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Abstract: This study presents a numerical investigation of airflow through a G-shapec
channel, focusing on the influence of geometric parameters on pressure distribution and
velocity field development. A three-dimensional CFD model was developed to analyze
three channel configurations under identical boundary conditions, with an inlet velocity
of 10 m/s and atmospheric pressure at the outlet. The results reveal significant pressure
redistribution in the curved section and localized acceleration of the airflow near the inne:
wall, where velocity increases of up to 49% were observed. The findings demonstrate the
strong effect of curvilinear geometry on flow energy transformation and support potential
applications in adaptive wind turbine systems.
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1. Introduction

Improving the efficiency of wind energy systems is among the primary directions ir
the development of modern renewable energy. Of all air parameters upstream of a wind
turbine rotor, the velocity of the airflow has the greatest influence on the generated power,
since power is proportional to the cube of velocity. Due to this high exponential depend-
ence, even a relatively small increase in inlet velocity leads to a significant rise in harvested
energy.

This has stimulated interest in various aerodynamic methods for accelerating the
flow upstream of the turbine. In practice, converging inlet devices and various Ventur:
configurations are used, whose main purpose is to increase velocity by modifying the
cross-sectional area. These solutions are based on the classical principles of fluid mechan-
ics, particularly Bernoulli’s equation and the law of energy conservation.

A significant advancement in this direction is represented by Diffuser-Augmented
Wind Turbines (DAWT). As early as the 1970s, Foreman et al. [1] experimentally demon-
strated that a diffuser creates a region of reduced static pressure behind the rotor, thereby
increasing mass flow rate and extracted power. Later, Ohya and Karasudani [2] devel-
oped the “wind-lens” technology, in which a peripheral brim enhances vortex formation
behind the diffuser, leading to substantial power augmentation. The review by Katool:
and Noorollahi [3] systematizes contemporary research on shrouded turbines and high-
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lights their potential at low wind speeds and in urban environments. More recent numer-
ical studies show that optimal performance requires an integrated design approach for
the rotor and diffuser [4], while developments in momentum theory for slotted DAWT
configurations enable analytical determination of power coefficient limits [5]. The histor-
ical and theoretical analysis by van Bussel [6] demonstrates that power augmentation is
directly related to increased mass flow rate, although physical limitations exist for realis-
tically achievable enhancement. Modern CFD-based developments reveal further oppor-
tunities for optimizing rotor—duct interaction [7,8], and review studies on micro wind tur-
bines [9] emphasize the applicability of ducted solutions for small-scale power generation.

In addition to converging and diffuser-based acceleration, the geometry of the flow
path itself significantly influences pressure distribution and velocity fields. In curved
channels, a radial pressure gradient arises due to inertial forces acting on moving fluid
particles. This leads to increased pressure near the outer wall and decreased pressure near
the inner wall, causing a transformation between potential and kinetic energy and poten-
tially resulting in local velocity amplification near the smaller radius, even at constant
cross-sectional area.

The fundamental theoretical basis for analyzing flow in curved channels was estab-
lished by Dean [10], who demonstrated the formation of secondary vortical structures due
to centrifugal forces. A comprehensive review of laminar and turbulent regimes, the role
of the Dean number, and geometric effects is presented by Berger et al. [11]. Numerical
investigations of turbulent flows in curved ducts [12,13] confirm the significant influence
of curvature on secondary motion and velocity distribution, while rotating curved chan-
nels exhibit additional instabilities and multi-vortex structures [14]. In parallel, studies on
geometric optimization of Venturi configurations show that parameters such as conver-
gence and divergence angles and throat length substantially affect hydrodynamic effi-
ciency [15], confirming the importance of geometry in flow control.

This mechanism represents an alternative approach to flow acceleration, based not
on area reduction through convergence, but on geometry-induced energy redistribution.
By analogy with solid mechanics, where geometric modification of a structural element
significantly alters local stress distribution and energy parameters [16,17], curvilinear ge-
ometries in fluid flows can be deliberately used to control the velocity field. In this context,
geometric modification of the cross-section in solid mechanics leads to local stress concen-
tration, whereas in fluid mechanics, channels with curvilinear geometry exhibit a corre-
sponding local concentration of kinetic energy.

