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Abstract This paper presents new results for the dynamic behaviour of
fluid around a rotating turbulator in a channel. The turbulator has a pro-
peller form which is placed inside a flat channel. The research was carried
out using 3D numerical simulation. The rationale of the experiment was
as follows: we put a propeller-turbulator inside a flat channel, and then we
insert a water flow inside the channel. The turbulator rotates at a constant
and uniform speed. The main points studied here are the effect of the pres-
ence of turbulator and its rotational direction on the flow behaviour behind
the turbulator. The results showed that the behaviour of flow behind the
turbulator is mainly related to the direction of turbulator rotating. Also,
the studied parameters affect coefficients of drag force and power number.
For example, when the turbulator rotates in the positive direction, the drag
coefficient decreases in terms of rotational speed of the turbulator, while the
drag coefficient increases in terms of rotational speed when the turbulator
rotates in the negative direction.
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Nomenclature

A —  frontal surface, m?

Cp — coefficients of drag force

c —  thickness of the core, m

D — total diameter of the propeller, m

d — diameter of the core, m

Fp — drag force, N

J — advance ratio

H — diameter of the channel, m

Ny, —  power number

P — dimensionless pressure

P — pressure, Pa

Re — Reynolds number

T —  torque, J

U, VW — dimensionless components of velocity

U, UV, W — components of velocity, m/s

Uin — inlet velocity, m/s

X,Y,Z — dimensionless coordinates

T, Y, 2 —  Cartesian coordinates, m/s

Greek symbols

u — dynamic viscosity, Pa-s
p — density, kg/m?

1 Introduction

Many recent studies aim to induce geometric changes for the purpose of
accelerating the flow within the channel. This dynamic behaviour can be
exploited to speed up the fluid mixing process [1-3], or increase the process
transferring in thermal applications [4-6]. Previous studies showed that the
presence of a solid body inside a channel accelerates the movement of the
flow as it passes around this body. The shape and the position of the body
also play a role in the dynamic behaviour of the flow [7-10]. On the other
hand, a group of researchers focused on changing the shape of the outer wall
of the channel in order to develop the dynamic behavior of the fluid [11-14].

With regard to the previous work related to the subject, we mention
the following: Fang et al. [15] studied the flow of a fluid inside a straight
channel, and in order to accelerate the flow, an innovative turbulator was
added inside the channel. The study included the effect of the turbulator
shape. The results showed that the invented forms have a strong effect on
accelerating the flow, and therefore there is a stimulation of thermal ac-
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tivity.Farshad and Sheikholeslami [16] investigated the development of the
stream velocity inside a canal. For this purpose, they added a turbulator
whose cross-section is spiral in shape. The body is placed along the chan-
nel, and its streamlined form does not hinder the movement of the flow.
The study showed that this shape helps to create a circular flow, which in
turn enhances the thermal activity between the fluid and the channel. Yan
et al. [17] studied the effect of a double tube inside a channel in order to
determine its effect on the flow velocity. The study also included the im-
pact of thermal properties on the heat transfer. It was estimated that this
new design of the system can enhance the mass transfer which has a di-
rect reflection on the heat transfer.Ebrahimpour and Sheikholeslami [18]
studied the system of absorbing heat from the sun. This system relies on
a straight channel placed above a thermal collector. Inside the channel,
fluid passes through and absorbs energy. For the purpose of developing the
fluid behaviour, a longitudinal turbulator was placed inside the channel.
The study showed that the spiral shape of the tabulator causes the flow
to move in a spiral manner, which increases its speed and has an increase
in thermal absorption capacity of the fluid from the channel wall. Sheik-
holeslami et al. [19] inserted turbulators into a channel with the aim of
strengthening the fluid’s dynamic performance. This study was carried out
in order to develop the thermal system of the channel, which is used in ther-
mal exchangers related to clean energy. The new shape of these turbulators
is that theycontain holes, which allows for reducing the resistance of the
turbulators to fluid flow, in return accelerating the flow. The results showed
an improvement in the speed of the flow with significant development in
thermal activity. In general, there are other works aimed at studying the
shape of the inner turbulator and its spiral form on the general system of
the stream [20-25].

