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Abstract

In this study, the turbulent behavior inside a pipe containing an aluminum helical vortex generator plate
was investigated using computational fluid dynamics (CFD) methods, considering different plate roughness
and helical angle values. Accordingly, numerical analyses of velocity and pressure distributions for a liquid
flow with a constant inlet velocity of 0.5 m/s and four different helical angles were performed and compared
in a computer software. To observe the effects of the roughness values of the metal plate on flow behavior,
analyses were conducted for three different roughness values for each helical angle and the results were
compared and interpreted. As a result of the study, the combination of a roughness value of 0.04 and a helical
angle of 0° led to the highest pressure and velocity values, while the same roughness value combined with a
270° helical angle resulted in the lowest pressure and velocity values. Detailed analysis showed that helical
angles (90° and 180°) presented moderate pressure and velocity values, indicating a non-linear relationship
between helical angle and flow characteristics. The results demonstrate that optimizing the helical angle and
roughness is crucial for enhancing the efficiency of vortex generators. This way, a design will be developed
to prevent performance degradation in industrial applications that require flow efficiency and pressure
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1. Introduction

Fluid flow inside pipes is commonly utilized for heating and
distribution purposes, as well as in heat exchangers, turbines,
autumotive industry and hydraulic transport systems. In these
systems, the fluid entering the flow region at a specific velocity
and pressure undergoes pressure drop and head loss due to pipe
design and friction factor. The tangential velocity of the fluid,
which transitions to a vortex state depending on the geometric
design, influences the average velocity [1]. Heat exchanger
components are used in the automotive industry to improve vehicle
efficiency and reduce emissions. By increasing heat transfer,
energy loss is minimized. This technology helps manage the
thermal load of engines, batteries and other critical components.

Turbulence generators which are from heat exchangers disrupt
the boundary layer, causing it to thin out, disperse and re-form.
They increase the surface area available for heat transfer and
amplify the turbulence level within the flow, thereby extending the
flow path. As a result, turbulence is induced within the flow
volume[2]. The performance of a turbulator varies depending on
the geometry of the turbulator, the hydraulic diameter of the pipe
with the turbulator, the thermophysical properties of the fluid and

the mass flow rate of the fluid [3].

The number of vortices formed in the flow also defines the
relationship between circumferential and axial momentums [4].
Initial studies on pipe flow focused on pressure drop and flow
velocity, which were described mathematically by G. Hagen and J.
Poiseuille [5]. The friction factor, later added to the studies by
Bhatti et al., highlighted the critical behaviors induced by surface
roughness in fluid flow [6]. Fang et al. examined the effects of the
friction factor in adiabatic supercritical turbulent pipe flow under
critical pressure [7].

The transfer of heat and mass is influenced by the vortex flow
structure. In an experimental study by Yilmaz et al., the behaviors
of vortex flows generated by attaching different guide vanes were
investigated. The results indicated that rotational flow exhibited
higher performance compared to axial flow at high vane angles and
low inlet velocities [8].

In a combined experimental and numerical study by Bilen et al.,
the relationships between the friction factor (f), Nusselt number
(Nu) and flow Reynolds number for vortex generators with
different helical angles were examined [9]. Another study by
Yesildal proposed a mathematical model for the relationship
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between the heat transfer coefficient, flow characteristics and
geometry. Yesildal used the Response Surface Methodology to
model the effects of Reynolds number, helical angle and pitch
values on the flow for an axial vortex generator placed at the pipe
inlet [10].

Banerjee et al. experimentally investigated the rotational flow
inside a coaxial cylinder pipe and compared the results numerically
using the RSM experimental design method. The rotational flow
behavior showed results closer to the turbulent Kinetic energy
values for vortex density [11]. A similar study was conducted by
Rocha etal. [12] using a finned vortex generator. They numerically
investigated the rotational flow generated for regions with
Reynolds numbers less than 2000, focusing on pressure drop,
velocity components and vortex density using the CFD method.

