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Abstract. The supersonic separator is one of the technologies under development for heavier components separation
(especially CO2) from natural gas. It is recognized for its efficiency, compact design, and absence of moving parts, which
results in reduced maintenance and low footprint. The separation mechanism relies on accelerating the gas to supersonic
speed through a convergent-divergent nozzle. In the divergent section, the gas expands, causing a temperature decrease
enough to condense the heavier components. Once the heavier components condense, their separation is achieved by
imposing a centrifugal force that conducts the droplets toward collectors attached to the nozzle walls. A possible approach
to imposing centrifugal force on the flow is to curve the nozzle geometry along the flow path . In order to evaluate the
centrifugation effects as well as the curvature on the flow behavior and separation efficiency, the nozzle curvature angle
and radius are varied, thereby changing the centrifugal force applied. In this context, CFD simulations with different
geometry configurations of the curved nozzle in the supersonic separator are conducted, and the trajectory of the particles
is monitored using the Discrete Phase Method (DPM) to assess the impact of centrifugal force on the separation efficiency
of the device. The numerical simulations are carried out using the ANSYS Fluent code, which is based on the Finite Volume
Method. With the different curvature configurations tested, the centrifugal force attained levels ranging from 111,000 g
up to 265,000 g. The maximum separation efficiency observed across these configurations was 71%.
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1. INTRODUCTION

The demand for cleaner energy sources is steadily increasing, driven by concerns about the environmental impacts of
traditional energy production methods. Transitioning to a cleaner and more sustainable energy system is both a challenge
and an opportunity. In this context, new technologies and energy sources need to be developed to meet these demands.

Natural gas emerges as a compelling alternative owing to its lower CO2 emissions and reduced air pollutants, such
as nitrogen and sulfur oxides, compared to coal and oil when utilized for power generation (Silva, 2010). Moreover,
natural gas exhibits superior energy efficiency, necessitating less fuel to produce equivalent energy outputs in comparison
to coal and oil. This efficiency not only minimizes natural resource consumption but also mitigates environmental impacts
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associated with their extraction, transportation, and combustion.
Raw natural gas contains contaminants such as CO2, water, and acids, which not only diminish the heating value of

the gas but also pose safety hazards and increase transportation expenses due to pipe corrosion (Altam et al., 2017). In
response to these challenges, supersonic separators emerge as a promising solution. Their compact size, lack of moving
parts and manual operation requirements, and low maintenance make them suitable for offshore installations.

The separation mechanism relies on accelerating the gas to supersonic speed through a convergent-divergent nozzle.
As the gas expands in the divergent section, it undergoes a decrease in the static pressure and temperature, leading to the
condensation of the heavier components. In order to promote the separation of the condensed components, centrifugation
force is imposed to the flow. The liquid droplets formed are conducted by centrifugation towards collectors that are at-
tached on the wall located downstream. The remain natural gas flows dowstream up to the nozzle outlet. For axyssimetric
flow, a swirler may be used at the subsonic section (Wen et al., 2015; Yang and Wen, 2014; Wen et al., 2010; Wang
et al., 2023), however, building and switching different swirlers to vary the centrifugation force can be laborious and
complex. Alternatively, the centrifugation may be generated by bending the nozzle at the supersonic section along the
streamwise direction, that is, curving the nozzle with a constant radius and arc angle. Although a curved geometry may
require a grater footprint, it offers a more flexible and simpler setup, allowing the curvature to be adjusted as needed, es-
pecially for experimental tests. Figure 1 illustrates a curved configuration of a supersonic separator developed by Orbital
ATK (acquired by Northrop Grumman - www.northropgrumman.com) and ACENT Laboratories (acquired by Calspan -
www.calspan.com), depicting the operating principle where the centrifugal force of the curved flow drives the condensed
particles towards the collector.

Supersonic separator flows involve high velocity and strong pressure gradients, shock wave formation and reflection,
Prandtl-Meyer expansion fans, and interactions of these shock waves with the boundary layer. Careful studies are neces-
sary to investigate these phenomena due to their direct impact on equipment performance. Numerical simulations can be
used as valuable tool to investigate the flow behavior in the supersonic separator.

