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Bending of Laminated Plates
Research Article
Meisam Mohahmmadi' Mojtaba Mahmoodi?

1. Introduction

Due to the development and advances in various fields of
engineering,  applying  materials  with  special
characteristics is considerable. Low weight, different
mechanical, chemical and physical properties of
composites in comparison with the isotropic materials,
leads to wide utility of composite materials in industry.
Environmental conditions affect the composite products
and therefore un-expected behaviors are seen.

Moisture, heat, magnetic field, X-rays, infrared rays,
UV rays, flams etc. are some of the important
environmental parameters. In marine and aviation
industries, heat and moisture are some of the most
important environmental conditions that affect the
efficiency of structures. Thus, study of the variation in
behavior of composite structures in hygrothermal
environment is evitable.

In the present study, using the available model of
material degradation in the literature due to the
hygrothermal conditions, bending of lamented plates is
investigated. Variations of elasticity modulus and
coefficient of thermal expansion due to the heat and
moisture are considered in the used material degradation
model.

2. Equilibrium equations
In order to derive the governing equilibrium equations for
bending analysis of laminated plate, classical plate theory
is used. Based on this theory, the components of
displacement field are
ul(x! Y, Z) =u- Z\N,x
_ 1)

Uy (X, Y,2) = wW(X, y)

In equation (1), u;, u, and u; are components of
displacement field in z distance of midplane in x, y

and z direction, respectively.

Using the principle of minimum total potential
energy, the governing equation for bending analysis of
symmetric laminated cross plate is obtained as

UZ(X’ Y, Z) :V—ZWX

22661_\1\, =q(x,y) 2

o'w o'w
D“W +(2D,, +4D66)6x2—6yz +D

In the above equation, q(x,y) is the distributed load on

the surface of plate and D constants are the equivalent
flexural rigidity in various directions.

3. Material degradation in hygrothermal environment
For studying the effect of environmental conditions on
the mechanical properties of composite plate, the
experimental model proposed by Chamis is used.
According to this model, the elasticity modulus and
coefficient of thermal expansion are affected in
hygrothermal situation.

Therefore, the degraded elasticity modulus is

(Tew -T)
E ow =Eg, |————=
new 0 TGD T

In which T denotes temperature and the subscript GwW
and GD show the glass transition temperature in wet and

dry states. The glass transition temperature is related to
the moisture content through the following relation

Tow =(0.008M7 —0.1My, +1)Tgp ()

©)

In equation (4), M,, is the moisture absorbed by the
polymer composite.

4. Exact solution

Levy solution is used for determining the exact solution.
According to this solution, it is assumed that plate is
simply supported along all edges and double series
solution is applied so that the deflection of plate is

R G e )
(5

{55 e onl] @

5. Numerical results

For numerical study, it is assumed that laminated plate is
composed of epoxy and graphite fibers. The material
properties are tabulate in Table 1 as [1]:

mn

Table 1. Material properties of Composite

Fiber Density 1744kg/m3
Longitudinal modulus 0.21GPa
Transverse modulus 0.014GPa
Shear modulus 0.014GPa
Poisson’s ratio 0.41

Matrix | Density 1273kg/m3
Elasticity modulus 0.0034GPa
Poisson’s ratio 0.44

*Manuscript received: 16 April 2021; Revised, 08 May 2021, Accepted, 30 May 2021.
! Corresponding author: Assistant Professor, Department of Mechanical Engineering, Vali-e-Asr University of Rafsanjan, Rafsanjan,

Iran. Email: meisam.mohammadi@vru.ac.ir.
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In Table 2, nondimensional maximum deflection

= WEg; | . :
W_P—b is presented for various parameters.
0

According to this table, it is seen that increasing the
volume fraction of fibers increases the nondimensional
deflection. While increasing the volume fraction of void
decreases the nondimensional deflection.

In figure 1, variation of nondimensional deflection versus
the change of temperature and moisture content is plotted.
According to the figure, increasing the temperature
severely decreases the nondimensional deflection.