There is also another type of turbulator, in the form of fixed rings placed
in the centre of the channel. When the liquid passes around it, the flow path
changes from a parallel shape to a circular shape. Among these works, we
mention for example: Shafee et al. [26]. The shape of the ring is spiral
and circular. This geometry allowed the flow to accelerate in a superior
way, which effectively reflected the thermal activity of the fluid. Nakhchi et
al. [27] and Bellos et al. [28] used a cylindrical turbulator that was hollow
inside and had holes that allowed the liquid to pass through. That proposed
form was found to have a high influence on the behaviour of the fluid.

Other researchers have combined the existence of more than two turbu-
lators placed in parallel [29-31]. Also a positive development of the fluid
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was elicited. Furthermore, there are also some works directly related to the
subject under study [32-35].

It has already been noted from the previous works that the presence
of a turbulator inside the straight channel increases the flow velocity, and
this is what makes the thermal activity better for the fluid. Despite this,
there are few works on propeller-shaped turbulators rotating at a constant
speed. For this reason, this work aims to bridge this gap. In general, this
paper aims to present the simulation of flow in a channel with a turbulator
in the form of a propeller rotating at a constant speed. The purpose of
this study is to understand the influence of both the speed of rotation of
the turbulator and its direction of rotation on the dynamic and kinematic
activity of the flow. This work can be used in many applications includ-
ing a primarily thermal solar panel, thermal exchangers and semi-static
mixers.

2 Physical problem and mathematical equations

The domain to be studied is described in Fig. 1. The domain is a straight
channel with a propeller-turbulator rotating at a constant speed (Fig. 1a).
The flow enters the channel uniformly at a constant initial velocity and
exits from the other end of the channel. Fig. 1b represents the cross-section
of the turbulator with the channel. The propeller-turbulator is composed of
four blades and a core of diameter (d). The total diameter of the propeller
is given by (D). Also, the diameter of the channel is given by the symbol
(H). Furthermore, Fig. 1b shows the positive direction of the propeller.
Figure 1c shows the longitudinal section of the turbulator. The thickness
of the core is denoted by the symbol (c¢). The propeller blades are directed
at an angle of 45°. All these channel and turbulator geometric proprieties
are set in Table 1.

Table 1: Geometrical characteristics of the studied domain

| D/H \ d/H \ ¢/H |

| 0.65 \ 0.25 \ 0.5 |

The fluid used in this research is water, which has the following properties:
density (p) is 998 kg/m3, dynamic viscosity (u) is 0.00000232 Pa-s. The flow
entering the channel has a constant velocity determined by the Reynolds
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(b) (c)

Figure 1: The studied physical domain: (a) general view of the turbulator with a channel,
(b) cross-section of the turbulator, (c) longitudinal section of the turbulator.

number (Re = 100), while the Reynolds number is given by the following
expression:
inD
Re = 24 (1)
I
where u;, denotes the velocity value at the channel entrance.

The differential equations needed to be solved to achieve numerical sim-
ulation of the problem areas follows [36-43]:
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where U, V, and W are the dimensionless component of velocity along
X, Y, and Z directions, respectively, P is the dimensionless pressure, and
Re is Reynolds number.

These equations are written in non-dimensional form after setting these
variables:

($,y,2) (U, v, W) _ M, P = L, (6)

XY, Z) = ;
( ) D Uin puiQn

where z,y and z are the directions in Cartesian coordinate system, u, v,
and w are the velocity component, p is the pressure, and wuy, is the flow
velocity at the inlet.

The turbulator is characterized by a constant called the advance ratio
(J). It relates the velocity of the flow at the channel inlet to the speed of
rotation of the turbulator: w

n
J = ok (7)
where n is the rotational speed. J = 0.2 to 0.9. When J increases, the
rotational speed of the turbulator decreases.

The power number of the turbulator can be calculated as:

T
szma (8)

where T is the torque. The drag coefficient of the turbulator is calculated

as:
Fp

~ 0.5pn2A4’ (9)
where Fp is the drag force exerted by the flow on the turbulator, A is the
frontal surface of the propeller.

