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ABSTRACT

Experimental investigations into the characterization of vortices in hyperbolic funnels have shown efficient aeration properties. Certain
regimes of vortices have been observed to exhibit high gas dissolution rates. This phenomenon has prompted inquiries into the underlying
physical mechanisms at both micro and macroscopic scales. The present study employs computational fluid dynamics to numerically analyze
the flow field organization inside these vortices, aiming to elucidate the observed high gas transfer rates. Transient simulations are performed
on a three-dimensional radially structured hexahedral mesh, utilizing a multiphase Euler–Euler approach-based volume of fluid method for
modeling, along with shear stress transport turbulence modeling based on k� x equations with curvature correction. The evaluation of the
two vortex regimes was conducted in terms of hydraulic retention time, water volume in the reactor, air–water interfacial area, and bulk mix-
ing. Instabilities resembling Taylor vortices observed in Taylor–Couette flow systems emerge in the secondary flow field of these vortical
structures, facilitating turbulent mixing. A qualitative analysis of the strength of these instabilities in terms of average vorticity per unit mass
of water explains the high gas transfer efficiency. Despite high gas transfer rates, water exiting the funnel remains undersaturated under given
operating conditions due to the short hydraulic retention time.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0222216

I. INTRODUCTION

Vortices and spirals are a captivating natural phenomenon. They
occur in many different forms and scales, from galaxies to the crystal-
lographic structure of certain solids.1 Water vortices are especially
interesting because of their substantial relevance in a variety of techno-
logical and engineering contexts. These dynamic water motions are
utilized in numerous applications, including hydraulic power genera-
tion,2 water purification processes, such as hydrodynamic vortex

separation,3 water vortex-based air purification,4 and river engineer-
ing.5 The operational principles of these applications are complex,
encompassing phenomena such as cavitation, gas diffusion, and the
mechanical forces resulting from the high velocities present in the vor-
tices.6,7 In order to understand the mechanism of the complex turbu-
lent structure of water vortices in various applications, it is necessary
to develop computational models to describe the vortex behavior and
its evolution. Such models have been published for a water vortex
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power plant,8 vortex separator,9 Taylor–Couette flow system,10 and
vortex formation in the cylindrical reactor.11 Recently, there has been
an increased focus on the aeration potential of water vortices,12,13 espe-
cially when configured within hyperbolic geometries.7 This line of
research is considered a promising energy-efficient alternative to tradi-
tional aeration techniques, such as cascade systems or bubble diffus-
ers.14 Furthermore, in Ref. 15, the combination of a hyperbolic water
vortex and plasma discharge has been shown to be an effective tech-
nology for the degradation of aqueous micro-pollutants, in particular
due to the mixing and gas dissolution properties of the vortex.

Despite this interest, the fundamental processes that drive vortex-
induced gas dissolution are not fully understood, particularly regarding
the impact of specific reactor geometries on aeration efficiency. As was
shown elsewhere,7 a water vortex in hyperbolic funnels can form three
regimes (Twisted, Straight, and Restricted). The formation of these
regimes depends on the funnel geometry and the tangential velocity of
the water flow. All three regimes have different parameters, such as the
area of the water–air interface, hydraulic retention time (HRT), and
oxygen dissolution rate. For all funnels tested, the Twisted and Straight
regimes were found to be the most effective in terms of aeration.
However, in order to elucidate the mechanisms of the hyperbolic water
vortex operation and to optimize the design of vortex-based aeration
systems, further research is needed. Computational fluid dynamics
(CFD) simulations have been utilized to study air–water vortices in
various contexts. These simulations have incorporated a range of
dimensionless parameters and models to predict the behavior of air-
core vortices at hydraulic intakes.16 Additionally, the comparison
between the Lagrangian and Eulerian approaches in vortex flow simu-
lation has been investigated, revealing that both methods are capable
of simulating the vortex flow, with the Lagrangian approach having
greater computational cost but lower accuracy.17 Overall, CFD simula-
tions and experimental studies have contributed to a better under-
standing of air–water vortices and their characteristics.

