (87,200 quadri-
lateral cells), II: medium mesh (71,880 quadrilateral cells), and III:
coarse mesh (56,200 quadrilateral cells).The GCI was computed using
Eq.(29), where F;, is the safety factor with an empirical parameter value
of 3, ¢ is the relative error between two meshes, ¢ is the refinement factor
ratio, and the superscript p is the order of algorithm accuracy. Accurate
prediction of condensation shockwave and the outlet wetness in a su-
personic nozzle are the measures of grid quality. The two-parameter grid
independence test is carried out by using the condensation shock wave
position (Wilson point) and outlet wetness in supersonic nozzle, specific
GCI test results are shown in Table 5.

Fyqle

|
] =
GCI =

x 100% 29

The present computational fluid dynamics (CFD) simulation main-
tains the same pressure and temperature conditions as Lettieri's [51]
experiments, with the inlet pressure and temperature set to p;,= 57.24
atm and T;, = 314.78 K. Fig. 4 (b) shows a comparison of the CFD results
with the experimental results. The CFD model accurately predicted both
the Wilson point and the condensation shock wave for the wet gas
condensation process. The CFD model's prediction accuracy is reflected
in the root mean square error (RMSE), as calculated by Eq. (30), pro-
ducing a result of 0.01471 (close to 0). Thus, the CFD results and
experimental results are in good agreement.

RMSE = \/ 1/nungn (bicrp — bigg)

2

(30)

3.2. Validation of supersonic separator

Next, the CFD model was validated to assess the adequacy of the
developed model to evaluate the overall performance of the supersonic
separator. Currently, there is a gap in the experiments on CO; conden-
sation and separation in supersonic separators. And the existing exper-
imental conditions support to be performed in an air-water system. The
experimental concept is shown in Fig. 2(b), the mixture of wet gas and
heterogeneous water droplets enters the supersonic separator. A water
collection device is placed at the liquid outlet and the dry gas is dis-
charged from the dry gas outlet. Three measurement methods were
employed during the experiment, and physical photographs are
included in are shown in Fig. 2(c-d). Measurement method A aims to
measure the size and concentration of water droplets, and uses the
principle of extinction, Method B is designed to measure the wall pres-
sure along the supersonic nozzle using pressure probes, while Method C
measures the liquid film thickness at the liquid outlet.

The structure of the used supersonic separator is shown in Fig. 5. The
swirl generator consists of the guide cone and 8 static blades, and each
blade has a length of 80 mm, a height of 13.5 mm, and a thickness of 3
mm. There is a 65 mm distribution region in front of the blade region
and a 10 mm straight section behind the blade region which connects to

Table 5
The specific test results of the Grid Convergence Index.
Grid -1 Grid II-11T
Fq P ern (%) GCIi i (%) e (%) GCIym (%)
Position 3 3 0.15 0.19 0.81 1.02
Outlet wetness 3 3 0.13 0.34 0.69 1.48
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the supersonic nozzle. The supersonic nozzle features a 50 mm
convergent section and a 265 mm divergent section. Additionally, a 15
mm straight section is included post-throat to satisfy installation re-
quirements. The nozzle inlet, throat, and outlet have diameters of 54
mm, 11.57 mm and 14.60 mm respectively. The supersonic nozzle is
succeeded by a drain section and a diffuser. The drain section measures
50 mm in length and has a clearance of 2 mm at the drain outlet. The
total length of the diffuser is 480 mm, which diameter is expanded from
12.60 mm to 16.90 mm and finally reaches 54 mm. The same geometric
configuration is applied in both the experimental and simulation pro-
cedures in order to guarantee precision of validation, the overall struc-
ture can also be seen from the mesh diagram in Fig. 5. In order to
optimize computing resources, the first 50 mm of distribution region,
which has little effect on accuracy, has been omitted. The z-axis was set
as the axis of rotation and the throat center was set as the position of
origin. By conducting GCI tests, the number of grid cells was determined
to be 557,560.