The interaction between the shock wave and the boundary layer may locally promote the shock wave and downstream
flow to have a transient or intermittent behavior, however the transient behavior that may occur will not be considered in
this work. Numerous studies that address numerical simulations of supersonic separators consider the flow as steady, as
reported in Liu et al. (2014), Wen et al. (2015), Yang and Wen (2014) and Wang et al. (2023), among other publications.
In fact, the unsteady behavior of the flow occurs locally around the shock wave and the boundary layer, such effects on
the overall flow behavior will not be investigated in this work. Despite its higher computation cost, consider the flow as
transient can be a topic for a future work so that one may analyze if the flow unsteadiness may cause an impact to the
general feature of the flow and separation efficiency.

Figure 1: Schematic of ICES process showing the converging-diverging supersonic nozzle for solid CO2 particle forma-
tion, inertial CO2 capture duct, and pressure recovery in gas diffusor before outlet to the stack (Berger et al., 2017)

2. OBJECTIVE

Regarding the scenario mentioned above, the purpose of this work is to perform numerical simulations in order to
analyze the influence of the curvature of the curved nozzle of the supersonic separator on the flow behavior and its
separation efficiency, as a continuation of the previous work published by Júnior et al. (2023) of the same research group
as this present work. With the variation of the geometry, data related to different aspects can be obtained, such as the level
of centrifugation, velocity distribution inside the device, formation of shock waves and their reflections, and separation
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efficiency.
For the numerical simulations, the commercial code Ansys Fluent is used, with the solver based on the finite volume

method (Versteeg and Malalasekera, 2007). Regarding the computational domain, the analysis being conducted is two-
dimensional (2D). The three-dimensional effects that may occur will not be investigated in this work, notably in the work
of Baxmann et al. (2020) the 3D effect is studied for a simpler nozzle without curvature (in spite of that it may also be
considered for a future investigation).

To analyze the effect of centrifugation on separation efficiency, discrete particles representing CO2 droplets are injected
into the flow. The trajectory of these particles is examined to assess their their path towards the collector from the main
flow, consequently, to determine the separation efficiency. The the methodology of tracking separated particles through
the flow is known as Discrete Phase Model (DPM) and is implemented within the Ansys Fluent code. The details of the
DPM method will be presented in Section 3.2.

3. METHODOLOGY

The geometry of the curved supersonic separator was constructed and parameterized using SpaceClaim, Ansys own
CAD software, while the discretization of the geometry domain was performed using Ansys Meshing. Finally, for the
solver code and post-processor, Ansys Fluent was used, where the momentum, mass, and energy conservation equa-
tions are iteratively solved within the computational domain, with all equations being discretized using the finite volume
method, as described in Versteeg and Malalasekera (2007); the fluid was considered as a continuum and, the gas as
compressible.

In oder to solve the discretized equations, the pressure-based solver is used. The algorithm of this solver is set such
that each discretized equation is resolved in sequence as segregated (Versteeg and Malalasekera, 2007). The algorithm
was originally developed for incompressible flows; however, it has been extended and reformulated to handle a wide
range of flow conditions beyond its original intent (Ansys, 2013; Maliska, 2004). Furthermore, for coupling the pressure
and velocity fields, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm was utilized (Wen
et al., 2015; Yang and Wen, 2014; Wen et al., 2010; Wang et al., 2023). In some cases, when the convergence of the
discretized equation was difficult to be reached; alternatively the coupled algorithm may be chosen in place of SIMPLE.
In the coupled algorithm, the momentum and pressure-based continuity equations are solved in a simultaneous manner.
The coupled method relies on an implicit discretization of the pressure gradients terms in the momentum equations and an
implicit discretization of mass flux on the face, to finally achieve a full implicit coupling of the equations (Ansys, 2013)
(Kurbatskii and Montanari, 2007). This method presents a higher computational cost per interaction if compared with the
SIMPLE method.