Quantitative evaluation of such effects requires numerical modeling. The methodo-
logical foundations of CFD analysis are thoroughly presented in the works of Anderson
[18] and Versteeg and Malalasekera [19]. For modeling turbulent flows with adverse pres-
sure gradients, the SST model proposed by Menter [20] is widely applied. The theoretical
framework for analyzing rotor-flow interaction and evaluating the power coefficient is
developed in wind turbine momentum theory [21,22].

Despite the substantial body of research on diffuser-augmented turbines and flow in
curved channels, quantitative assessment of potential velocity amplification in real air and
a specific G-shaped configuration remains insufficiently explored. Of particular interest is
the relationship between the geometric parameters of the channel (length, height, and cur-
vature radius) and the maximum local velocity near the inner wall.

The objective of the present study is to analyze, through numerical modeling and
CFD simulation, the airflow through three variants of a G-shaped channel under identical
boundary conditions and to determine the influence of geometry on pressure distribution
and velocity fields. The obtained results provide a theoretical and numerical basis for the
application of curvilinear channels in adaptive wind turbines with centripetal turbines to
enhance their efficiency.
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2. Theoretical Background

The airflow through a curvilinear channel is governed by the fundamental laws of
fluid mechanics —namely, the conservation of mass and the conservation of energy. When
the direction of fluid motion changes, inertial forces arise, leading to pressure redistribu-
tion within the channel cross-section. This redistribution modifies the local velocity field,
resulting in an asymmetric velocity distribution between the inner and outer walls of the
curved section.

In the idealized case of an incompressible and inviscid fluid, the flow can be analyzed
using Bernoulli’s equation applied along individual streamlines. When the flow enters a
section with constant cross-sectional area and constant radius of curvature, centrifugal
inertial forces generate a pressure gradient directed from the inner toward the outer wall.
Consequently, pressure increases near the outer wall and decreases toward the inner wall,
leading to velocity reduction in the outer region and acceleration in the inner region of the
channel.

The resulting acceleration of the airflow in the region of smaller radius constitutes
the physical basis for employing curvilinear channels in engineering applications. In par-
ticular, for adaptive wind turbines with centripetal turbines, increasing the air velocity
upstream of the turbine inlet may significantly enhance the kinetic energy of the flow and,
accordingly, improve overall system efficiency.

In the present study, air is assumed to be an incompressible fluid with constant den-
sity, and gravitational effects are neglected due to the small elevation differences within
the channel. The theoretical analysis provides a basis for interpreting the numerical mod-
eling results and for explaining the influence of geometric parameters on pressure and
velocity distributions.

To further formalize the considered physical mechanism, an idealized model of flow
in a curved channel is analyzed. The use of a simplified geometric formulation enables
clear evaluation of the effect of curvature radius on local flow parameters and allows der-
ivation of analytical relationships that serve as the theoretical foundation for subsequent
numerical modeling.

In this context, the flow of an ideal fluid in a U-shaped channel (pipe), shown in Fig-
ure 1, is considered.

Mean flow line

Figure 1. Flow of an Ideal Fluid through a U-Shaped Channel.

For the purposes of the analysis, the channel is assumed to have a constant radius in
its curved section and a constant cross-sectional area. The following assumptions are
adopted for the flowing fluid:

e the fluid is incompressible, ¢ = const;
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e the fluid is inviscid;

¢ the flow is laminar.

In the upper part of the channel, fluid enters through cross-section Sp with a constant
velocity. Two characteristic points within cross-section Sy are considered —points a and b.
Point b is located in the lower part of the channel, between the mean flow line and the
inner wall, whereas point a is located in the upper part, between the mean flow line and
the outer wall. Let V denote the flow velocity. At cross-section Sy, the velocities can be
expressed as:

Vao= Vby, (1)

Equality (1) is valid up to the beginning of the curved section of the channel. As the
fluid enters the curved segment, the presence of mass and velocity gives rise to inertial
(centrifugal) forces acting on the fluid particles along the tangential direction of their tra-
jectory. In the region near the outer wall, pressure increases, leading to a reduction in
velocity at point 4. Simultaneously, a zone of reduced pressure is formed near the inner
wall, resulting in an increase in velocity at point b, as shown in Figure 1 [23].

Therefore, at cross-section S;, the velocities can be expressed as:

Vb:> Vay, (2)

Inequality (2) follows from the law of energy conservation —an increase in pressure
results in a decrease in velocity, whereas a decrease in pressure leads to its acceleration.