On this basis, experiments and simulations were performed with air
and water vapor in the gas phase and water droplets in the liquid phase.
The operating conditions adopted were that, the inlet and outlet pres-
sures were 3 atm and 1 atm, the inlet and outlet temperatures were 300
K, the inlet humidity was 100%, and the inlet heterogeneous droplet
diameter and mass concentration were 2.2 pm and 0.005 kg/m®. Fig. 6
(a) shows the gas pressure distribution obtained from the experiment
and the CFD model. The experimental data in the figure are in good
agreement with the CFD data, and the RMSE is evaluated as 0.04772,
indicating a high agreement. The comparison was continued by
changing the inlet heterogeneous droplet mass concentration py, ;, to
0.05 kg/m® and 0.1 kg/m>. Fig. 6(b) shows the CFD and experimental
data for the film thickness at the liquid outlet. Such deviations of CFD
results from experimental results are considered to be within a reason-
able range due to the inherent uncertainty and volatility of the liquid
film data. In summary, the CFD model can be used for further analysis.

3.3. Analysis of classical variables

The classical variables for CH4-CO4 system in this supersonic sepa-
rator were analyzed and captured using the developed model. The data
presented in Fig. 7 arises from the case for inlet, gas outlet, and liquid
outlet pressure of 150 atm, 80 atm, and 60 atm, respectively, in com-
bination with a temperature of 258 K. The inlet heterogeneous droplet
diameter and the inlet heterogeneous mass concentration were deter-
mined to be 10 pm and 7.5 kg/m®. The molar concentration of CO; at the
inlet is 1.1 kmol/m?, 1.7 kmol/m® and 2.3 kmol/m? respectively. Except
for studying the influence of molar concentration of CO3 at the inlet on
condensation, the other numerical simulations all adopt 2.3 kmol/m? as
the condition of fixed molar concentration of CO3. And, Fig. 9 and
Fig. 10 depict mass-averaged statistical distributions of pressure, tem-
perature, droplet number concentration, sound speed, and Mach num-
ber along the supersonic separator, revealing an overall trend. Before
starting, two aspects of the model need to be emphasized: firstly, the
technique used to calculate the Mach number, and secondly, the inclu-
sion of dry-ice formation.

Then, three cases where the molar concentration of CO5 at the inlet is
1.1 kmol/m?, 1.7 kmol/m? and 2.3 kmol/m? respectively were selected,
and the typical flow field parameters under the three concentrations
were analyzed: the contour distribution of CO2 mole fraction (Fig. 8(a))
and the evolution trend of supercooling (Fig. 8(b)). The results show that
with the increase of imported carbon dioxide molar concentration, the
trend of the CO, mole fraction is basically the same, showing a trend of
first decreasing and then slightly increasing. In addition, with the in-
crease of imported molar concentration, the supercooling required for
condensation decreases, and condensation will be more likely to occur.
This is because the greater the molar fraction of imported CO5 vapor, the
greater the partial pressure of CO- in the gas mixture, the easier it is for
CO5, to condense, and the more CO, it condenses.
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The determination of subsonic/supersonic conditions for compress-
ible multiphase flows relies on the Mach number calculation. It should
be noted that the Mach number of a fluid mixture composed of two
phases cannot be reduced to a single-phase ideal gas model [52]. In this

(a) Gas pressure

(b) Gas temperature 180 190 200

(c) Mach number 0 0.2 0.4

—

(d) Film temperature 220 230 240

work, the calculation of the compressible gas phase sound speed c,,
whether single or multi-species, follows the real gas model. For the
compressible liquid phase, the sound speed of the liquid is given by [53]

1
_ M D 7pl,ref 2
“a= ( K; exP( K ) ) G

where K; is the liquid bulk modulus of elasticity, p; s and pi s are the
reference density and pressure of the liquid. The relation between the
mixture sound speed and the single-phase sound speed is:

-1
A a Q
A= (—g+—1) £+ — (32)
pg 141 ngg plcl
If @ = 0, meaning there is no liquid present in the flow field, the
result of ¢y, is ¢g. If o; is greater than zero, ¢, usually exceeds the speed of
¢;. Therefore, determining the mixture sound speed is crucial, and

cannot be substituted with the sound speed in a single phase. The Mach
number is thus calculated by dividing the mixture speed by the mixture

sound speed, denoted as Ma = ‘7"1‘/% [54]. During the design of the

supersonic separator, the goal was to avoid shockwaves within the su-
personic nozzle. The length of the nozzle's divergent section was
determined to be 250 mm. As a result, Fig. 7(a) and Fig. 9 clearly show
that the occurrence of pressure shockwaves is precisely at the drain
outlet. The maximum Mach number upstream of the shock at axial po-
sition z = 265 mm is 1.53, where the minimum pressure is 28.75 atm.