Sagr and Wahid examined the effects of turbulence, inlet vortex
density and vortex heat transfer on local entropy generation in
compressible, non-isothermal pipe flow [13]. According to an
experimental study, Kurtbas et al. investigated the effect of conical
injector-type vortex generators in a tube with uniform heat flux
under turbulent flow regime [14]. The study conducted by Baysal
et al. demonstrated that friction loss in tubes with turbulators is
higher compared to plain tubes [15]. In the study conducted by
Solmaz et al., turbulators were used in a counterflow concentric
tube heat exchanger. The different stages of circular turbulators,
placed inside the inner tube, were numerically analyzed using the
applicable K-g turbulence model. As a result, it was found that the
highest heat transfer enhancement of 233.08% compared to the
plain tube condition was achieved with a turbulator spacing of 25
mm [16]. In their study, Karakaya and Durmus designed conical
spring turbulators and analyzed their impact on heat transfer and
pressure drop in a tube for Reynolds numbers between 10,000 and
34,000. They also examined how three different turbulator angles
affected heat transfer and exergy loss [17]. There are many studies
observing the effects of turbulence models on flow behavior in
CFD analyses [19-20].

In light of the findings and recommendations in the literature,
this study investigates the turbulent behavior inside a pipe
containing an aluminum helical vortex converter plate using
computational fluid dynamics (CFD). The aluminum plate adapted
inside the pipe was designed with four different helical angles (0°,
90°, 180°,270°). A numerical study was conducted and interpreted
to reveal the effects of different roughness values (0.04, 0.066,
0.092) on pressure and velocity in turbulent flow.

2. Materials and Methods

In this study, an aluminum plate with helical angles of 0°,
90°, 180° and 270° was used inside a horizontal straight pipe
with a diameter of 15 mm and a length of 100 mm (Figure 2).
The angle of 0° indicates that the plate is flat. Four different
visual representations of the model based on these helical angles
are provided in Figure 1.

A~

Fig. 1. Geometries with helical angles (a=0°, b=90°, c=180°, d=270°)
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Fig. 2. Dimensions of the model

For each model, the fluid inlet velocity was assumed to be
constant at 0.5 m/s and the fluid used was water at a temperature
of 20°C. To examine the fully developed turbulent behavior,
flow analysis was conducted over a length of 30 mm following
the aluminum plate. This ensured the establishment of a stable
regime with fully developed turbulent behavior. All flow
volumes in the model were considered as liquid flow volumes,
excluding the metal. The ANSYS-Fluent software package was
used for the computational fluid dynamics (CFD) analysis. The
assumptions made in all analyses and physical equations are as
follows [18];

« Incompressible water in the liquid phase was used as the
working fluid.

« The physical properties of water were assumed to be a density
0f 998.2 kg/m? and a viscosity of 0.001003 kg/m-s.

« The liquid flow inside the pipe is steady and stable.

« The effects of gravity have not been considered.

The following conservation equations were used to examine the
flow behavior in the analyses conducted;

dp Jdpu Odpv Jdpw

ot T ox Ty Tar 0 M

The momentum conservation equation:

dp

£ (0V) =2 1T+ pvi=0 @
ot P ot VPPV

The energy conservation equation;
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dt
PC,,E = KkV2T + 0 3)

The turbulence kinetic energy equation;

d " 0 ok

a—xi(P u) = 6_xj+ [ak#effa—xj]+Gk—PE (4)
The standard K-g turbulence model with Standard Wall
Functions conditions was selected for this study due to its well-
established reliability and effectiveness in simulating turbulent
flow in internal pipe flows, as extensively documented in the
literature [8-9]. For four different helical angles (0°, 90°, 180°,
270°), a tetrahedron mesh type with an element size of 0.5 mm
was used, resulting in mesh element counts of 330609, 349723,
351403 and 348513, respectively. The mesh structure of the

model is shown in Figure 3.

Fig. 3. Mesh visualization for 0° helical geometry
3.Results

Below are the pressure and velocity results within a vortex
generator containing plates with four different helical angles,
corresponding to a constant inlet speed. Numerical analysis
simulation images are also provided in the same order of the
helical angles.