Despite the pressure-based method being well-known to be applied for incompressible flows due to its segregated way
to solve the discretized balanced equations, it is possible to be used for compressible flows as reported in Maliska (2004).
In this case, the variation of the density is considered by incorporating the equation of state within the pressure based
algorithm. This pressure based algorithm, applied for compressible flows is able to provide good results as shown in
Maliska (2004), , and other numerical works, these related to the supersonic separator, that were able to provide reliable
results such as Wen et al. (2015); Yang and Wen (2014); Wen et al. (2010); Wang et al. (2023).

For compressible flows, the density-based method can be utilized, as it is recommended by Ansys for handling such
cases. The density-based solver handles compressible flows by assembling all equations into a single set of linear equa-
tions, solving for unknowns such as density, momentum, and internal energy. The pressure is derived from the equation of
state. Although it demands more memory, this solver efficiently discretizes and solves the Navier-Stokes equations simul-
taneously using an implicit or explicit approach, forming a complete coupled linear system (Versteeg and Malalasekera,
2007).

The pressure-based and density-based solvers handle the continuity, momentum, energy, and species equations dif-
ferently. The pressure-based solver operates by solving the pressure equation to ensure mass conservation. It offers two
algorithms: the segregated (SIMPLE), where equations are solved one after the other, and the coupled, which solves the
continuity and momentum equations simultaneously. On the other hand, the density-based solver addresses the continuity
equation alongside momentum, energy, and species transport as a single, interconnected set. Although this solver demands
more computational resources, especially on larger meshes, it efficiently handles the complexities of compressible flow.
The decision to use one solver over the other depends on factors such as the performance trade-offs related to memory
usage and solver speed. In contrast, the coupled pressure-based solver solves the continuity and momentum equations
simultaneously through implicit discretization of pressure gradients and mass flux (Kurbatskii and Montanari, 2007). For
the cases simulated here of the supersonic separator, the authors noticed that this full implicit coupling approach showed
to be more efficient. While it is primarily suited for moderate compressibility flows, it balances accuracy and efficiency,
making it less resource-intensive and faster in many scenarios. Nevertheless, for the present work, the pressure-base is
used due to its lower computational cost observed in simulations and its prior use in published studies (Wen et al., 2015;
Yang and Wen, 2014; Wen et al., 2010; Wang et al., 2023). As such, a comparison of the pressure based and density based
is shown in Fig. 7.
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Moreover, a second-order upwind scheme was adopted for all flow variables for the spatial discretization, and no-slip
and adiabatic boundary conditions were assumed for the solid walls. Since the numerical solution of the flow through the
supersonic separator was obtained through an iterative method, a convergence criterion was defined as recommended for
converged simulation by Ansys (2013): a maximum residual value of at least 1e-6 for the energy equation, while for the
rest of the transport equations, a maximum residual value of at least 1e-4.

Given that the flow in the supersonic separator exhibits high velocities, the flow is highly turbulent. To deal with the
turbulent flow, the RANS (Reynolds Averaged Navier-Stokes) equations approach is used, where the RANS equations
are generated from the Reynolds decomposition of the Navier-Stokes equations, characterizing flow parameters in terms
of a mean value of flow property and a statistical term of its temporal fluctuation. The application of the time-averaged
Navier-Stokes equations results in the emergence of a nonlinear term dependent on the fluctuating properties of the fluid
known as the Reynolds stress tensor, which is solved through the Boussinesq hypothesis postulating that Reynolds stresses
are proportional to the gradients of the mean velocity. The proportionality coefficient is called turbulent viscosity and is a
characteristic of the flow, not the fluid (Versteeg and Malalasekera, 2007).

In the literature, there are numerous turbulence models that propose a correlation between turbulent viscosity and
various turbulent flow variables and transport equations. The turbulence models considered for this study are the k-ε
RNG (Yakhot et al., 1992) and the k-ω SST (Menter, 1994); both models implemented in the Ansys Fluent code (Ansys,
2013).

The working fluid used was pure methane. Given that the inlet pressure is set at 100 bar at the nozzle inlet, as a typical
operation pressure used for the supersonic separator, a real gas model should be used as the gas may behave as supercritical
fluid. Among the various real gas state equation models available in the code, the Redlich-Kwong equation (Redlich and
Kwong, 1949) was employed, as it has been shown to provide accurate results for the flow regime in supersonic separation,
as demonstrated in previous published works of Yang and Wen (2014), Wen et al. (2015) and Wang et al. (2023). This
model not only appropriately addresses the imposed flow conditions but is also effective in predicting the flow properties
and the shock wave position, as validated by experimental data (Yang and Wen, 2014).