Through a combined approach of experimental measurements
and CFD modeling, the current work aims to deepen our understand-
ing of the intricate interplay between vortex dynamics, reactor geome-
try, and aeration efficiency.18 Such insight is crucial for the
development of optimized aeration systems that harness the potential
of water vortices, paving the way for enhanced energy efficiency and
sustainability in various engineering applications, including wastewater
treatment,19,20 aquaculture,21 and environmental remediation.22

II. EXPERIMENTAL SETUP AND NUMERICAL
MODELING

The experimental setup (Fig. 1) comprises two sections: the fun-
nel and the extension. The funnel consists of hyperbolic and cylindrical
sections with a tangential water inlet and air vent on the top, while the
extension includes the portion beneath the hyperbolic section with the
bend and the outlet tubes. In the experiments [Fig. 1(b)], the flow exits
through two outlet tubes to reduce back pressure and enhance the sys-
tem’s operating range.23

Based on the inlet mass flow rate of water and outlet pressure
(located beneath the hyperbolic section), a number of distinct vortical
structures can emerge in the hyperbolic section. A detailed discussion
of the different experimental regimes can be found in Refs. 15 and 23.

The two vortex regimes with the highest experimental oxygen
transfer rates, Twisted and Straight Schauberger (Fig. 2),15,23 are
obtained by varying the inlet flow rate of water. The flow rate values

and the associated volume fractions of the water vortical structures in
the funnel section are summarized in Table I.

A. Computational domain

Figure 3 illustrates the 3D CADmodel used for CFD analysis and
its sectional view with dimensions. In this study, the Twisted and
Straight regimes are analyzed. To avoid using unstructured mesh in
the computational domain, the water inlet tube is not explicitly mod-
eled; instead, its intersection with the cylindrical part is defined as a
boundary face [Fig. 3(a)]. A single outlet tube is employed in the com-
putational domain, unlike two outlet tubes used in experiments
(Fig. 1). This results in additional back pressure at the funnel exit, caus-
ing the interface to be smoother in the CFD simulations compared to
the experimental observations (detailed explanation in Ref. 25).

B. Meshing

Structured meshes are known to provide better resolution of vor-
tex flow field compared to unstructured meshes.26 Therefore, a radially
structured hexahedral mesh is generated using the meshing software
Pointwise V18.4. Following the recommendations of Hernandez-Perez
et al.27 for turbulent two-phase pipe flows, a butterfly mesh structure is
employed. This structure consists of a central cartesian mesh sur-
rounded by a cylindrical mesh, as depicted in Figs. 4(a) and 4(b)
(detailed mesh formation methodology is outlined elsewhere25).

In the present study, four different meshes are used for the mesh
independence study, and their details are given in Table II. The results
obtained on these meshes are discussed in Sec. III A.

C. Vorticity

Since aeration depends on the mixing of air and water, and this
mixing can be qualitatively characterized by the vorticity in the system,
a short explanation of vorticity is provided. The vorticity vector (X)
represents how a fluid element would spin locally and is a vector quan-
tity defined at every location in the flow field. It is defined as the curl
of the velocity field and can be expressed as

X ¼ $� u ¼ Xr ;Xh;Xz½ �

¼ 1
r
@uz
@h

� @uh
@z

;
@ur
@z

� @uz
@r

;
1
r
@ruh
@r

� 1
r
@ur
@h

� �
; (1)

where u is a velocity field [Fig. 4(c)], specified by the vector sum, given as

u ¼ urêr þ uzêz þ uhêh; (2)

with ur ; uz ; uh the velocity components in radial, axial, and azimuthal/
tangential directions and êr ; êz ; êh the unit vectors along those direc-
tions, respectively.

Vorticity differs from the rotation of fluid; the former denotes
local spinning of a fluid element, while the latter describes how a fluid
element follows curved trajectories around an axis with certain angular
velocity. Considering two velocity field distributions that have only a
tangential component, namely uh / 1=r and uh / r. In both these
flows, the fluid rotates around an axis (following curved streamlines)
with a certain angular velocity. For the first distribution with
uh / 1=r, the vorticity is zero and fluid elements do not spin locally.
Such flows are known as irrotational flows. In the second case with
uh / r, the vorticity field is non-zero, and hence, such flows are
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classified as rotational flows. This is also referred to as solid body rota-
tion and it can be shown that in such a flow, the vorticity of a fluid ele-
ment is equal to twice the angular velocity of the fluid.