A similar energy-based approach is widely applied in other fields of mechanics. For
example, in fracture mechanics, crack propagation is described using energy criteria and
stress intensity factors [24,25], where variations in system energy determine the rate of the
process. By analogy, the present study examines the influence of the channel’s geometric
parameters on pressure redistribution and the transformation of the kinetic energy of the
airflow.

It should be noted that Bernoulli’s equation is applied separately along the stream-
lines passing through points 2 and b:

2 2 2

po+ Z2 4 pgh=pu+ T2+ pgh =piz+ T2+ pgh, ®)
oV PV PV,

pro+ =2+ pgh =per+ =2+ pgh =psz+ —*+ pgh, )

where:

p — pressure, Pa;

V — velocity, m/s;

p — fluid density, kg/m3;

g — gravitational acceleration, m/s?;

h — elevation (geodetic height), m.

In Equations (3) and (4), the elevation term may be neglected due to the small level
differences within the channel. The resulting pressure difference causes a displacement of
the mean flow line toward the inner wall, i.e., toward the wall with the smaller radius of
curvature. The term “mean flow line” refers to a streamline along which the magnitude
of velocity remains unchanged.

As a consequence, the particle at point b reaches cross-section S; earlier than the par-
ticle at point a, and their velocities remain different even after passing through this section.
For cross-section Sy, the following relationship can be written:

Vbz> Vag, ®)
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The difference in velocities between points a and b, resulting from passage through
the curved section of the channel, leads to an inclination of cross-section S,, as illustrated
in the figure. Due to its higher velocity, point b reaches the channel outlet earlier than
point a.

In the straight outlet section of the channel, the velocity field gradually restores its
symmetry with respect to the walls, and the mean flow line returns to a central position.
In this region, the velocities can be expressed as:

Vbsz=Vas, (6)

It should be noted that the Bernoulli equation, in its classical form, is strictly applica-
ble only to an ideal (inviscid and incompressible) fluid along a single streamline. In the
present study, it is used solely as a qualitative theoretical framework for interpreting the
mechanism of pressure redistribution. Quantitative results are obtained through CFD
simulations, which account for viscous effects using the k—¢ turbulence model.

3. Numerical Modeling

The numerical analysis was performed by developing a three-dimensional digital
model followed by fluid flow simulation in the SolidWorks Flow Simulation environment
(version 2019). The study includes three variants of a G-shaped channel with identical
cross-sectional area—2500 mm?2—shown in Figure 2. The geometric dimensions and lon-
gitudinal cross-sectional profiles are presented in Figure 2, while the main geometric pa-
rameters of the individual variants are summarized in Table 1. The use of the same cross-
sectional area for all three configurations ensures comparable conditions, allowing a
clearer evaluation of the influence of geometry on the flow parameters.

L - 200 _
Ik Quter streamline
- (|
=] =
IS
(a) (b)

Figure 2. Geometry of the investigated G-shaped channel: (a) three-dimensional model; (b) longitu-

dinal cross-section with main geometric parameters and outer streamline.

Table 1. Geometric Parameters of the Investigated Channels.

Variant L [mm] H [mm] R [mm]
1 50 50 100
2 71.3 36.65 86.65
3 36.65 71.3 121.3

The following boundary and initial conditions were adopted for the fluid simulation:
* working fluid —air;

¢ laminar and turbulent;

e inlet velocity: 10 m/s;
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e outlet condition —atmospheric pressure of 101325 Pa;

¢ no heat transfer between the walls and the fluid;

* initial pressure: 101325 Pa;

e fluid temperature: 293.2 K.

The numerical solution was implemented using the finite volume method in Solid-
Works Flow Simulation (version 2019). The governing equations include the continuity
equation and the Navier-Stokes equations for an incompressible fluid. The simulations
were performed under steady-state conditions, with turbulent effects accounted for using
an automatically selected k—¢ turbulence model embedded in the software.

The computational mesh was generated automatically in SolidWorks Flow Simula-
tion (version 2019), with adaptive refinement applied in the curved region. Convergence
was verified by monitoring the maximum velocity and the minimum total pressure be-
tween successive iterations, with a convergence criterion defined as stabilization within
1%.

4. Results and Discussion

The primary focus of the study is the influence of geometric parameters on the max-
imum airflow velocity under the prescribed boundary conditions.

