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Abstract: In this paper, a coupling algorithm is developed in a partitioned approach using strong scheme to provide the time history
of the fluid flow and structure parameters. These parameters affect the unsteady behaviour of the turbine since the blades are flexible.
Exploring the repressed area of the turbine, this allows to follow the passing of the baffle front of the turbine blades and the deformation
of the blade, in particular. The fluid flow is governed by the Navier—Stokes equations for incompressible viscous fluids and modelled
with the finite volume method. The structure is represented by a finite element formulation. The control of the history time of the fluid
flow and structure parameters, such as the three components of velocity, turbulent kinetic energy, its dissipation rate and the blade
displacement enables to understand the mass transfer phenomenon. This will show the effect of the interaction between the various
components of the geometry system. Predictions of the numerical results have been compared to the literature data, and a satisfactory
agreement has been found.
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1. Introduction often induces intensive oscillation of the flexible
) ) structure. Inversely, the vibration of the flexible

The coupling of unsteady fluid flow and structure . .
structure has a strong influence on the time-space
distribution of the flow. In the biomedical field, the
interaction between an elastic artery ([8]; [9]) or a heart
chamber [10] and the blood that flows through them is

of a big interest. Also, for the design of artificial heart

motion has been of paramount importance to the field
of computational mechanics ([1]; [2]; [3]). The elastic
structure deforms due to the fluid action, mainly
pressure and viscous stress. The rapid development of
computing software, such as Computer-Aided . . .
. . . . valves ([11]; [12]), the fluid—structure interaction needs
Engineering (CAE) and Computer Fluid Dynamics
(CFD), offers unified standard data form, which is

accepted by both fluid mechanics and solid mechanics.

to be taken into account.
Two numerical methods are distinguished as either

monolithic, or, partitioned. In the monolithic approach,
In such case, people can run the CFD and CSD code . . )
) . the system of fluid flow and solid displacement
simultaneously and exchange numerical data on the ; ) ) )
) i i equations are solved simultaneously and are discretized
interfaces in order to understand the coupling effect [4]. o ]
in time and space in the same manner ([13]; [14]; [15];

[16]; [17]). This direct approach is known to be highly
robust and stable for very strong fluid—structure

The between a fluid flow and a deforming structure is
referred to as fluid—structure interaction (FSI). The
latter has been of major interest in many fields, such as ) ) ) )
. . interaction  including, for  example, phase
collapses of bridges [5], the stability and responses of
aircraft wings [6] and turbine blades [7]. The

complicated non-uniform and unsteady turbulent flow

transformation in material processing, viscoplastic

deformation, fracturing due to shock or detonation
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([18]; [19]). However, monolithic methods represent a
less modularity and require more coding than the
partitioned approach in which the flow and structural
equations are solved using independent suitable
algorithms and discretization methods ([20]; [21]).
Partitioned schemes have gained popularity thanks to
their modularity, possible re-use of separate efficient
solvers and their scalability potential ([22]; [23]; [24]).
For example, each solver may employ a very efficient
— possibly physics-based — precondition. Similarly, a
need may arise for a new material type or formulation
(e.g. from compressible to nearly incompressible) to be
implemented. Partitioned methods can be further
classified into weak [6] and strong coupling [25]. The
weak coupling schemes are also called staggered
methods because the equations governing the dynamics
of the fluid and the structure are solved in an alternating
manner. In the strong coupling scheme, the fluid and
the structure are treated as elements of a single
dynamical system, and all of the governing equations
are integrated simultaneously and interactively in the
time domain.

Some theoretical and numerical studies of strong
partitioned coupling for one and two dimensional
problems are found in [26]. Commercial codes for
combining existing solvers have been developed.
Gliick [27] applied a partitioned coupling between the
CFD code (FASTEST-3D) and the CSD code (ASE) to
thin shells and membranous structures with large
displacements. The latter method has been modified
and coupled by MpCCI. Bucchignani [28] presented a
study
incompressible flow in a stirred vessel. It is based on a

numerical code to the problem of an
method of a partition treatment type, with the fluid and
structural fields resolved by coupling two distinct
models. [4] provided an effective new idea to solve the
aeroelastic problem using Fluent and
ABAQUS/ANSYS. Baek [25] have developed,
analyzed and validated a new approach for stabilizing
fluid—structure interactions suitable for partitioned