The appropriate boundary conditions for these non-dimensional equa-
tions are:

Cp

e at the inlet of the channel:

U=1, V=0, W=0, (10)

e at the channel and turbulator walls — no-slip condition:

U=0, V=0 W=0, (11)
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e at the outlet tube — the Neumann condition:

ou ov ow
8_X_0’ G_X_O’ a—X—O. (12)

3 Grid independency test and validation test

The propeller-turbulator geometry as well as the mesh were created using
Gambit [44]. The number of mesh elements was set after checking its effec-
tiveness and the results of this test are shown in Table 2. This table shows
variations of the coefficient NV, in terms of mesh element number for J = 0.8
and Re = 100. It is noted that the mesh of the second case of 883113 el-
ements is very suitable for solving the above equations. We mention that
the form of the mesh element is triangular. The elements are concentrated
around the propeller to determine correctly the calculated results.

Table 2: Results of grid independency test

| Case | Elements | Power number | Variation, % |
1 441556 1.55984 2.07
883113 1.52743 0.23
1766226 1.52389 -

The numerical technique used in this research is called multiple reference
frames (MRF'). This technique is based on dividing the domain of computa-
tion into two main parts. The first is rotating and the second is fixed. Fig-
ure 2 illustrates this technique in the studied domain. The differential equa-
tions were solved using finite volume method (FVM). The high-resolution

Figure 2: MRF method for the present geometry.
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discretisation scheme was used for solving the convective term, whereas the
SIMPLEC (semi-implicit method for pressure linked equations-consistent)
algorithm was used for coupling pressure and velocity. The relative error of
calculations was 1076 for momentum and continuity equations.

In order to validate this technique to reach accurate results, we con-
ducted a test where we compared the results of this technique with pre-
vious research. The comparison was made with research done by Ameur
and Bouzit [37]. The comparison was made on a two-bladed impeller. The
values of the coefficient N, are presented in Fig. 3 in terms of rotational
speed of the mixer (Re). Figure 3 shows that the applied technique (MRF)
is very accurate in determining the results.

. ] —— Correlation of Ameur et al. [37]
~—&— Present data
1000 4
N
NP 100.-
i
10+
I]l.l 1] lll]
Re

Figure 3: Validation test — comparison with the work of Ameur and Bouzit [37].

4 Results and discussion

Through this work, numerical experience is gathered on the effects of ro-
tating turbulator within a tube channel. The research presents new results
about the effect of rotational speed of the turbulator, as well as the di-
rection of its rotation on flow behind the turbulator. To get an accurate
understanding, numerical simulation results are presented in the form of
streamlines and contours of velocity. In addition to all this, values of the
coefficients N, and Cp are presented in terms of the studied parameters.
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Figure 4 shows a 3D representation of the rotating turbulator and the
streamlines behind it for a constant value of the factor J = 0.7. Figure 4
shows the effect of the direction of rotation of the turbulator on the hydro-
dynamic behaviour of the fluid in the back. It is clearly noticed that the
direction of the rotation greatly affects the performance of the turbulator,
that is, the flow motion in the first case (positive direction) is more circular
compared to the second case (negative), and this is a result of the shape of
the turbulator blades.

(b)

Figure 4: Streamlines behind the turbulator for J = 0.7: (a) turbulator rotates in the
positive direction, (b) the turbulator rotates in the negative direction.

Figures 5 and 6 illustrate the streamlines of several cross-sections of the
tube. The first section is before the turbulator; the second is located just
behind the turbulator; the third section is after the turbulator. The purpose
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Figure 5: Two-dimensional streamlines for the positive rotational direction of the turbu-
lator for different values of J.
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Figure 6: Two-dimensional streamlines for the negative rotational direction of the turbu-
lator for different values of J.
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of these figures is to understand exactly the behaviour of the flow along the
tube, i.e. before and after the turbulator. Figure 5 is for the positive rotation
of the turbulator. Meanwhile, Fig. 6 is for the negative direction. We also
mention that the higher the value of factor J, the rotational speed of the
turbulator is decreased. The two figures show that the dynamic behaviour
of the flow is divided into three main parts. The first part is before the
turbulator, and here the flow is stable and regular. The second part is near
the turbulator from the back side, and here we notice that the flow changes
its regular pattern to a circular pattern due to the circular movement of the
turbulator. In this section, we notice a large vortex inside the section with
small vortices near the inner wall of the tube. The reason for the formation
of small vortices is due to the difference in pressure between the ends of the
turbulator blades (four small vortices for four blades). In the third part,
the flow becomes purely rotational, having only a main vortex. Moreover,
through the third section, we can deduce the direction of the flow motion
and the turbulator as well.