Table 2. Nondimensional deflection of laminated plate

(0/90/0)
(T,RHR%)
a1 vi% | v, %
b — a @ a
o o o o
(=) = w ~
~ N—r 8 N—r
30 0 176.8 179.5 180.4 182.2
05 5 177.6 180.3 181.2 183.0
' 70 0 79.41 | 79.89 79.96 | 80.11
5 79.64 | 80.09 80.17 | 80.32
30 0 2211 2294 2324 2381
1 5 2225 2308 2338 2398
70 0 1031 1049 1052 1058
5 1035 1053 1056 1062
220 7 T
| / /
I — — — = RHR=0 // / /
L RHR=0.1 / /
| RHR=0.3 / /
— — — - RHR=05 / /
200 [~ RHR=0.8 / /
RHR=1 , 4

T - T - T - L
1600 50 100 150 200

T(©)

Figure 1. Variation of nondimensional deflection versus
the change of moisture and temperature for rectangular

(a/b=0.5) laminated composite plate (90/0/0/90)

Also, increasing the moisture content leads to
increasing the nondimensional deflection, which is due to
the growing up the weight. Numerical results show that
increasing temperature and moisture content significantly
decreases the bending stiffness of laminated plate. In

addition, the effect of temperature is more evident in
comparison with the moisture.

In Figure 2, the wvariation of nondimensional
deflection versus the change of void content is depicted.
It is clear that the deflection increases as the void content
increases.

1800

1650 |~

T=50 C, RHR=0.5
- — — — - T=50C, RHR=0.25
L —————- T=50 C, RHR=0.75
T=100 C, RHR=0.5
T=150 C, RHR=0.5

1500 .

I -

0.5 0.75 1
Vv
Figure 2. Variation of nondimensional deflection with
respect to the void volume fraction for square laminated
composite plate (0/90/0)
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1. Introduction

Airships are controllable systems and can perform
various maneuvers in longitudinal and lateral directions.
For this reason, it is used in various works such as
monitoring, telecommunication, environmental, as well
as advertising and entertainment applications.

Due to the movement of the airship, the guidance and
control of this system in different directions is very
important and in simulating the flight mechanics, all
forces on the airship should be considered. When the
motion of a system in a fluid is accelerated, it will support
additional forces besides the drag force. These forces are
considered equivalent to the mass and moment of inertia
added to the body.

One of the most suitable methods for determining the
added mass of an airship is the boundary element method.
In the boundary element method, the simulation is
performed by solving the ideal flow and arranging the
elements at the boundary. In classical CFD such as finite
element or finite volume methods, the number of
computational meshes is greatly increased because the
entire solution area is meshed, but in the boundary
element method only the surface of the object is meshed
and the number of computational meshes decreases
dramatically.

In this study, the boundary element code is prepared
in Fortran language and the geometry of the body is
divided into triangular panels at the surface by using
Gambit software. The computational network file will be
added to the code as input. At first, to validate the
computational code, the added mass matrix for the sphere
and two ellipses with different aspect ratios are simulated.
The calculation code is then used to calculate the added
mass matrix of the two airships.

2. Added mass
The added mass of an object will be important in cases
where the density of the object is in the order of the
density of the fluid around the object. For example, in the
movement of airships and marine engineering, these
forces must be calculated. Therefore, the amount of added
mass in aircrafts, missiles, drones, and other similar
systems is not calculated. On the other hand, in systems
such as airships, submarines and torpedoes, the added
mass must be calculated and taken into account in
dynamic simulations.

In general, when a force is applied to an object in a
certain direction, the direction of motion and also the
acceleration of the object is not limited to the direction of

the force. Therefore, the acceleration of the body will be
in three directions, and in addition, it will be also
subjected to three angular accelerations. As a result, the
added mass matrix will be an Mg x s matrix that shows the
effect of each motion on forces and moments.