algorithms. We have employed a high-order method
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and hence it is more susceptible to instabilities arising
from the coupling of the two different domains i.e. fluid
(code NEKTAR) and structure (code Stress NEKTAR).
These two solvers, NEKTAR and Stress NEKTAR, are
coupled through sub-iterations, with overall spectral
accuracy in space and 2nd-order accuracy in time.
Habchi [21] have developed a partitioned solver, taking
into account strong coupling fluid—structure interaction
problems. The use of such approach is fundamental in
the case of partitioned methods where different solvers
for the fluid flow and the structural deformation are
communicating at the fluid—structure interface.

This paper presents a strong coupling of partitioned
fluid—solid interaction solvers in a stirred vessel
equipped with a turbine impeller. The hydrodynamic
behaviour of the turbine impeller was studied
numerically ([29]; [30]; [31]). In their work the latter
authors have studied the turbine impeller in laminar
regime. Other works are concerned with the thermal
performance of the agitation mobile while determining
the overall exchange coefficient ([32]; [33]). However,
they did not take into account the effect of the structure.
These led the
hydromechanics study. Here, we study the turbulent

observations to numerical
flow in a stirred vessel as well as the mechanical
deformation of the structure. For this purpose, a strong
coupling algorithm was used to provide a detailed
account for the temporal evolution of the characteristics
of the fluid. These characteristics have a strong
influence on the unsteady behaviour of the blades since
it is flexible. This allows us to explore the delivery zone
of the turbine impeller, to follow the process of the
baffle before passing the blades of the turbine and the
deformation of the blade. The control of the history
time of the various flow parameters such as the three
components of velocity, the turbulent kinetic energy, its
dissipation rate and the mechanical deformation allows
a Dbetter understanding of the mass transfer
phenomenon. This helps see the effect of the interaction
between the various constituent parts of the geometry

system. The content of this paper is organized as
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follows: Section 2 describes the geometry of the
system. Section 3 provides the governing equations of
the fluid and the structure. Section 4 describes the
computational simulation for both parts. Section 5
presents the numerical results. Finally, section 6
contains concluding remarks.

2. Geometry system

The system was made by a flat bottom, cylindrical
vessel of diameter D = 300 mm, and the liquid height
in the vessel was H = D. A turbine of ¢ = 1 mm
thickness was attached to the inside wall of the
cylindrical tank. It has four blades of d = 0.5 D diameter
(Fig. 1). The clearance between the bottom of the
mixing vessel and the blade tip was z = 0.5 D. The
turbine rotated in a clockwise direction when viewed
from above. The origin of the coordinate system is
located in the bottom of the vessel (Fig. 1). The
geometry of the system resembled the one that has
already been experimented by [34]. In the following
investigations, the fluid used in the CFD simulation is
the water defined by the density and the viscosity that
are equal to p = 1000 Kg/m3, p = 1 MPs, respectively.
The flow is fully turbulent where the Reynolds number
and the Froude number are equal to Re = 10* and Fr=
0.02, respectively. The structure is assumed to be
isotropic linear and elastic material law is applied. Its
mechanical characteristics are defined by a Young
modulus equals to E =210 MPa, a Poisson's ratio equal
to v=0.28 and a yield stress equals to 6 =215 MPa.
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Fig. 1. Stirred vessel equipped with a turbine
3. Governing equations

It was already pointed out, in section 1, that an FSI
problem is actually a two-field problem. Therefore, its
mathematical description involves the governing
equations of the fluid and the structural parts, which
will be given in sections 3.1 and 3.2, respectively. The
fluid-structure interaction is modelled via special
boundary conditions at the interface for each sub
problem, which will be presented in section 3.3. In the
following investigations, the fluid is assumed to be
incompressible and Newtonian. The structure is
assumed to be isotropic linear, and elastic material law

is applied.
3.1 The Fluid field

The problem is governed by the continuity equation
and the incompressible Navier-Stokes equations; both
in three-dimensional forms:

divV=0
(1)

V)