CO,, freeze-out occurs when CO is cooled below the CO; triple-phase
point temperature (217 K). This phenomenon poses a problem in COy
capture as dry ice can cause blockages in supersonic separators. As a
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Fig. 7. The contours of classical variables: (a) gas pressure; (b) gas temperature; (c) Mach number; and (d) liquid film temperature.
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Fig. 9. The distribution of classical variables along the separator: (a) gas
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solution, supersonic separators should be designed to precipitate liquid
CO, at appropriate temperatures [55]. Fig. 7(b) and Fig. 9(b) displays
the temperature distribution within the y = 0 cross section of the su-
personic separator. The variation in temperature indicates a small region
near the drain outlet where the temperature falls below 217 K. Theo-
retically, this region exhibits properties of the solid-phase region of COo,
resulting in the conversion of CO5 droplets into dry ice. However, the
wall temperature, the gas temperature in the boundary layer and the

liquid film temperature, as shown in Fig. 7(d), are all higher than 217 K.
The wall temperature is queried to be about 258 K, which is higher than
the gas temperature, and there is heat exchange between the liquid film
and the wall. That is to say, even a small quantity of dry ice generated in
this area will promptly return to its liquid phase in proximity to the wall.
Therefore, in the numerical model developed in this paper, the freeze-
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Fig. 10. The distribution of classical variables along the separator: (a) droplet
number concentration; (b) sound speed; and (c) Mach number.
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out of COs, is sensibly neglected.

Fig. 10(a) displays the droplet number concentration (homogeneous
+ heterogeneous). Only the heterogeneous droplets are present before
the nozzle throat, due to the swirling motion, the heterogeneous drop-
lets cling to the wall and their number per volume decreases progres-
sively. Downstream from the throat, many homogeneous nuclei are
produced by condensation, which grow and deposit rapidly. At the drain
outlet, the shock wave caused the liquid film to strip and separate
droplets, which increased in number before being quickly separated out.
These changes above lead to changes in the liquid phase concentration,
which affects the liquid phase sound speed and ultimately changes the
mixture sound speed. Also, it is a well-established fact that the sound
speed and Mach number have an inverse relationship, as illustrated in
Fig. 10(b-c). On the basis of the above, overall, the gas pressure in the
convergent section of the supersonic nozzle continues to expand,
accompanied by a decrease in the static temperature and an increase in
the Mach number. Once the gas reaches the throat of the supersonic
nozzle, the Mach number hits 1.0, leading to a temperature decrease of
about 30 K. The gas expands further through the convergent section of
the supersonic nozzle and the diffuser with a progressively increasing
Mach number. Once the Mach number reaches its peak of 1.6, the
temperature decreases to a minimum value of 199.0 K. In the diffuser,
the gas pressure and gas temperature undergo partial recovery, resulting
in a corresponding decrease in the Mach number. Upon reaching the dry
gas outlet, the gas pressure registers at 79.0 atm, while the temperature
is 263.5 K, and the Mach number is reduced to 0.04. Therefore, from the
qualitative aspect, the developed numerical model is accurate.

4. Mass, energy and economic analysis

The supersonic separator's ability to reduce carbon emissions was
tested using the developed model that focused on two aspects: capturing
the most COy mass and minimizing energy waste. This assessment not
only measured the separator's effectiveness at capturing CO,, but also
emphasized the importance of conserving energy during the separation
process.

4.1. Utilization of mass transfer

First, the study focused on investigating the impact of foreign
droplets on mass transfer. Fig. 11(a) shows the variation of CO2 mole
fraction in the flow field when only homogeneous condensation occurs,
and it can be seen that the CO5 mole fraction at the gas outlet is about
19.3%, which is not much different from the inlet. In contrast, Fig. 11(b)
shows the combined effect of homogeneous/heterogeneous condensa-
tion on the flow field, where the outlet CO5 mole fraction drops to about
16.7%, implying better carbon mass separation.