The effects of condensation on the flow were not accounted for in the numerical simulations, as this work is focused
on the centrifugation effects on flow behavior due to curvature, specifically analyzing how effectively inserted condensed
particles are directed towards a downstream collector attached to the nozzle wall. In fact, the impact of condensation
on the flow can be significant in terms of temperature increase, but the effect on pressure is more subtle. The works of
Sun et al. (2017), Chen et al. (2021), Wen et al. (2022), and Chen et al. (2023) provide examples where temperature
increases by up to 15 degrees due to condensation, while pressure changes are less significative. However, the influence
of such temperature changes on particle trajectories under centrifugation may be limited due to the high flow velocity,
that is, the time is too short such that it is assumed that elevation of temperature, due to condensation, should not interfer
significantly the particle track. Moreover, the effect of re-evaporation of remaining droplets downstream is not considered
in this study; instead, it is assumed that re-evaporation occurs upstream of the collector. Therefore, the more complex
effects of condensation and its implementation are avoided and not addressed for the present study.

3.1 GEOMETRY AND MESH

The convergent-divergent nozzle geometry utilized for the numerical simulations, as depicted in Fig. 3, is primarily
based on the design developed by Yang and Wen (2014), and serves as a continuation of the previous work by Júnior et al.
(2023). As soon as the divergent section ends, the nozzle geometry transitions into a curved section leading up to the
diffuser, where the shock wave is formed, gradually decelerating the flow towards the nozzle outlet. This curved section
is responsible for directing the particles toward the wall and, subsequently, to the collector. In this study, five curvature
angles with a mean radius of 221 mm were analyzed: 90º, 120º, 150º, 180º, and 210º; and for the last two curvature
angles, a mean curvature radius of 150 mm was also studied. An example of these geometries, using the case with a 150º
curvature angle and a mean radius of 221 mm, is shown in Fig. 2.

A mesh independence analysis was conducted to determine the appropriate number of cells for the numerical simula-
tions. As shown in Fig. 5, the intermediate meshes did not present significant differences compared to the more refined
meshes, and, in order to optimize memory usage without compromising accuracy, the intermediate meshes were used.
Due to the velocity gradients formed in the shock wave region and the boundary layer, the mesh was refined in the shock
wave and wall regions, as shown, for example, for the 90º curvature angle case in Fig. 4.

The non-dimensional distance of the first cell adjacent to the wall, denoted by y+, was used as a domain discretization
parameter. The non-dimensional distance from the first cell adjacent to the wall is in the range of 40 to 180 to resolve the
flow gradients in the boundary layer region for all the studied geometries. Since y+ ranges from 31 to 500 in all the cases,
a log-law wall function is applied to solve the flow velocity gradients of the boundary layer (Versteeg and Malalasekera,
2007).
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Rm= 221 mm

80 mm

20 mm

100 mm
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Figure 2: Geometry for the case with a curvature angle of 150° and a mean radius of 221 mm.

(a)

(b)

Figure 3: (a) Inlet mesh (b) Converging-diverging section mesh.

Figure 4: (a) Curved nozzle mesh (b) Diffuser with the gas collector mesh.

3.2 Discrete Phase Model

The Discrete Phase Model (DPM) is a multiphase model in which the fluid phase is considered continuous and a
second discrete phase is simulated in a Lagrangian reference frame. The discrete phase consists of spherical particles
dispersed within the continuous phase, representing particles, droplets, or bubbles. The trajectories of these particles
are calculated individually, and they can exchange momentum, mass, and energy with the fluid phase. In this work, the
trajectory of the discrete phase was determined considering particle inertia and hydrodynamic drag. Additionally, the
displaced fluid volume and particle collisions were neglected, assuming that these effects are insignificant for a discrete
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Figure 5: Static pressure values along the center line of the flow for three different mesh refinements with mean curvature
radius of 221 mm (a) 90° curvature angle case (b) 120° curvature angle case (c) 150° curvature angle case (d) 180°
curvature angle case (e) 210° curvature angle case.