= +div (p V® V+p I) =div(D

(@)
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The momentum equation is a statement of conservation
of momentum in each of the three component
directions. The three momentum equations are written
in a rotating frame of reference. Therefore, the
centrifugal and the Coriolis acceleration terms are
added to the momentum equations. The k-¢ model used
by Launder et al. (1974) is often used in process
engineering, and particularly, in the simulation of
The

equations are given in the following forms:

mixing problems. standard k-g¢ turbulence

%+div[\7 k—%(%)zé(l +:—;)ﬁk] =
2() m6-e ®
%+ le[VS—%(g)Zé(l +Z—Z)gr71)s] =
a2 @ o ca @

The turbulent kinetic energy production takes the

following form:
e[+ (5 (] Bt

au 12 [aw + [au+aw]2
roo roo 0z ar

2
- 5)
The k-¢ model is based on the concept of turbulent
viscosity where k and ¢ are calculated by solving the
above equations (3) and (4). The value of the kinematic
turbulent viscosity is deduced from the following

equations:
D\ 2
v =G5 (5) Re

3.2 The Structure field

kZ

(6)

In this work, elastic isotropic structures were used
considered. The continuity equation and the balance of
the momentum equation are given in the following

forms:
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==+ div(p,Vs) = 0 (7)
DVS) - -

Psor divo = f (®)
The hypoelastic law is presented in the following form:
6 = 2p &+ Atr(e)l 9
The strain tensor is defined as follows:
= 11— 31— T
=7 (gradu + (gradu) ) (10)
With:
= U __ 3

== (11)

3.3 Fluid-structure interface

The fluid-structure interface represents the contact
mechanics problem between an elastic structure and the
fluid flow. This requires the characterization of
boundary conditions exchanged and describe the
interaction between the fluid and the structure. We use
two conditions on the level of the interface. These

conditions are given in the following forms:

Vi = V.n (12)
5% = T (13)
With

B =10;= 10, (14)

4. Computational simulation

In order to make a computational simulation for the
fluid-structure interaction phenomenon, we used a
coupling algorithm to deal with problems of strongly
non-linear FSI. This algorithm is based on a partitioned
method. This method determines the structure and fluid
solution vector, independently from each other,
updating afterwards the relevant boundary conditions
(Fig. 2). This algorithm requires a CSD code, a CFD
code and a coupling interface.
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Fig. 2. Coupling algorithm
4.1 The CSD code

The CSD code allows the static calculation of the
structure and solves the partial differential equations
(Eq. (7) and (8)) of the model chosen for the structure.
More precisely, this code must be able to receive
information representing the varying physical forces in
time exerted by the fluid on the fluid-structure
interface. On the other hand, this code is used to
determine the displacement of the nodes.

4.2 The CFD code

The CFD code allows the hydrodynamic calculation of
the fluid, and solves the equations of Navier-stokes
(Eq. (1) and (2)) for the model chosen for the fluid. The
finite volume method is adopted for the treatment of
these equations. Initially, the fluid field is being divided
into elementary volumes representing the geometry of
the problem. Secondly, the differential equations are
discretised using the control volume approach [35].
The appropriate equations in the range of the turbulent
incompressible Newtonian fluid flow are expressed in
the general conservation. Several quantities can be

found. These are the velocity field, the pressure, the
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turbulent kinetic energy and its dissipation rate. In a
fluid problem, we need to know the pressure value at
the level of the fluid structure interface. In addition, this
code must be able to receive information representing
displacement of the structure part to be used to solve
the fluid flow problem.

4.3 The CFD code

The coupling between the fluid and the structure occurs
at the interface between the two domains. The coupling
conditions comprise a data-transfer operation between
the fluid and the structure. Specifically, we are
interested in the transfer values of the forces exerted on
the structure. When this structure deforms, it, then,
focuses on the transfer of the fluid displacement values.
These conditions must check the continuity of the
velocity and continuity of efforts. Our coupling
interface is programmed in FORTRAN. It allows (Fig.
3):

- Receive calculated by the CFD code as a file
"Force.dat 'strengths and convert it into an executable
file" Fichier.inp "CSD code.

- Receive displacements calculated by the CSD code as
a file "Fichier.rep" and convert it into an executable file
"Nxyz.dat" in CFD code.