D. Multiphase modeling

In both the Twisted and Straight regimes (Fig. 2), the phases are
separated by a spatially varying interface and the relative motion

between the phases is minimal in vortex flow systems.26 To precisely
track the evolution of this interface, the homogeneous volume of fluid
(VOF) approach was utilized for multiphase modeling, based on previ-
ous literature studies.26,28,29 In this approach, each computational cell
is assigned a volume fraction /a defined as

/a ¼
Va

V
; (3)

where Va is the volume occupied by the phase a in a computational
cell of volume V. The present system consists of two phases (gas and
liquid represented by g and l), and the summation of their volume frac-
tion in each computational cell is unity,

/l þ /g ¼ 1: (4)

Each computational cell is assumed to be filled with one of the
phases (liquid if /l ¼ 1 or gas if /l ¼ 0) or to be located in the interfa-
cial region (0 < /l < 1). In the homogeneous Euler–Euler-based VOF
approach, it is assumed that the transported quantities, such as velocity
and other turbulence fields, are shared by both phases. Hence, a single
bulk momentum equation with variable density and viscosity is solved
instead of solving the transport equations for each phase. This can be
expressed as

@

@t
qujð Þ þ

@

@xi
quiujð Þ ¼ � @P

@xj
þ @

@xi
2lSijð Þ þ qgj; (5)

where the mixture quantities can be expressed as

q ¼ /lql þ /gqg ; (6)

l ¼ /lll þ /glg : (7)

The effects of surface tension were neglected in the present study
based on the Weber number criteria.30 The spatial and temporal

FIG. 1. Experimental setup divided into (a) funnel and (b) extension parts.

FIG. 2. Exemplary experimental images of the (a) Twisted and (b) Straight regimes.15,23,24
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evolution of the interface was obtained from the solution of the conti-
nuity equation for the volume fraction given by

@/k

@t
þ @

@xj
/kuið Þ ¼ 0: (8)

This equation was solved for one of the phases, and the volume frac-
tion of the other phase was obtained using Eq. (4). The VOF approach
utilizes a geometric reconstruction method, employing a piecewise

linear interface calculation (PLIC) to approximate the interface as a
plane within the three-dimensional computational cell.30

E. Turbulence modeling

The unsteady turbulent flow is resolved across space and time
using unsteady Reynolds averaged Navier–Stokes equation
(URANS). In this approach, using Reynolds decomposition31 the
flow variables (velocity field u and pressure field p) are viewed as a

TABLE I. Characterization of flow regimes.7,24

Flow rate (L/min) Water volume (%) SAE (kg O2/kWh)

Flow regime Min Max Min Max Min Max

Twisted Schauberger 19.9 20.9 39 65 10.0 23.1
Straight Schauberger 22.0 23.0 91 95 5.5 5.5

FIG. 3. Computational domain in (a) 3D and (d) sectional view with dimensions.

FIG. 4. 3D radially structured hexahedral butterfly mesh structure; (a) top-view of the cylindrical, (b) front view of hyperbolic funnel sections, and (c) cylindrical coordinate
system.
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superimposition of their mean (U, P) and fluctuating values (u0; p0)
given as

u ¼ U þ u0; (9)

p ¼ P þ p0: (10)

Substituting these into Navier–Stokes equations in the general coordi-
nate system25 results in a set of equations referred to as the URANS
equations,

@Ui

@xi
¼ 0; (11)

@Ui

@t
þ Uj

@Ui

@xj
¼ � 1

q
@P
@xi

þ @

@xj
2�sijð Þ � @

@xj
u0iu0j
� �

; (12)

where � is the viscosity coefficient and sij is the strain rate tensor,

sij ¼ 1
2

@Ui

@xj
þ @Uj

@xi

 !
; (13)

and (u0ju
0
i ) is the Reynolds stress tensor. The latter, requires additional

closure modeling, which is achieved through the utilization of eddy
viscosity models in this study. The shear stress transport (SST)-based
k� xmodel with curvature correction (CC) was employed in the pre-
sent study based on the recommendations provided by �Skerlavaj
et al.32 and Mulligan.26 Detailed mathematical descriptions thereof can
be found elsewhere.30,33