Further, Fig. 12 displays the CO5 vapor mole fraction profile along
the axial direction for varying heterogeneous droplet concentrations.
For the case with only homogeneous droplets, the mole fraction of CO,
vapor at the dry gas outlet of the supersonic separator is almost equal to
that at the inlet. Nevertheless, the existence of heterogeneous droplets
leads to the condensation of part of the carbon vapor on the heteroge-
neous nuclei. Heterogeneous nuclei typically have a larger diameter
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Fig. 12. Vapor mole fraction distribution under different py,, ;,

than homogeneous nuclei, resulting in a greater mass and higher prob-
ability of centrifugal separation. Correspondingly, heterogeneous
droplets are more likely to contact the wall, deposit and separate, ful-
filling the purpose of carrying vapors away from the supersonic sepa-
rator in the form of droplets. Thus, in the presence of heterogeneous
droplets, the CO, vapor mole fraction at the dry gas outlet is generally
lower than in the case of homogeneous condensation alone. Further-
more, the molar fraction of carbon vapor at the outlet tends to reduce as
the inlet heterogenous droplet concentration increases, indicating a
greater separation of carbon dioxide.

A visual representation of the liquid film thickness evolution across
varying heterogeneous droplet concentrations is presented in Fig. 13.
When the gas containing swirling droplets flows into the nozzle
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Fig. 13. Film thickness distribution under different pp,, ;,
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Fig. 11. Effect of the presence of foreign droplets on the mass transfer.
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convergent section, due to centrifugal force, the swirling droplets move
towards the wall, thus the liquid film begins to take shape. In the
convergent section, the rapid increase in gas velocity leads to an increase
in droplet and liquid film velocity. However, as the gas velocity in-
creases to supersonic level, the liquid film velocity at the nozzle throat
accelerates by <1 m s 1. The high shear force results in the stripping of
the liquid film. In the divergent section of the nozzle, droplets are
continuously deposited and part of the water vapor condenses to form
liquid film, so the thickness of the liquid film slowly increases. After the
film enters the drain outlet, the effect of gas on the liquid film decreases.
The film thickness will increase dramatically, although the evaporation
behavior of the liquid film exists in this stage. Apparently, in a situation
of homogeneous flow, the liquid film thickness approaches zero, indi-
cating minimal droplet deposition on the wall surface and subsequent
separation. As the concentration of heterogeneous droplets continues to
increase, the thickness of the liquid film gradually increases. This trend
is especially evident at the liquid outlet position, situated around 270
mm into the system. The liquid film thickness eventually achieves a
substantial magnitude, reaching up to 168 pm in the case of pp, ;, = 10
kg/m?>. This result implies an increased potential for large-scale utili-
zation, as the increased liquid film thickness improves the likelihood of
successful separation.

4.2. Utilization of energy transfer

The entropy generation of the supersonic separator are explored in
this section. For the case of pj, ;; = 7.5 kg/m>, the entropy generation
data of different cross sections on the divergent section of the supersonic
nozzle were analyzed and compiled into Fig. 14. It can be seen from the
data that with the increase of axial position, the values of total entropy
production and four kinds of entropy production all increase, among
which viscous entropy generation g, p, phase change entropy genera-
tion Sz and aerodynamic entropy generation Sgna occupy the main
components. The entropy generation data four types regarding the z =
260 mm cross-section were selected for further illustration. The total
entropy generation of this cross-section is 0.529 kJ/(kg k), of which sgen 4
accounts for 33.28%, Senp accounts for 48.60%, sgn; accounts for
18.07%, and Sgen ¢ is only 0.05%. That is to say, fluid viscosity, phase
change and aerodynamic loss are the main factors leading to entropy
generation in the nozzle expansion section of supersonic separator,
which will cause irreversible energy loss.