3. Results

In general, an airship has various components such as
hull, tail, and gondola. By examining different airships, it
can be seen that the two profiles NPL and GNVR are
common profiles that have been used in the design of the
airship hull. In this study, both geometries have been used
to simulate an airship. The geometry of NPL consists of
two ovals with the same small diameter and different
large diameters, and the ratio of large diameter to the
small diameter of the body is 3.85. Instead, the GNVR
geometry profile consists of three different curves. An
oval is used at the tip of the body, a circular profile is used
in the middle part and the end part is parabolic where the
ratio of large diameter to small diameter is equal to 3.05.

Simulation of boundary element airship

In this step, the simulation of the boundary element for
the airship with the tail assembly and gondola is
performed and the added mass matrix coefficients are
extracted. Figure 1 shows the computational network
created to simulate an airship with two profiles. Here, the
hull volume of the two airships is the same. As shown in
this figure, finer elements are used for the wings and the
gondola.
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Figure 1. Triangular meshes created on an airship (a) NPL
geometry (b) GNVR geometry

Table 1 shows the results for the values of the added
matrix elements with NPL and GNVR profiles. In
general, when the hull is without a wing, the airship does
not resist rolling and the value of the A4 element is zero.
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Here the value of the As4 element will not be zero and the
value of the two non-diagonal elements Ass and Az will
be significant. Other non-diagonal elements will be
almost zero.

Table 1. Dimensionless coefficients of added mass matrix
for airship with NPL and GNVR hull profiles

Added Mass | Airship with | Airship with
Element GNVR NPL
geometry geometry
Aul 0.01003 0.00426
Az 0.07885 0.05563
Ass 0.07975 0.05699
Ass 0.000065 0.000053
Ass 0.003043 0.00257
Aess 0.00303 0.00249
Az -0.00042 0.00130
Ass 0.00047 -0.0015

Figure 2 presents a comparison between some added
matrix elements for airship with two profiles, NPL and
GNVR. As it can be seen, the values of the elements for
the GNVR profile are larger than the corresponding
values in the NPL profile. Moreover, for a more accurate
comparison of the differences between the two
geometries, the percentage difference of the added matrix
elements between the two profiles is presented in Table
2. The differences are greater for the Ai; element and the
non-diameter elements Az and Ass than for other
elements, and the Ags and Ass elements are the least
different.
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Figure 2. Comparison of results A1, A4, Ass between two
airships with NPL and GNVR hulls for different
computing networks

Table 2. Percentage difference of results for added mass
values for two different NPL and GNVR hulls

Added Mass |4ijnpL — Aijenvrl
Element |Aij,NPL|
x 100

A1l 135.1
Az )

As3 39.9
A 22.4
Ass 18.1
Ass 21.4
Azs 132.4
Ass 130.8

4. Conclusion

In this study, the boundary element method was used to
determine the added mass of the airship. For this purpose,
computational code was developed with the above
method using Fortran language. The required
computational network is created in a triangular shape on
the surface of the object using Gambit software and is
given as input to the code. First, to validate the
computational code, the added mass matrix is simulated
for usual geometries such as spheres and ellipses. The
values obtained for spheres and ellipses are compared
with the results of the analytical solution for the potential
flow and the results are in good agreement with the
analytical solution. The difference is less than 3%
compared to the analytical solution.

The calculation code is then used for two airships with
two profiles, NPL and GNVR. The above two profiles are
modeled alone and with the tail assembly and gondola
and the results of the added mass matrix elements are
presented in the dimensionless form for each case. In the
case of the hull alone, the coefficient A4 is zero, and by
adding the wings, this element has a value that indicates
the resistance of the wings to the movement of the
airship's roll. Moreover, unlike elliptical geometry, where
the non-diagonal coefficients are zero, in this case, due to
the asymmetry to the yz plane, they will not be zero, and
these values are also calculated for the airship. According
to the results, all added mass elements of the airship with
the GNVR hull are more than the NPL hull.