F. Boundary conditions and solver settings

The three boundary conditions for the present system (Fig. 3),
namely, the water inlet, the air vent, and the outlet, were modeled as
mass flow inlet, pressure outlet, and outflow boundary conditions,
respectively. The associated variables are indicated in Table III, and a
comprehensive review of the influence of different boundary condi-
tions, along with the solution strategy, can be found elsewhere.25

A pressure-based solver is employed since both phases were
nearly incompressible under the experimental conditions. The pres-
sure–velocity coupling is achieved using a coupled scheme that enabled
the use of larger time steps.30 The PRESTO scheme is utilized for pres-
sure interpolation at cell faces,30 and second-order upwind schemes
were applied for the advection in the momentum and other transport
equations. An implicit volume formulation is employed to track the
transient evolution of the vortex, based on the volume-of-flow conti-
nuity equation, with a compressive advective scheme for spatial discre-
tization of the volume fraction. A bounded second-order implicit
scheme is employed for the transient formulation to enhance numeri-
cal stability with larger time step sizes.

III. RESULTS AND DISCUSSION
A. Mesh independence study

For the mesh independence study, a specific input water flow of
21.5 L/min is chosen to induce a vortex structure on four different
meshes ranging from 0.5 � 106 to 3 � 106 cells. The parameters of
interest are measured in the funnel section, as its hydrodynamics are
crucial for the present study. These parameters include the volume
fraction of air (Vair), air–water interfacial area (Aint), and average exit
pressure at the outlet (Pexit; avg). Table IV compares the steady-state val-
ues of these parameters for each mesh. The difference in values
between the 1� 106 and 2� 106 cell meshes is less than 5% for all var-
iables, which further decreases when transitioning to the 3 � 106 cell
mesh. However, considering an increase in computation time by
nearly 50% on the 3 � 106 cells (19 000 CPU hours) mesh compared
to 2 � 106 cells (10 000 CPU hours), the 2 � 106 cell mesh is selected
for simulations and analysis.

B. Validation

Simulations are performed for flow rates corresponding to
Twisted ( _mwater;in¼ 20.9 L/min) and Straight ( _mwater;in ¼ 22.5 L/min)
regimes on the 2 � 106 mesh. The obtained vortical structures are
shown in Figs. 5 and 6 along with the experimental images.
Qualitatively, the CFD results reproduce the experimental vortical
structures well, as seen in these figures by the air–water interface’s
shape and the air-core’s volume formed. The wavy profile on the inter-
face is also well captured in the CFD results. Additionally, the water
volume fraction in the funnel section obtained from the CFD simula-
tions is in good agreement with the experimental data, as indicated in
Table V.

To further validate the numerical results, the radial position of
the air–water interface along the axial distance of the funnel was com-
pared with experimental data (the radial and axial distances are non-
dimensionalized using cylindrical section diameter and height of the
funnel section, respectively). The average interfacial position from

TABLE II. Meshes used for mesh independence study.

S. No. Mesh Node count Cell count

1 500k 495 000 507 620
2 1mil 1 085 440 1 105 716
3 2mil 1 994 675 2 023 896
4 3mil 3 020 440 3 057 147

TABLE III. Boundary conditions.

Boundary Type Variables Symbol

Water inlet Mass flow inlet Flow rate (water) _mwater;in

Tangential component t
Radial component r

Air vent Pressure outlet Static gauge pressure Ps;a
Outlet Pressure outlet Static gauge pressure Ps;w

Outflow � � � � � �

TABLE IV. Parameters of interest on different meshes.

Mesh Vairð%Þ Aint (cm
2) Pexit;avg (Pa)

500k 53.93 1551.83 1397.31
1mil 50.27 1470.67 1458.21
2mil 49.19 1415.08 1493.1
3mil 48.31 1384.8 1508.62
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experimental images at specific axial heights was manually extracted
using open-source software.34 Figure 7 depicts the comparison for
both regimes. The selected turbulence model accurately captures the
interface position. The air-core diameter varies along the axial direc-
tion, mirroring the shape of the hyperbolically shaped boundary. This
shape is less prominent in the Straight regime due to the higher flow
rate of water, resulting in higher water volume fractions in the funnel
section. Significant differences in the interface position are noticeable
in the bottom portion of the funnel. This disparity may be attributed
to the use of a single outlet tube after the bend section, leading to
higher back pressure, whereas two tubes were used in the experiments.