Parameter Value
Minimum diameter 0.1 µm
Maximum diameter 4 µm

Mean diameter 1.4 µm
Distribution parameter 1.62
Number of diameters 50

Table 1: Parameters of particle diameter distribution for the Rosin-Rammler method.

phase mass flow rate less than 10% of the total fluid flow rate. The particle trajectories were simulated in a steady-
state regime, and it was assumed that the fluid phase is not affected by the discrete phase. The particles were injected
through a vertical line at the section exactly where the divergent nozzle part ends and the curved nozzle begins. Thus, it
is assumed that the condensation with the droplet formation occur as whole at this section position where the temperature
and pressure conditions are sufficient to condense CO2. However, the exact location where the droplets are formed is
unknown, and difficult to predict; usually is not formed as whole all long the same section (Chen et al., 2023). In fact,
the section position where the particles are injected, representing the droplets formation as whole, may be changed and
its effect on the separation efficiency may be evaluated, a variation of the position will not be done at this work but it can
be investigated for upcoming works. The trajectory of the discrete phase is calculated based on the force balance on each
particle, as described in the Lagrangian approach.

To model the droplet size distribution formed during condensation in the supersonic separator, the Rosin-Rammler
method (Rosin and Rammler, 1933) available in Fluent was used. Diameters were divided into discrete intervals, and the
mass fraction of droplets with a diameter greater than d is expressed by:

Yd = e−(d/d)
n

(1)

where d is the mean diameter and n is the distribution parameter. The parameters used in this study are listed in Table 1.
These were taken from the work of Wen et al. (2011), since they have been based by comparison with experimental data.

3.2.1 Separation Efficiency

To assess the separation capability of the curved supersonic separator, the separation efficiency for a given particle
injection was defined as:

η =
mcollected

minjected
· 100% (2)

where mcollected is the total mass of all collected particles and minjected is the total mass of all injected particles. The
particle density was assumed to be constant, with a value equal to the density of CO2 in the liquid phase at saturation
pressure and 220 K (the average temperature in the curved section of the nozzle across all geometries - see Fig. 8),
corresponding to a value of 1160 kg/m³ (NIST, 2024).
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3.3 BOUNDARY CONDITIONS

Using the same boundary conditions as in the previous work of Júnior et al. (2023), with an increase in inlet pressure,
it follows that for all cases analysed, the Mach number at the nozzle inlet is 0.239543, the static inlet pressure is 100 bar,
the diffuser outlet pressure is 47.5 bar, and the collector outlet pressure is 45 bar. This configuration ensures that the shock
wave occurs downstream the collector inlet, providing the necessary thermodynamic conditions for the condensation of
the heavier components, particularly CO2. The inlet temperature is 288 K.

4. RESULTS

4.1 Evaluation of the numerical simulation methodology and setup

The Ansys Fluent CFD code with the pressure-based solver algorithm considering the flow as compressible was tested
for a simple convergent-divergent nozzle known as Laval Nozzle as done in previous published work, including Wen et al.
(2011), Wen et al. (2012) and Yang and Wen (2014). The numerical simulation of flow through the nozzle with an Area
ratio Aoutlet/Athroat = 1.5 and pressure ratio poutlet/pinlet = 0.83049 was compared with a quasi-one-dimensional
Navier Stokes solution developed by Arina (2004). The flow was considered inviscid. The Mach number at the inlet was
set to 0.239543. The mesh was build as structured with 1000 volumes in the streamwise direction and 250 volumes in its
perpendicular direction.

In Fig. 6, a comparison of the pressure variation along the center line of the nozzle obtained with the present Ansys
fluent simulation is compared with the result presented by Arina. It is noticed that both curves agree very well indicating
that the current numerical simulation is able to accurately predict the shock wave position as well as able to predict the
change of pressure according to the area ratio, and the abrupt change due to the shock wave. Overall, the simulation
effectively captures the general behavior of the flow through the supersonic nozzle.
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Figure 6: Comparison between the numerical results obtained using the method employed in this work and those obtained
by Arina (2004).