AN
7

Force.dat File.inp

[ 1

The coupling
interface

CFD Code
CSD Code

7
N

I p—

Nxyz.dat File.rep

Fig. 3. Data transfer between the two codes

5. Results and discussions

Following the application of the strong coupling
algorithm, we present the temporal evolution of
parameters, such as, the three components of velocity,
pressure, displacement and the turbulent kinetic energy
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and its dissipation rate. For this reason, we have chosen
three points A, B and C located at the end of the blade,
respectively, at the baffle and downstream of the blade
(Fig. 1). In this work, the flow is fully turbulent where
the Reynolds number and the Froude number are equal
to Re = 10* and Fr= 0.02, respectively.

5.1 At the end of the blade (point A)
5.1.1 Radial velocity component

Fig. 4 shows the time history of the radial velocity
component for a point (A) located at the end of the
blade, as shown in Fig. 1. Globally, a periodic
fluctuation of this velocity component is observed for
0.2 second, which corresponds to 100 time steps. This
fluctuation is due to the interaction between the turbine
blades and baffles. For a rotational frequency of 265.4
rad / min, four baffles perform 4.44 rad / s, then these
amounts to saying that each baffle made 3.52 passages
(point A) in 0.2 second. For each component of the
velocity, we note that the period of fluctuation is
constant. She left about 30 times step is 30 m.s. In
addition, the low frequency variations have been
observed in each period varying between a minimum
and another maximum because of the weak interaction
between the impeller and the baffles.

During the passage of the front baffle blade (point A),
the radial velocity reaches a minimum value. Therefore,
we can infer that the jet created by the turbine is no
longer a radial jet. Fig. 4(a) shows the evolution of the
radial velocity over time with the use of a CFD code.
Nevertheless, Fig. 4(b) shows the evolution of the radial
velocity over time following application of an
algorithm, which examines the coupling interaction
between the impeller and the baffles. In Fig. 4, the
problem of interaction does not affect the radial velocity
component for the great similarity between the two
curves of temporal changes.
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Fig. 4. Time history of the radial velocity component U
5.1.2 Tangential velocity component

Fig. 5(a) shows the tangential velocity component as a
function of time with the use of a CFD code. Besides,
fig. 5(b) shows the time history of the tangential
velocity following application of an algorithm that
examines the coupling interaction between the impeller
and the baffles. Based on these results, we see the
periodic fluctuations of the tangential component of the
velocity due to the weak interaction between the moving
agitator and the baffles. However, we noted that the
tangential component is at a maximum level during the
passage of the chicane before the blade (point A). This
shows that the rotation of a turbine with four straight
blades generates intense tangential jet in the tank.
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5.1.3 Axial velocity component

Fig. 6(a) depicts the evolution of the axial velocity
component over time with the use of a CFD code. In
Fig. 6(b), the evolution of the axial velocity is plotted
against the time for the strong coupling algorithm that
examines the interaction between the turbine impeller
and the baffles. Based on these results, we see the
appearance of weak periodic fluctuations of the axial
velocity component due to the weak interaction
between the stirrer and baffles. However, we noted that
the tangential component is very low during the
passage of the chicane before the blade (point A). This
proves that in the area swept by the turbine is the axial
component of very low area, it is dominated by the
centrifugal force of the turbine. Overall, we see that the
problem of interaction does not affect the axial velocity
component to the great similarity between the two

temporal evolution curves.

Time

30 3005 30.1 30.15 302
Time

Time

Fig. 6. Time history of the axial velocity component W
5.1.4 Turbulent kinetic energy

Fig.7 shows the history time of the turbulent kinetic
energy at the edge of the blade from 32 second. Based
on these results, we have noticed that the maximum
level of turbulent kinetic energy reaches during the
passage of the blade through the point A, but the
minimum is achieved between two successive baftles.