C. Flow organization

The time-averaged velocity distribution in the water phase was
analyzed at three non-dimensional heights (n¼ z=h) from the exit of

the funnel as depicted in Fig. 8. Here, n equal to 1 represents the height
of the water inlet, while n equal to 0 represents the end of the funnel.

1. Instabilities in the secondary flow field

The secondary flow field (radial and axial velocities) needs to be
understood on a fundamental level to understand the high gas transfer
rates in the system. Plotting the streamlines on a mid-sectional plane
for both the regimes, as shown in Figs. 9 and 10, they show the pres-
ence of Taylor-like vortices. The streamlines are similar to the ones
observed in other studies on strong vortices.26,35 Hence, instabilities
arise in both vortical structures’ secondary flow fields.

The instabilities developed in the flow exhibit a 3D organization,
with opposite spin directions of Taylor-like vortices evident in a sec-
tion, as shown in Fig. 11 (water in blue). The simulation results (b)
and (c) are compared here to results from a stereoscopic particle image
velocimetry analysis (a) conducted by van de Griend.36 Downward-
traveling waves are observed on the interface, both experimentally and
numerically. In Fig. 11, positions A and B represent approximate
wavelengths of one such wave. Similar wave patterns were also
observed in the work of Son et al.35 These waves are attributed to the
continuous axial translation of Taylor-like vortices due to incoming
fluid into the system. The downward motion of Taylor-like vortices is
evident from the velocity vectors at locations A and B. At the location
of such a wave, the interface appears to bulge, and continuous

FIG. 5. Comparison of vortical structure for the Twisted regime ( _mwater;in ¼ 20.9 L/
min); (a) experimental and (b) CFD.

FIG. 6. Comparison of vortical structure for the Straight regime ( _mwater;in
¼ 22.5 L/min); (a) experimental and (b) CFD.

TABLE V. Water volume fraction (in %) in the funnel section.

Experimental24 CFD

Twisted 49 51
Straight 94 90

FIG. 7. Comparison of the air–water interface location between CFD and experi-
ments for (a) twisted ( _mwater;in ¼ 20.9 L/min) and (b) straight ( _mwater;in
¼ 22.5 L/min) regimes.
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generation of waves of varying wavelengths produces a 3D wavy pro-
file on the interface.

D. Influence of hydrodynamics on gas transfer

To further investigate the rate of gas transfer, it is important to
mention that it depends on

1 The average residence time of a fluid particle in the system, also
known as hydraulic retention time (HRT).

2 Interfacial area (aL).
3 Strength of mixing caused by secondary flow structures.
4 Concentration of species i in the interface and bulk liquid.

It is not possible to analyze parameter 4 with the current numeri-
cal model since mass transfer effects have not been included. However,
the parameters mentioned in 1, 2, and 3 can be qualitatively analyzed
using the obtained numerical results.

1. Hydraulic retention time (HRT)

The standard oxygen transfer rate (SOTR) is a metric used to
quantify the amount of gas dissolved into the liquid phase. SOTR is
inversely proportional to HRT and can be expressed as7

FIG. 8. Location of non-dimensional heights n.

FIG. 9. Surface streamlines on the r � z sectional plane for the Twisted regime ( _mwater;in ¼ 20.9 L/min).

FIG. 10. Surface streamlines on a the r � z sectional plane for the Straight regime ( _mwater;in ¼ 22.5 L/min).
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SOTR ¼ VC20

1:024T�20HRT
ln

CS � Cin

CS � Cout

� �
; (14)

where V is the water volume in the reactor, C20 is the dissolved oxygen
(DO) at saturation for a temperature of 20 �C, T is the water tempera-
ture in �C, CS is the DO concentration at saturation, Cin is the DO
concentration in the feed, and Cout is the DO concentration in the bulk
liquid.