A distance of 5 mm from the inner wall was selected as representative of the inlet
region of the centripetal turbine, as this zone governs the kinetic energy of the incoming
fluid.

The pressure distribution and velocity field in the mid-longitudinal section for Vari-
ant 1 are shown in Figure 3. A distinct pressure redistribution is observed in the curved
section of the channel. A region of reduced pressure forms near the inner wall, accompa-
nied by a local increase in velocity. At the same time, an increase in pressure is observed
near the outer wall, resulting in a corresponding decrease in velocity, consistent with the
theoretical formulation.

Figure 4 shows the variations of pressure and velocity along an outer streamline lo-
cated at a distance of 5 mm from the inner wall of the channel within the same section.
The obtained distributions confirm the acceleration of the airflow in the region of smaller
radius, with maximum velocity values reached in the curved segment.

Figure 5 presents the variation of maximum velocity and total pressure as a function
of the number of iterations in the numerical solution for Variant 1. Stabilization of these
values after a certain number of iterations confirms the convergence of the numerical so-
lution. The quantitative values of the main parameters are summarized in Table 2.

Pressure (Pa) Velocity (mis)

101,395 140

101231

101,366~

101,352

101,338 -

101324

101,308

101295

(a) (b)

Figure 3. Pressure and velocity distribution in the mid-longitudinal section of the channel (Variant

1): (a) pressure distribution; (b) velocity distribution.
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Figure 4. Air pressure and velocity distribution along a line located 5 mm from the inner channel

wall (Variant 1) in the mid-longitudinal section: (a) pressure distribution; (b) velocity distribution.
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Figure 5. Variation of maximum velocity and minimum total pressure as a function of iterations

(Variant 1): (a) maximum velocity; (b) minimum total pressure.

Table 2. Airflow Parameter Values in the Channel (Variant 1)

Averaged Minimum Maximum
Value Value Value
GG Min Total Pressure 1 [Pa] 101281.8242 101282.1792 101281.1641 101283.293!
GG Av Total Pressure 1 [Pa] 101411.6997 101411.9470 101410.8879  101413.043!
GG Av Velocity 1 [m/s] 9.881718061 9.882872707  9.87924355 9.88787015
GG Max Velocity 1~ [m/s] 13.31519742 13.36284287  13.31192241 13.4137554

Goal Name Unit Value

The pressure distribution and velocity field in the mid-longitudinal section plane for
Variant 2 are presented in Figure 6. As in the first variant, a redistribution of pressure
between the inner and outer walls is observed in the curved section of the channel. How-
ever, the intensity of airflow acceleration in the small-radius region is less pronounced
compared to Variant 1, which affects the value of the maximum velocity.

Figure 7 presents the variations of pressure and velocity along a path located 5 mm
from the inner wall in the mid-longitudinal section. The obtained results confirm the pres-
ence of a local increase in velocity within the curved region, but with a smaller amplitude
compared to the other variants. The quantitative values of pressure and velocity are sum-
marized in Table 3, allowing a direct comparison with the remaining geometric configu-
rations.
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Figure 6. Pressure and velocity distribution in the mid-longitudinal section of the channel (Variant
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2): (a) pressure distribution; (b) velocity distribution.
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Figure 7. Air pressure and velocity distribution along a line located 5 mm from the inner channel
wall (Variant 2) in the mid-longitudinal section: (a) pressure distribution; (b) velocity distribution.

Table 3. Airflow Parameter Values in the Channel (Variant 2)

. Averaged Minimum Maximum
Goal Name Unit Value Value Value Value
GG Min Total Pressure 1 [Pa]  101294.1523 101294.2274 101293.3175  101295.407
GG Av Total Pressure 1 [Pa]  101404.1427 101404.3944 101403.8234  101405.109:
GG Av Velocity 1 [m/s] 9.915438709 9.916848867 9.914060459  9.91980927
GG Max Velocity 1~ [m/s] 12.30064705 12.31562817 12.28933038  12.3460026!

The distribution of pressure and the velocity field in the mid-longitudinal section for
Variant 3 is presented in Figure 8. In the curved part of the channel, the most pronounced
redistribution of pressure between the inner and outer walls is observed compared with
the other variants. In the region of the smaller radius, a more distinct low-pressure zone
is formed, which leads to a more intensive acceleration of the airflow.