The results were also compared using a density-based solver to verify whether the pressure-based solver could accu-
rately predict the flow behavior. Figure 7 shows the results for both solvers, from which it can be seen that there were no
significant differences between the two methods, consistent with the discussion on employing the pressure-based solver
for this work in Section 3.. Since the pressure-based solver is capable of accurately resolving the flow studied in this work
and approximately twice as fast as the density-based solver, it was chosen due to its lower computational cost compared
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Figure 7: Comparison between the Density-Based and Pressure-Based methods for the case with a 90° curvature angle
and a mean radius of 221 mm. For the curves presented, note that for the pressure values refer to the left vertical axis ,
whereas for the temperature values refer to the values at the right vertical axis .
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to the density-based solver.

4.2 Curved nozzle

Given the conditions outlined in Section 3.3, simulations were conducted using both turbulence models (which showed
negligible differences) for the geometry configurations. Figure 8 illustrates the results of the Mach number contour field.
It can be observed that oblique shocks and Prandtl-Meyer expansion fans are reflected along the curved nozzle in all cases.
Immediately after the start of the diffuser and at the collector inlet, a shock wave is present. The interaction between the
shock wave and the boundary layer in the diffuser is evident from the flow asymmetry, indicating flow detachment, a
phenomenon similarly observed in the study by Haghighi (2010).

(a) (b) (c)

(d) (e)

         

         
                  

Figure 8: Mach contour field for geometries with mean curvature radius of 221 mm (a) 90° curvature angle case (b) 120°
curvature angle case (c) 150° curvature angle case (d) 180° curvature angle case (e) 210° curvature angle case.

A further consideration is that as the curvature of the curved section increases, the Mach number values achieved
within the separator decrease. This variation can be attributed to the larger curvature of the nozzle, which results in
increased shock reflections and energy dissipation, consequently leading to a lower maximum Mach number. This energy
dissipation can also be observed by comparing the static temperature along the centerline of the nozzle, where an increase
is noted as the curvature angle becomes larger, as illustrated in Fig. 9.

From Fig. 9, it is observed that the static temperature in the supersonic section of the nozzle reaches values sufficient
to condense CO2 at pressures ranging from 2 to 3.5 bar (as seen in Fig. 5). Therefore, one can conclude that the curved
section of the nozzle provides the necessary conditions for the heavier components, primarily CO2, to condense (NIST,
2024) and thus be separated from natural gas by the centrifugal force imposed on the flow.
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Figure 9: Static temperature along the centerline of the nozzle for different curvature angles.
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For all geometries, it is observed that in the curved nozzle, the highest Mach number values are found on the wall
with the smaller radius. This is due to the fact that in the region with a smaller radius, the angle between the flow and the
curvature induces Prandtl-Meyer expansion waves, thereby increasing the Mach number in that region. In contrast, in the
region with a larger radius, oblique shock waves are observed, causing the Mach number to decrease.

The centrifugal acceleration (g-force) experienced by the flow in the curved section of the separator is a central aspect
of this study, as it is responsible for directing the condensed particles to the collector. Since the g-force is directly
proportional to the tangential velocity of the flow and inversely proportional to the radius of curvature, for cases where the
mean radius remains constant, only the velocity affects the g-force. Therefore, as the curved section increases, the g-force
experienced by the flow decreases, as seen in Fig. 10.

(a) (b) (c)

(d) (e)

         

                  
         

Figure 10: g-force contour field for geometries with mean curvature radius of 221 mm (a) 90° curvature angle case (b)
120° curvature angle case (c) 150° curvature angle case (d) 180° curvature angle case (e) 210° curvature angle case.

         

(a) (b)

Figure 11: g-force contour field for a mean radius of 150 mm and (a) 180° curvature angle (b) 210° curvature angle.

For cases where the mean radius was altered, a change in the g-force is observed. Figure 11 shows that the maximum
g-force values in the curved part of the nozzle are 265000 g and 250000 g for the 180° curvature angle case and the 210°
curvature angle case, respectively, both with a mean radius of 150 mm.