3.1 Pressure Behavior

Upon analyzing the results, the maximum pressure values are
observed at the point where the roughness reaches its minimum,
specifically at a value of 0.04 and where the helix angle is
0° (Figure 5). Another noteworthy point is that for a helix angle
of 90°, the maximum pressure value occurs at a medium
roughness value of 0.066. For a helix angle of 180°, the
minimum pressure value also occurs at the medium roughness
value of 0.066 and this value is equal to the pressure value at the
same roughness level for a helix angle of 0°. While no
significant pressure variation is observed for the roughness
value of 0.066 except for the 90° helix angle, a sudden increase
in pressure is noted for the 180° helix angle (Figure 6).
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Fig. 4. Pressure vs. roughness and angle

A d) A

Fig. 5. Pressure vs roughness of 0.04 (a=0°, b=90°, c=180°, d=270°)

Fig. 6. Pressure vs roughness of 0.066 (a=0°, b=90°, c=180°, d=270°)

In general, across all results in Figure 4, an inverse
relationship was observed for a helix angle of 0°, where an
increase in the roughness value corresponded to a decrease in
the pressure value. Additionally, at roughness values of 0.04 and
0.066, a sudden decrease in pressure was noted when the helix
angle increased from 90° to 180°.
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Fig. 7. Pressure vs roughness of 0.092 (a=0°, b=90°, c=180°, d=270°)

This decrease was more pronounced at the roughness value of
0.04 and the roughness value of 0.092 did not have a significant
effect on the pressure (Figure 7). For a helix angle of 270°,
roughness did not have a notable impact on pressure. However,
a sudden drop in pressure was observed with the helix angle
change from 180° to 270° (Figure 8).
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Fig. 8. Pressure vs roughness of 0.092 on outlet (a=0°, b=90°, c=180°,
d=270°)

Velocity Behaviors

Upon examining Figure 9, it is observed that the maximum
velocity point occurs at the minimum roughness value for a helix
angle of 0°. The minimum point, on the other hand, is at a helix
angle of 90°. When the roughness increases from 0.04 to 0.066,
there is an increase in velocity for helix angles of 90° and 270°,
while for 0° and 180°, a decreasing trend is observed.

Another important point is that when the roughness is
increased to its maximum value, the velocity decreases for helix
angles of 0°, 90° and 270°, whereas for 180°, an increasing
behavior is observed. The maximum velocity at a helix angle of
270° is at a medium roughness value of 0.066 (Figure 11). This
behavior is expected and consistent, as seen from Eq. (4).
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Fig. 9. Velocity vs. roughness and angle
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Fig. 10. Velocity vs roughness of 0.04 (a=0°, b=90°, c=180°, d=270°)
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Fig. 11. Velocity vs roughness of 0.066 (a=0°, b=90°, c=180°, d=270°)

The highest speed values were obtained at a 0° helix angle
and as the helix angle increased, the speed values decreased. The
flow path lengthens, the flow resistance increases and the energy
is distributed over a wider area. As the roughness increased, a
decrease in speed values occurred. This indicates that the flow
encounters the least resistance on the plate, resulting in the
highest speed. Velocity vb. roughness figures depending on
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different helix angles are given in Figures 10, Figure 11 and
Figure 12 and Figure 13.

Fig. 12. Velocity vs roughness of 0.092(a=0°, b=90°, c=180°, d=270°)
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Fig. 13. Velocity vs roughness of 0.092 on outlet (a=0°, b=90°,
c=180°, d=270°)

4. Conclusions

The study shows that changes in the roughness and helical
angles of vortex generators significantly affect both pressure and
velocity in the pipes. The following conclusions have been
drawn from the examination of numerical analysis and
simulation results:

- While the flat plate (0°) provides the most homogeneous flow
distribution, the 270° helical angle shows the most turbulent
flow distribution.

- As the roughness value increased (from 0.04 to 0.092),
significant changes in pressure values were observed for each
helical angle. Notably, the highest pressure values were
observed for the roughness value of 0.04.

- The increase in surface roughness has also led to decreases in
flow velocity; this finding confirms that roughness increases
flow resistance, thereby reducing the velocity.

- The combination of helix angle and surface roughness
significantly affects flow performance; it has been concluded
that helix angle and roughness need to be carefully optimized
for optimal flow performance. These findings are crucial for
vortex generator designs to minimize pressure losses and control
flow speed.

The results show that the optimal use of helical angle and
roughness can contribute to thermal management in the
automotive industry. This would lead to more efficient cooling
systems and improved performance of heat recovery units. It
would be beneficial to explore different fluid types, flow rates
and temperature ranges for automotive applications.
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