Since the boundary element method uses only the
computational network at the body surface, the number of
computational elements drastically reduced and as a
result, the computational speed is much higher than the
classical CFD methods. In addition, in the present
method, by solving the potential flow, all coefficients of
the added mass matrix are calculated at high speed, and
the possibility of geometric optimization in the shape and
dimensions of the control surfaces of the airship is
provided.
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1. Introduction

Structural vibrations are always of the most important
challenges in the design and proper operation of all types
of ground structures exposed to flow, such as buildings
and stairs, marine structures like marine risers, and even
aerial structures. Now, if the source of these vibrations is
aerodynamic forces, the problem analysis of flow-
structure interaction is very difficult. The instabilities
caused by the flow can cause irreparable damages to the
structures exposed to the flow. Usually, the fluctuations
caused by aerodynamic forces are divided into flutter,
vibrations caused by vortex separation, and galloping.
Vibrations caused by vortex shedding are seen when the
frequency of vortex shedding approaches the natural
frequency of the oscillator system. Galloping is specific
to structures with a non-circular and pointed cross-
section, where the movement of the structure increases
the range of aerodynamic forces and further increases the
range of vibrations. Usually, the range of galloping
fluctuations is greater than the range of vibrations caused
by vortex separation, while it occurs at higher flow
speeds. To model and analyze the instabilities caused by
the flow, a cylinder with a circular cross-section is mainly
used. Although the circular cylinder provides a basic and
simple geometry for researchers, it cannot be used to
observe other phenomena. A cylinder with a square cross-
section as a non-circular geometry with sharp corners has
recently received much attention from researchers.

Significant progress in material engineering has
reduced the weight and flexibility of structures, which
shows the need for flow control methods in order to
reduce the vibrations caused by the flow. Suppression of
these fluctuations is done by correcting the flow forces
that cause vibrations by passive and active flow control
methods. In the flow suction or blowing method, a groove
or grooves are installed on the front or rear the surfaces
of the cylinder, which can change the behavior of the
flow-structure around the cylinder by suction or blowing
the flow and consequently change the process of vortex
shedding. This method has recently been used for
controlling the flow around cylinders with a fixed square
section (without vibration). But until now, the method of
suction or blow flow control has not been used for
reducing the fluctuations caused by the flow of a cylinder
with a square section. Therefore, the main goal of the this

study is to use this method in order to change the flow
behavior and consequently reduce the vibrations caused
by the cylindrical flow with a square section that freely
oscillates in the transverse direction in both the frequency
locking and galloping regions. For this purpose, the
effectiveness of flow suction method and flow blowing
method were evaluated separately.

2. Numerical solution method

In this study, the external flow is considered on a square
cylinder that vibrates freely in the direction perpendicular
to the flow (Figure 1). Due to the application of
oscillating forces that are applied to the square cylinder
placed on the elastic bed by means of the current, the
cylinder can freely oscillate in the transverse direction.
Therefore, for the present fluid interaction problem, the
cylinder can be modeled as a mass-spring-damper

system.
U, Di_ m| TV
S

Figure 1. Square cylinder exposed to flow on an elastic bed

In each time step, the repetition process of equations is
solved using Fluent commercial software. For this
purpose, a user defined function is used. As can be seen
in Figure 2, the mesh network includes unorganized
triangular meshes and organized quadrilateral meshes
(inside the square central part). In each repetition of the
numerical solution process, the function of changing the
shape of the displacement of the grid under the name of
moving mesh changes the shape of the cells of the grid
along with the movement of the cylinder, while the square
central part that includes quadrilateral cells is moved
along with the movement of the cylinder in the computing
field and causes the mentioned tetrahedral cells to remain
rigidly in the field.
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Figure 2. The dimensions of the computing field, the way of
meshing and placement of the cylinder in the computing
field
As can be seen in Figure 3, the obtained results are in
very good agreement with those reported some others

researches.