From these results, we see the disruption during the
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passage of the baffle before the blade (point A) due to
the deformation of the blade. We note that the
disruption is low due to the weak interaction between
the turbines and baffles.
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Fig. 7. Time history of the turbulent kinetic energy
5.1.6 The dissipation rate of the turbulent kinetic energy

The history time of the dissipation rate of the turbulent
kinetic energy is shown in Fig. 8. From these results,
we have noted that the peak value of dissipation rate is
reached while going from the baffle through point A.
However, the minimum value is reached between two
successive baffles. Overall, the rate of dissipation of the
turbulent kinetic energy shows periodic fluctuations
during the passage of the baffle before the blade, which
is seen in Fig. 8(a) and (b) with and without the
coupling algorithm, respectively.
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Time Time _
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Fig. 8. Time history of the dissipation rate of the turbulent

kinetic energy



Karray et al./ IJME, Vol. 11, Issue 2, pp. 42-53, 2024

However, in the Fig. 8(b), the disruptions when the
chicane passed by the point (A). This proves that these
disturbances happen, mainly, due to the displacement
of the blade because of the problems of interaction
between the turbine and the fluid. Therefore, we can
conclude that the interaction problems directly affect
changes in the dissipation of turbulent kinetic energy
levels.

5.2 At Baffles (point B)
5.2.1 The three components of velocity

Fig. 9, Fig. 10 and Fig. 11 show the evolution over time
of the three components of the velocity at point (B)
located at the baffles. The temporal evolution of these
three components of velocity is presented in a regime
from 15000 time steps that correspond to 30 seconds.
Overall, there are very significant periodic fluctuations
because of the proximity of point (B) for measuring the
baftles.
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Fig. 11. Time history of the axial velocity component W
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The temporal evolution of these three components of

velocity is performed for 0.2 second, which
corresponds to 100 time steps (time step = 0.002).

The period of fluctuation is constant. Beyond the area
swept by the turbine, the fluctuations of the three
velocity components are much smaller than those at the
blade. Both tangential and axial velocity components
are highest during the passage of the baffle in front of
the blade of the turbine and they decrease progressively
beyond the delivery zone. However, the radial
component of the velocity increases between the two
baffles successively, since the axial jet transforms into

a radial jet at the proximity of the sidewall.
5.2.2 The turbulent kinetic energy

Fig.12 and Fig. 13 show the evolution over time of the
turbulent kinetic energy and its dissipation rate at point
(B) located at the baffles. The history time of the
turbulent kinetic energy and its dissipation rate is
presented in a regime from 15000 time steps that
corresponds to 30 seconds. Fig.12.b and Fig. 13.b
present an expansion of 100 time steps of a portion of
the temporal evolution from 15000 time steps
(Fig.12.a, and Fig. 13.a).

0 5 10 1520 2 30 35 30 30.05 301 30.15 302

Time

Fig. 13. Time history of the dissipation rate of the turbulent

kinetic energy
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Near the baffle, the fluctuations of the turbulent kinetic
energy and its dissipation rate are constant periodic
intervals. There was, also, a decrease of fluctuations in
turbulent kinetic energy and its dissipation rate over
time compared to those presented at the end of the
blade. Moreover, we can deduce that the use of a
coupling algorithm does not have a great interest in
view the absence disruptions due to deformation of the
blade since the point (B) visualization is far from the
blades.

5.3. Downstream of the blade (point C)
5.3.1 History time of pressures

The history time of the pressure on the downstream of
the blade (point C) is shown in Fig. 14. From these
results, we notice the presence of weak periodic
fluctuations that are spread over 0.2 second because of
the weak interaction between the baffle and the turbine.
At each period, we observe a passage between a
maximum and a minimum value corresponding to the
passage of the front baffle (point C). The highest values
have pressure points downstream of the baffle.
However, low values demonstrate the presence of the
depression zones upstream of the baffle. Otherwise,
values situated between two highest peaks correspond
to the passage of the median plane between two
successive baffles in front of the chosen point.

Time
Fig. 14. Time history of pressures
5.3.2 History time of displacement of the blade

15

displacement in a given point at the end of the blade

Fig. shows the history time of the blade

(C). From these results, we see that the shape of the
curve of the temporal evolution of this movement very
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the
displacement has rapidly changed between a maximum

low periodic fluctuation. In each period,
peak and minimum time. This indicates the portion of
the baffle in front of the point C. Moreover, we note
that fluctuations in the movement of the blade coincide
with the periodic pressure oscillations presented in 0.2
seconds. This means that the variation of the pressure
directly affects the deformation of the blade.

00:

Time

Fig. 15. Time history of displacement

5.3.3 Comparative study between the stationary

approach and unsteady approach

16

displacement fields. Under these conditions, it was

Fig. shows the history time of the blade

assumed that the deformations of the axis of the turbine
caused by the distortion are negligible minor/slight
deformation of the blades.