Two competing forces are present in this system: circulatory and
gravitational forces. The former tends to retain a fluid parcel for a lon-
ger time by inducing circular motion, thus increasing hydraulic reten-
tion time (HRT), while the latter decreases HRT by accelerating the
fluid out of the funnel. From CFD simulation results, the transient
path of water streamlines from the water inlet to the outlet was tracked.
Each streamline differs in terms of the time (ti) spent by it in the fun-
nel section, depending on its path. A streamline traveling close to the
walls of the funnel experiences less circulatory forces than gravitational
forces, leading to very low HRTs. The opposite is true for a streamline
traveling close to the air–water interface, a region of high tangential
velocities with higher HRTs. Both of these scenarios are represented in
Fig. 12, where the spheres on the streamline represent the position of
an elemental fluid parcel at an interval of 0.5 s.

Figure 13 presents a plot of non-dimensional time (h ¼ t=ti) vs
non-dimensional height (n) for streamlines originating from the water
inlet and exiting at the end of the funnel, i.e., location I in Fig. 3.
Through multiple regression analysis, it was observed that in the
Twisted regime, a fluid parcel, on average, resides for 90% of its
hydraulic retention time (HRT) within approximately half the height
of the funnel (i.e., n � 0.5 for h � 0.9) and covers the remaining half in
just around 10% of its HRT. In the Straight regime, we observe that a
fluid parcel covers only 30% of the depth (i.e., n � 0.7 for h � 0.9) in
90% of its HRT due to higher circulatory forces.

Hence, the system can be divided into two sections with respect
to HRT: Sec. I, in which fluid resides for most of its duration (h � 0.9)
in the funnel, and Sec. II (0.9< h � 1), which is predominantly the
region with the least radius where the fluid rapidly accelerates and exits
the funnel. The average HRTs in Twisted and Straight regimes from
experiments are 18 and 29 s, respectively.7 Purely based on the relation
between water volume in the reactor and HRT, the Straight regime
should exhibit higher aeration capabilities in comparison to the
Twisted regime, but the experimental data indicate the opposite trend.7

Hence, the other two parameters, i.e., interfacial area and mixing in the

bulk of fluid, must be analyzed to reason this behavior. These parame-
ters are analyzed in each of these sections of the funnel where Sec. I is
the upper 40% height (i.e., n � 0.6 average of Twisted and Straight
regimes) while Sec. II is the remaining portion (0� n < 0.6).

2. Interfacial area

The air–water region directly affects the area available for the dif-
fusion of gas molecules. Also, considering both phases are incompress-
ible at the operating conditions in a fixed volume of funnel, more
interfacial area implies that less mass of water (mw) is present in the
system. The 3D iso-surface of the interface in Sec. I for both regimes is
shown in Fig. 14.

In Sec. I, the Twisted regime shows more than twice the interfa-
cial area in comparison to the Straight regime as tabulated in Table VI.
Also, in this section the Twisted regime contains 44% less mass of
water [standard oxygen transfer rate (SOTR) varies inversely with the
mass of water7]. In Sec. II, both the regimes contain a comparable
mass of water (13% less in the Twisted regime). The added advantages

FIG. 11. Downward traveling wave. Results from stereoscopic particle image velocimetry in the (a) Twisted regime36 compared to this simulation [(b) and (c)].

FIG. 12. Streamline paths near the (a) wall and (b) air–water interface region in the
Twisted regime with 3D air-core iso-surface in gray and funnel wall boundaries in
black.
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of the higher interfacial area and lower mass of water (mw) facilitate
higher SOTRs for the Twisted regime.

3. Mixing

Mixing can be qualitatively characterized by vorticity (Sec. IIC).
As a preliminary analysis, vorticity is analyzed in the r–z sectional
plane as indicated in Fig. 8. The computed vorticity is normal to this
plane, i.e., Xh in Eq. (1). Wide scales of vorticity were observed in the
domain. For instance, in the Twisted regime at the end of Sec. I
(n¼ 0.6), Xh varies from around 3300 s�1 at the wall to around 20 s�1

at the interface. The high values near the walls were due to no-slip
boundary condition, but this does not contribute to mixing in the
bulk. The plots of time-averaged vorticity along with velocity vectors
projected onto this plane in both the regimes are shown in Figs. 15 and
16. In these figures, the scales of vorticity are chosen such that they are
distinctly visible, excluding high vorticity values in the near-wall
region.