12 ¢ present

0.2
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Figure 3. Maximum displacement changes of the square cylinder in
terms of Reynolds number

3. Results and discussion

In this section, the numerical results related to the
application of the flow surface suction and blowing
method are presented in order to reduce the instabilities
caused by the flow (vibrations caused by the separation
of vortices and galloping) of a square cylinder placed on
an elastic bed. As mentioned earlier, once the suction
method and the blowing method were used to reduce the
vibrations caused by the flow. For the suction method, a
groove is used on the front surface of the cylinder, and a
groove on its back surface is used for the tail. Moreover,
the effectiveness of the mentioned methods was
investigated in both frequency locking and galloping
areas. Figure 4 shows the maximum changes of the
transverse displacement range of the square cylinder
according to the surface suction and blowing speed of the
flow and the length of the groove. As can be seen in this
figure, in the flow suction method, with the increase of
the suction speed, the maximum displacement range of
the square cylinder decreases. Here, the rate of
displacement amplitude decreases with increasing suction
speed. For the flow blowing method, increasing the
power of the flow blowing leads to a significant decrease
in the displacement range of the square cylinder. In the
flow blowing method, it is possible to see a sharp
reduction in the displacement range of the square cylinder
between the dimensionless blowing speeds, after which
the fluctuations caused by the square cylinder flow have
been completely suppressed.

0.25

—&— suction
~8- blowing

)

0.2

0.15

0.05

Maximum transverse displacement (3‘m

0

0 0.2 0.4 0.6 0.8 1
Suction or blowing velocity (u\fum]

Figure 4. The maximum variation of the displacement
range of the square cylinder according to the speed of
suction and blowing for Re =87.5

Moreover, by comparing the suction and blowing
diagrams in Figure 4, it can clearly be seen that the

blowing method is much more effective than the current
suction method for the frequency locking region.

Figure 5 shows the maximum changes of the transverse
displacement of the square cylinder in terms of the
suction speed and the surface blowing of the flow as a
representative of the Reynolds number located in the
galloping region per groove length.

a 15

/]

—e— suction
~=8= blowing

max

b
B

=
=

n

N
1

Maximum transverse displacement (y

0
0 0.2 0.4 0.6 0.8 1
Suction or blowing velocity (u\fumj

Figure 5. The maximum displacement range changes of the
square cylinder according to the speed of suction and
blowing for Re =250
Table 1 summarizes different modes of control

parameters.

Table 1. The percentage of vibration reduction in each of
the investigated modes

. . Reynolds Percentage
blowing/suction Number diD | ugp/ue reduction (%)
suction 0.2 30
blowing 1 70
suction 875 0.05 45
blowing 05 0.2 95
suction ' 0.25 71
blowing 0.5 97
suction 250 0.2 41
blowing 1 31
suction 0.4 18
blowing 1 28
suction 87.5 0.2 65
blowing 0.7 02 98
suction 0.1 ' 49
blowing 0.6 87
suction 250 0.2 44
blowing 1 17

4. Conclusion

In this study, the flow suction and blowing method was
used to reduce the fluctuations caused by the flow of a
cylinder with a square section that freely oscillates in the
transverse direction for both frequency locking and
galloping regions. According to the flow-structure
interaction simulations, the mentioned method has
succeeded in reducing the amplitude of vibrations caused
by the separation of vortices and galloping. For the
Reynolds number located in the frequency locking
region, it can be seen that the suction of the flow at the
suction speed u,/u, = 0.2 and groove length d/D >
0.5, it can significantly reduce the range of cylinder
vibrations. It can also be seen that under the mentioned
conditions, the vortex shedding formed behind the
cylinder, are completely stopped in the uncontrolled state
in the frequency locking region. Moreover, for the
Reynolds number located in the galloping region, it can
be seen that the flow suction can significantly reduce the
galloping range.
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1. Introduction

The study of fluid flow in asymmetric geometries and the
expansion of geometry is important from the perspective
of the principles of fluid mechanics, because it shows
fluid separation and reconnection. The most widely used
turbulence models are the standard k—e model, the
standard k—o model, and the SST k- model. Neural
networks are new computational methods whose main
advantage are high speed and optimal accuracy in
predicting nonlinear variables. In this research, the
numerical solution of turbulent flow in an asymmetric
two-dimensional diffuser is investigated to predict flow
separation and also compared with neural network model
and experimental data.