Figures 7 and 8 show contours of dimensionless velocity along the chan-
nel. The longitudinal view of these figures was taken in the middle of the
channel. The figures show the effect of direction of rotation of the turbu-
lator and the effect of rotational speed on the local distribution of flow
velocity. It is noticed in all cases that the maximum value of the velocity
is located at the turbulator sides. For the first case (Fig. 7), the values of
velocity behind the turbulator increase with a gradual increase in the ro-
tational speed of the turbulator. For the second case (Fig. 8), the values of
velocity behind the turbulator remain almost constant with the increasing
rotational speed of the turbulator. Furthermore, in both cases, the higher
the rotational speed of the turbulator, the lower the value of the maximum
flow velocity at the turbulator side. In general, it is noted that the flow
velocity increases significantly after passing through the turbulator. In ad-
dition, the flow velocity values are higher when the turbulator rotates in
the positive direction.

Figure 9 represents the variation of the power number (V) in terms of
the factor J and the direction of rotation of the turbulator. This coefficient
indicates the mechanical power required for the turbulator to rotate. It
is well shown that in the first case, the rotation of the turbulator creates
a thrust for the propeller in the opposite direction to the flow entering the
channel, so it is noted that the values of the power number are much larger
as compared to the second case. Also, the values of this number increase
with the decreasing rotational speed of the turbulator in the first case.
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Figure 7: Contours of dimensionless velocity for the positive rotational direction of the

turbulator for different values of J.

On the other hand, in the second case, the resulting thrust is in the same
direction as the flow, so the values of the power number is lower. Also, there
is a different trend in the relationship as compared to the first case. There

is a maximum value of IV, when J takes the value of 0.6.
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Figure 8: Contours of dimensionless velocity for the negative rotational direction of the
turbulator for different values of J.

Figure 10 presents the variation of the drag coefficient in terms of factor
J and direction of the turbulator rotation. Obviously, the values of this
coefficient in the first case are greater than in the second case. In addition
to this, in the first case, the higher the value of factor .J, the lower the
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Figure 9: Variation of power number (INV,) of the turbulator versus J: (a) for the case of

positive direction, (b) for the case of negative direction.

value of drag coefficient, while in the second case, the decrease in the ro-
tational speed of the turbulator increases the value of this coefficient. This
shows that in the first case, the thrust force of the turbulator is in the
direction opposite to the flow motion, while in the second case, the thrust
force of the turbulator is in the same direction as the flow entering the

tube.
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Figure 10: Variation of drag coefficient (Cp) of the turbulator versus J:

of positive direction, (b) for the case of negative direction.
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Conclusions

In this work, we performed a numerical simulation of a marine turbulator
inside a straight channel. The purpose of this study was to understand the
hydrodynamic behaviour of flow in this case. The elements studied here are
the speed and direction of rotation of the turbulator, while the velocity of
the flow entering the channel is constant and determined in terms of the
Reynolds number equal to 100. The main points drawn from this work are:

The turbulator rotation in the first case (positive rotation) creates an
opposite thrust to the directionof flow entering the channel.

The thrust force of the turbulator in the second case (negative rota-
tion) has the same direction as the flow motion.

The dynamic behaviour of the water inside the channel is divided into
three main parts: the first part extends from the entrance of the canal
to the end of the turbulator; the second part is from the back of the
turbulator a little backwards, then the third part begins where the
flow motion becomes perfectly circular.

It was concluded that the presence of the rotating turbulator in the
canal accelerates the flow and makes the velocity higher near the canal
wall.

With regard to the effect of rotation direction, it was found that
when the turbulator rotates in the positive direction, a higher flow is
produced near the canal wall compared to the negative direction.

Received 16 February 2023
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