The vorticity is higher near the interface due to the difference in
velocity of phases at this location. With increasing depth, the magni-
tude of vorticity also increases, and this can again be attributed to the

increase in axial velocities in the regions. The magnitude of volume
average vorticity (jXj) is 40.6% higher in the Twisted regime
(74.54 s�1) in comparison to the Straight regime (53.03 s�1). Hence,
the Twisted regime benefits from higher interfacial areas, less mass of
fluid, and higher vorticities than the Straight regime leading to the
higher gas transfer rates experimentally observed.

IV. SUMMARY AND CONCLUSIONS

This study uses CFD simulations to model vortices within hyper-
bolic funnels and analyses their flow field organization, with the aim of
understanding the underlying physical mechanisms responsible for the
measured high gas transfer rates. The investigation yielded several key
findings: First, a mesh independence study was conducted using
ANSYS-Fluent 19R3 with varying mesh resolutions to analyze a spe-
cific water flow rate (Twisted regime) and induce a vortex structure.
Increasing mesh resolution improved the resolution of the air–water
interface. Parameters such as air-fraction, air–water interfacial area,
and average exit static pressure were evaluated across different meshes.
The 2mil mesh was selected for further analysis due to computational
efficiency. The SST-based k–x turbulence model effectively captured
interface locations for both the Twisted and Straight vortex regimes.

In particular, instabilities resembling counter-rotating Taylor-like
vortices were observed in the secondary flow fields of both regimes.
Drawing upon experimental findings and model calculations, a com-
parative analysis of the two regimes was carried out in terms of param-
eters influencing the gas dissolution rate relation between water
volume in the reactor and HRT, air–water interface area, and bulk
mixing. Despite the lower HRT, the Twisted regime exhibits signifi-
cantly higher aeration efficiency due to the higher interfacial area and
mean vorticity per unit water mass compared to the Straight regime,
resulting in superior gas transfer rates.

The agreement between model and experiment is particularly evi-
dent in accurately capturing interface shapes and air-core volumes.
Furthermore, the interface positions from simulations closely align
with experimental data, validating the numerical approach employed.
Flow organization was analyzed by studying velocity fields at various
heights from the funnel exit. With increasing depth, tangential veloci-
ties increase due to the conservation of angular momentum. Axial
velocities are mainly restricted to the walls and interface, influenced by
circulatory and gravitational forces. Radial velocities are significant
near the interface, contributing to vortex sustenance.

FIG. 13. Non-dimensional time vs height for streamlines in funnel section for the
Twisted regime.

FIG. 14. Air–water interface in Sec. I in (a) Twisted and (b) Straight regimes.

TABLE VI. Comparison of regimes in terms of parameters governed by air–water
interface.

Parameter Regimes Section I Section II Total

Aint (m
2) Twisted 0.1213 0.0203 0.1416

Straight 0.0568 0.0139 0.0708
Ratio 2.1 1.5 2.0

Vair (%) Twisted 50.2 23.6 49.2
Straight 10.1 11.0 10.2
Ratio 5.0 2.2 4.8

mw (kg) Twisted 4.2 0.26 4.4
Straight 7.5 0.3 7.8
Ratio 0.55 0.87 0.56
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Instabilities in the secondary flow field, such as Taylor-like vorti-
ces and interface waves, were also observed. Furthermore, the relation
between water volume in the reactor and HRT, interfacial area, and
vorticity are investigated to find dependencies on the gas dissolution
rate of vortices in hyperbolic funnel. Analysis of HRT shows that fluid
parcels near the interface had longer residence times. The
Twisted regime has a lower HRT and water volume in the reactor
compared to the Straight regime, but exhibits higher interfacial area
and vorticity, resulting in increased gas transfer efficiency. A differen-
tial mass balance equation is proposed to explain gas transfer dynam-
ics, taking into account variations in interfacial area, advection, and
diffusion.

We have shown that CFD simulations performed using ANSYS-
Fluent 19R3, with a mesh independence study showing improved reso-
lution with increasing mesh density, can qualitatively represent and
explain experimentally observed findings on the shape and the aera-
tion capabilities of hyperbolic water vortices. This study demonstrated
the utility of CFD simulations in elucidating the hydrodynamics of
hyperbolic funnel systems and their impact on gas transfer processes.
These findings underscored the significance of vortex organization in
enhancing gas transfer efficiency, with implications for optimizing aer-
ation mechanisms in various applications.
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