The entropy generation due to phase change is mainly caused by
homogeneous condensation and heterogeneous condensation, the
values of entropy generation along the supersonic nozzle due to ho-
mogeneous and heterogeneous phase change are shown in Fig. 15. From
the graph, it can be analyzed that both S, hom and Sgen ner are showing a
growing trend. But Sgnpom fluctuates between 0.001 kJ/(kgeK) and
0.002 kJ/(kgeK), while s po: grows from zero all the way up to 0.095
kJ/(kgeK). Numerically speaking, Sgenphe: is two orders of magnitude
larger than sge, pom- Therefore, it can be concluded that the role played by
heterogeneous condensation in the entropy production due to phase
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Fig. 14. Four types of entropy generation along the nozzle
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Fig. 15. Entropy generation due to homogeneous and heterogeneous phase
change along the nozzle

change accounts for a large part of it, while the role of homogeneous
condensation is almost negligible.

When considering the influence of viscosity on entropy generation, a
significant factor is the mean value of viscous dissipation, represented as
Yon - This value plays a crucial role in driving the overall increase in
entropy. Fig. 16 provides a visual representation of how this energy
dissipation is distributed across the flow field. From the diagram, it is
apparent that there are four significant regions where the mean value of

viscous dissipation Y5 is prominently pronounced. These regions

include the sharp corner of the cone, the near-wall region, the drain
outlet region, and the diffuser section. This distribution pattern reveals
potential inefficiencies in the present design of the supersonic separator.
It suggests that there exists an opportunity for enhancement, particu-
larly by optimizing the design of components like the drain outlet and
cone. Refining these particular regions has the potential to enhance the
separator configuration.

4.3. Mass and energy assessment

The effect of different py,, ;, on mass utilization was counted. The CO»
vapor removal rate and the mass of separated CO5 per second are two
important indexes chosen in this study. Fig. 17 clearly showed the
changing trend of the two indicators. As the py,, ;, increases from 0.1 kg/
m® to 10 kg/m?, both indicators show a trend of increasing and then
decreasing, which can reach a maximum of 24.25% and 0.28 kg/s. With
such a variation pattern, a py,, ;, of 5 kg/m® is expected to achieve the
best quality utilization efficiency, but its energy consumption remains to
be explored. Among them, the calculation method of CO3 mass sepa-
rated per second Mcoy is as follows:

Mcoz2 = Qou <YC02,out - Ycoz,m) (33)

where o, Ycoz.in and Yeop ou represent the outlet mass flow rate (kg/s)
and mass fraction of the inlet and dry gas outlet inside the supersonic
separator, respectively.

Additionally, two measures were selected to assess energy efficiency,
which are the exergy destruction and the total entropy generation at the
outlet. In Fig. 18(a), the impact of increasing py,, ;, ranging from 0.1 kg/
m® to 10 kg/m> becomes evident. There is a clear tendency for both
indicators to increase and then decrease, with peaks reaching 179.58 kJ/
kg and 0.66 kJ/(kgeK) respectively when p;,,;, was 5 kg/m®. This in-
dicates that the more available energy is lost inside the supersonic
separator due to irreversible processes, an indication of reduced energy
efficiency. Here in Fig. 18(b) has the same trend. After calculation, the
maximum values of 477.29 kW and 451.75 kW can be reached at a pp,, ;,
of 5 kg/m? and 7.5 kg/m? respectively, which also proves that the en-
ergy loss is the largest under these two concentrations. As shown in
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Fig. 17, it is considered that the pp,, ;, of 5 kg/m?® has a better CO, mass
separation performance. It can be seen that the mass separation per-
formance and energy utilization performance are two contradictory
evaluation parameters. Specifically, improving mass separation perfor-
mance typically involves using more energy, while pursuing lower en-
ergy utilization may sacrifice mass separation performance. A
combination of these two factors is critical in the design and optimiza-
tion of supersonic separators. By continuing to calculate the energy
consumption required for CO3 separation per unit mass and time (Fig. 18
(b)), it can be found that the energy consumption per unit mass and time
is lower at 7.5 kg/m°. Therefore, it is expected to achieve a balance
between mass and energy utilization between 5 kg/m> and 7.5 kg/m?,
which needs more calculation and validation.