Thus, it is evident that for the same mean radius, the maximum centrifugal force is inversely proportional to the
curvature angle of the curved nozzle section. This result is better visualized in Fig. 12(a).

4.3 DPM simulations

Additional simulations were conducted using the DPM method to evaluate separation efficiency. As expected, the
particles are influenced by the centrifugal force generated by the curved section and are directed towards the collector on
the outer wall. However, as shown in Fig. 12(b), centrifugal force is not the most decisive factor in separation efficiency.
It is observed that, although higher separation efficiency is associated with greater centrifugal force, for the same mean
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radius, a higher centrifugal force results in lower efficiency.
It can be seen from Fig. 12(b) and (c) that the highest separation efficiency achieved was approximately 71% for the

case with a curvature angle of 210° and an mean radius of 150 mm. This is followed by the case with a 210° curvature and
an mean radius of 211 mm, reaching approximately 70% separation efficiency. This suggests the possibility of an optimal
ratio between the curvature angle and the mean radius.
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Figure 12: (a) Influence of curvature angle on maximum centrifugal acceleration (b) Relationship between maximum
centrifugal acceleration and separation efficiency (c) Relationship between curvature angle and separation efficiency (d)
Relationship between particle diameter and separation efficiency.

Figure 12(c) illustrates the influence of the curvature angle on separation efficiency, where it can be observed that
for the same mean radius, the greater the curvature angle, the higher the separation efficiency. This is because a larger
curvature angle implies a larger curvature arc, providing a greater distance (and time) for the particle to be directed towards
the outer wall of the curved section of the nozzle and be collected by the collector. This finding is consistent with the
results reported by Wen et al. (2012).

The influence of particle diameter on separation efficiency is shown in Fig. 12(d). For a particle diameter set fixed
as 0.1 µm, the separation efficiency reaches 20%, while for 6 µm, it reaches 100%. This is because the density of the
CO2 particles simulated by the DPM method was considered constant; thus, the larger the particle diameter, the greater its
mass and the more significant the effect of centrifugal force on it. It is noteworthy that Fig. 12(d) was obtained using the
case with the highest achieved efficiency (210° and 150 mm), ensuring that the centrifugal force exerted on the particles
was always the same. Subsequently, the diameters of the injected particles were varied, always using the same number of
particles. This result is in alignment with the findings obtained by Liu et al. (2014) and Duan et al. (2019).

5. CONCLUSION

In this work, a numerical investigation of the flow behavior in a supersonic separator with a curved nozzle was con-
ducted. The flow domain was considered two-dimensional. The simulations performed show that the nozzle geometries
and boundary conditions used are capable of promoting the thermodynamic conditions that lead to the condensation of
CO2. Additionally, the study aimed to analyze the flow behavior by varying the curvature, as well as to investigate both the
effects of curvature and centrifugation on flow behavior and separation efficiency. Furthermore, the relationship between
the curvature angle, mean radius of curvature, and the maximum centrifugal acceleration in the flow was analyzed.

By employing DPM simulations, we verified that two geometries achieved the highest separation efficiency: the case
with a curvature angle of 210º and a mean radius of 150 mm reached a separation efficiency of approximately 71% for
a maximum centrifugal force of 265,000 g; and the case with a curvature angle of 210º and a mean radius of 221 mm
achieved approximately 70% separation efficiency for a maximum centrifugal force of 120,000 g. This reinforces the fact
that the flow centrifugation significantly impacts separation efficiency, but the relationship between the mean radius and
curvature angle is the most decisive parameter for separation efficiency. This suggests that there may be an optimal ratio
between these two parameters to achieve higher separation efficiency.

In addition, it was also shown that particle diameter has a significant impact on separation efficiency due to the in-
creased centrifugal force applied to the droplets, demonstrating that, for the conditions analyzed, particles with a fixed
diameter of 6 µm injected into the throat achieve a separation efficiency of 100% while with 0.1 um reached 20%, how-
ever based on experiments, the particle diameters vary as described in section 3.2. Ultimately, since the condensation
phenomenon is not considered in the simulations, and a transient analysis was not conducted, these topics may be consid-
ered for future work.
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