Figure 9 presents the variations in pressure and velocity along a path line located at
a distance of 5 mm from the inner wall in the mid-longitudinal section. The obtained pro-
files demonstrate the highest velocity values among the three investigated variants, con-
firming the significant influence of the geometric parameters on the local acceleration of
the flow.

The quantitative values of pressure and velocity are summarized in Table 4. A com-
parison with Tables 2 and 3 indicates that Variant 3 provides the highest maximum veloc-
ity under the specified boundary conditions.
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Figure 9. Air pressure and velocity distribution along a line located 5 mm from the inner channel

wall (Variant 3) in the mid-longitudinal section: (a) pressure distribution; (b) velocity distribution.

Table 4. Airflow Parameter Values in the Channel (Variant 3)

] Averaged Minimum Maximum
Goal Name Unit Value Value Value Value
GG Min Total Pressure 1 [Pa]  101270.0915 101270.1220 101269.3998 101270.768:
GG Av Total Pressure 1 [Pa]  101424.9465 101424.8928 101424.3357 101425.418
GG Av Velocity 1 [m/s] 9.848041308 9.850504722 9.847856795 9.85264981
GG Max Velocity 1~ [m/s] 14.93444043 14.92636439 14.88173535 14.9755722

The obtained results demonstrate a clear relationship between the radius of
curvature and the intensity of the local flow acceleration. A larger difference between the
radii of the inner and outer walls generates a stronger radial pressure gradient, which
leads to a more pronounced redistribution of kinetic and potential energy across the cross-
section. This explains why Variant 3, characterized by a more pronounced geometric
asymmetry, exhibits the highest values of maximum velocity in the vicinity of the inner
wall. From a physical point of view, the increase in the centrifugal effect results in a
stronger reduction of the static pressure in the region of the smaller radius and
consequently in a more intensive acceleration of the flow.

However, increased local velocity may be accompanied by higher hydraulic losses
due to intensified pressure gradients and the development of secondary flow structures.
The difference between the mean total pressure at the inlet (101,325 Pa) and the minimum
total pressure within the channel (Tables 2—4) serves as a qualitative indicator of these
losses. This difference is largest for Variant 3, indicating that stronger acceleration is
associated with a more pronounced conversion of pressure into kinetic energy.

While the present study focuses on the maximum local velocity, practical
implementation in adaptive wind turbines requires a balance between flow acceleration
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and total energy losses. This points to the existence of an optimal geometric configuration
that maximizes energy efficiency while minimizing losses.

Based on the performed numerical investigation, the following main conclusions can
be formulated:

— The highest mean value of the maximum airflow velocity was obtained for Variant
3 (14.9 m/s), indicating the most pronounced local acceleration in the region of the smaller
radius.

— The lowest mean value of the maximum velocity was observed for Variant 2 (12.3
m/s), which also exhibits the smallest variation of the maximum velocity during the
numerical solution process.

— The largest variation of the maximum velocity was recorded for Variant 3, which
corresponds to the more pronounced pressure redistribution in the curved part of the
channel.

— Variant 1 occupies an intermediate position with respect to the considered
indicators, demonstrating a moderate increase in velocity compared with the other
configurations.

The obtained results confirm that the geometric parameters of the curvilinear channel
have a significant influence on the pressure distribution and the velocity field. It is
observed that when the difference between the radii of the inner and outer walls is
smaller, the velocity field of the real fluid (air) approaches more closely the theoretically
predicted behavior.

5. Conclusion

The obtained results show that the air velocity increases by up to 49% at a distance
of 5 mm from the inner wall formed by the smaller radius of the channel. With further
approach toward the inner wall, an additional increase in velocity is observed, confirming
the significant influence of the curvilinear geometry on the local acceleration of the flow.

In the design of an adaptive wind turbine, the inner wall of such a channel can be
considered as the inlet region of the centripetal turbine. Since the kinetic energy of the
airflow is proportional to the square of the velocity, the local increase in velocity leads to
a significant rise in the energy potential of the flow upstream of the turbine.

The obtained numerical results indicate that the use of a curvilinear channel repre-
sents an effective structural approach for improving the efficiency of adaptive wind tur-
bines with centripetal turbines. In this way, the presence of a casing in this type of wind
energy system is justified not only from a structural standpoint but also from an aerody-
namic one—through the purposeful control and acceleration of the airflow upstream of
the rotor.
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