The analysis of this study shows that there is still a lot of room for
research on supersonic separators. First, the structure used in this study
is not the best separation structure, and there must be better ways to
make the viscous dissipation [56] relatively small. Second, it is currently
difficult to obtain experimental data on supersonic separators, better
intelligent detection methods need to be developed, as well as more field
tests are needed for industrialization. Third, it is still worth exploring
exactly what operating conditions provide the relatively best dual uti-
lization of mass and energy for CO, capture, which requires a large
amount of simulation and experimental data for a multi-target analysis.
Finally, this technology has been applied on a certain scale by some
international companies, mostly focusing on offshore natural gas
extraction. Whether supersonic COy capture technology alone or in
combination with other CCUS technologies can have greater breadth
and depth of application requires subsequent research and advancement
by multiple parties [57].
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4.4. Economic analysis

For cost analysis, this study summarizes the CO2 purity and recovery
by CO; capture and separation technology commonly used at present
[58,59].

Supersonic low-temperature phase change separation technology in
our study has no chemical reagents and does not involve additional
pollution in the capture system. It has become a new green capture
technology with great potential and application value. Cascade mode
can effectively improve CO recovery rate. According to the utilization
of mass and energy by current supersonic separation technology, the
removal rate of CO3 can reach about 25% with the addition of single-
stage separator, but the outlet pressure is still high enough for multi-
stage separators. With the addition of multi-stage cascade, increasing
pressure loss will bring greater CO, recovery. Table 6 below summarizes
the economic parameters under different CO5 separation technologies.

5. Conclusions

The main objective of this study was to investigate the feasibility of
supersonic COy capture technology, a novel CCUS method, for decar-
bonization. CO4 capture in the natural gas extraction process was chosen
as an entry point to study the condensation and separation of super-
critical CO, in a CH4-CO; binary system in a supersonic separator. The
utilization of mass and energy by the CO5 capture process in the su-
personic separator was analyzed using a combination of the entropy
transport equation and the Euler-Euler-Euler real gas model. The find-
ings led to the following discoveries:

(1) For mass utilization, the presence of heterogeneous droplets al-
lows more CO; vapor to condense into droplets and be thrown
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Table 6
The key technical and economic parameters
CO,, Separation CO. CO, Energy Capture
Technology recovery purity consumption cost ($/t
(% vol.) (%) (GJ/t COZ) CO3)
4 Chemical 85-90 >95% 1.83-4.0 62.80
absorption
[60,61]
& Physical 88-95 >99% 2.4-9.0 89.66
absorption
[62,63]
€ Membranes 70-90 >95% 1.1-1.9 80.46
[64,65]
€ Biological [66] 10-40 >99% - 793
& Cryogenic 90-99 >99% 0.85-3 52
[67,68]
4 Supersonic 60-80 >99% 0.85-2 38
separator (SS)
& SS+ 90-95 >99% 1.34-3 50.4
absorption
Notes: $ = USD

USD 1 = EUR 0.93

against the wall to form a liquid film, thus capturing a larger mass
of COZ.

For energy utilization, viscosity, heterogeneous phase change,
and aerodynamic loss are the three main factors leading to en-
tropy generation, which account for 48.60%, 18.07% and 33.28%
respectively, and the entropy generation due to heat conduction
accounts for only 0.05%. And unreasonable structures such as
sharp corner and drain outlet are the causes of large viscous
dissipation.

(2
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(3) For the dual utilization of mass and energy, the results show that
an inlet heterogeneous droplet concentration between 5 kg/m>
and 7.5 kg/m? is expected to condense and separate the most CO
and require the least energy. The maximum recovery rate of CO»
predicted by SS combined with absorption can reach 90%, while
the minimum energy consumption is 1.34 GJ/t, and the cost can
be lower than that of single adsorption method, which can be as
low as 50.4 $/t.

The analysis of this study shows that there is still a lot of room for
research on supersonic separators. This study also investigates and cal-
culates the economic indicators of different CO, separation technolo-
gies. Whether supersonic CO, capture technology alone or in
combination with other CCUS technologies can have greater breadth
and depth of application requires subsequent research and advancement
by multiple parties.
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