X X

a.t=30.008

b.t=30.012 c.t=30.024 d.t=30.028

e.t=30.048 f.t=30.052

j.t=30.060

=1 ENIBSN

Fig. 16. Evolution of the displacement field of the blade

h.t=30.064

This figure, also, shows that the maximum values are
present at the instants t = 30.008 and t = 30.064
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seconds. Corresponding to 15,000 time steps (Fig.
16.a), respectively.

5.3.4 Comparison with anterior results

Fig. 17 shows the axial development of the radial
component of the velocity U (z) in both steady and
unsteady approaches. These profiles are presented for
three dimension radial positions equal to r = 0.5, r =
0.566,r=0.66,r=0.7 and r=0.766, respectively. From
these results, we notice that different gaits present
parabolic branches and the maximum value is reached
at an axial position equal to z = 1. In this respect, the
highest values are already obtained in a radial position
r=10.5. Actually, the result is already expected because
the area where the discharge of the fluid is very
important and it is at the end of the blade. The
comparison between the results obtained using steady
and unsteady two approaches leads us to the fact that
the use of both approaches can be used every two.
Despite that, the unsteady approach is more reliable and
more complete, steady approach can predict the
hydrodynamic characteristics of the flow without
providing the effect of the interaction between the fluid
and the turbine.

Furthermore, we compared the performance of our
approach to the experimental values of [34]. Based on
these results, there is a great agreement between the two
results and this proves the validity of the adopted

method of analysis.

Stationary approach Unsteady approach o Nagata
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Fig. 17. Axial profiles of the dimensionless radial velocity

component

6. Conclusion

In this paper, a strong coupling algorithm is used
between two codes of Computational Fluid Dynamics
(CFD) and Computational Structure Dynamics (CSD)
for numerical simulation of interaction problems in a
stirred vessel equipped with a four turbine blades. This
work allowed us to follow the evolution of the unsteady
fluid. In fact, the results are presented for 0.2 seconds,
which corresponds to 100 time steps (1 step = 0.002
second time) when the plan is established from 30
seconds. More specifically, we have shown the history
time of the hydro-mechanic parameters, namely, the
compounds of velocity, the characteristics of the
turbulence, the pressure and deformation of the turbine,
all at three points in the delivery zone of the turbine and
at the chicane. These results showed that the evolution
is constant when the plan is established from 30 s.
Actually, when an enlargement of the curve - obtained
by a CFD code - is made, some periodic fluctuations
are observed. However, the use of the strong coupling
in the of other
disturbances, hence the interaction between the turbine
blade and the fluid.

algorithm results appearance

7. Nomenclature

d  turbine diameter, m
D  internal diameter of the vessel tank, m
Froude number, dimensionless, Fr =
Fr (2 mN)2d
g

turbulent kinetic energy production,

Q

dimensionless

gravity acceleration, m? .s™!
turbine position, m

vessel tank height, m

turbulent kinetic energy, dimensionless

Z ~ I o 0

velocity of turbine impeller, rad. s™!

P

Np  power number, dimensionless, Np = PSYEPH

P power, W
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7o

Sl —igtSl<lelNn 2 < C =+ QL w o

pressure, dimensionless

Reynolds number, dimensionless

radial coordinate, dimensionless

shaft diameter, m

sink term, dimensionless

time, s

radial velocity components, dimensionless
angular velocity components, dimensionless
axial velocity components, dimensionless
axial coordinate, dimensionless
displacement vector

velocity vector of the fluid

velocity vector of the structure

flux term vector

identity tensor

force vector

normal vector

Greek symbols
1 viscosity, Pa.s
p  density, kg.m?
dissipation rate of the turbulent kinetic
° energy, dimensionless
0 angular coordinate, rad
v turbulent viscosity, dimensionless
ok constant in the standard k-& model
I'es  diffusion coefficient, dimensionless
®  general transport parameter, dimensionless
G stress tensor of the structure
B strain tensor of the structure
T  stress tensor of the fluid
Abbreviations
CFD Computational Fluid Dynamics
CSD Computational Structure Dynamics
CSS Conventional Serial Staggered
FSI  Fluid-Structure Interaction
f  fluid
$ structure
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