2. Results

The geometry of the problem shown in Figure 1 consists
of an input boundary and an output boundary, and the
other boundaries are the walls. The input limit is the input
speed condition and the output limit is the zero pressure
limit condition. Figure 1 shows the X-direction velocity
contour for all three standard k-¢ turbulence models, the
standard k-w model, and the SST k- model, indicating
that the flow at the diffuser inlet has the highest velocity.
As the fluid flows in the X direction, as the cross section
area increases and the pressure increases, the velocity
reaches its lowest value (in some places a negative
velocity). The negative velocity in the diffuser indicates
the separation of the boundary layer. Given that in this
study the value of the Reynolds number is 20,000, the k-
o and SST k- models are more successful near the wall,
which is better than the standard k-¢ model for high
Reynolds numbers.

To perform neural network simulation, measured data
at different points of the diffuser were used. 70% of the
total data was selected for training, 15% for validation,
and 15% for testing. The points x and y/H are considered
as inputs and U/UOQ as the output of the neural network.
Trial and error procedure was used to determine the
optimal number of hidden layers. A structure with the
least number of hidden layers with an acceptable degree

of error is selected. The selected 3-layer neural network
has the number of neurons. The results of its comparison
with other numerical models are given below.
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Figure 1. Speed contour in X direction for standard
k-g, k-, and SST k- models

Figure 2 compares all models with experimental
measurements for distances 21, 29, 39 and 49. It is clear
that the results of the standard k-w and SST k- models
are acceptable and the results of the ANN model are very
close to the experimental results and the flow separation
is predicted more accurately. The standard k-g model,
however, has not been very successful in predicting flow
separation.
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Figure 2. Comparison of models with experimental
measurements at distances of 21, 29, 39 and 49 cm from
the input edge

To better compare the four models, statistical
indicators were used, the results of which are shown in
Table 1. As it is clear, the neural network was better than
other models for predicting the desired speed.

Table 1. Results of statistical indices of four models used at
four points 21, 29, 39 and 49 cm from the input edge

ANN
X t-test MBE RMSE
21| 7.074 1.5809e-4 | 2.3443e-4
29 | 0.4353 | -4.8432e-5 | 8.6319e-4

39 | 20.1431 0.0011 0.0012
49 | 23.3591 0.0014 0.0015
Standard K-¢

21 | 16.7101 0.429 0.4729

29 | 12.3457 0.2279 0.269

39 | 16.9097 0.158 0.1738

49 | 27.994 0.1655 0.1717
Standard k-

21 | 11.3655 0.4132 0.5

29 | 7.5805 0.2408 0.3443
39 | 7.7266 0.1697 0.2403
49 | 13.3088 0.1679 0.1964
SST k-®
21 | 10.1581 0.4136 0.5201
29 | 6.8506 0.2464 0.3719
39 | 6.9944 0.1727 0.2577
49 | 12.2662 0.171 0.2022

3. Conclusion

In this study, to predict the flow separation in an
asymmetric two-dimensional diffuser, three turbulence
models standard k-g, standard k-o, and SST k-o and
intelligent neural network model were investigated. To
test the independence of the network, the standard
turbulence model k—e is used. The asymmetric two-
dimensional diffuser was studied using the second type of
networking, Mesh B. In this research, the value of
Reynolds number is 20,000. The flow enters the diffuser
with an input speed of 29.21 meters per second. Due to
the Reynolds number value as well as the reported shapes,
the k-@ and SST k-« models have been more successful
near the wall. In this study, a 3-layer neural network
model was selected which has the number of neurons [5
6 7]. The results of the standard k-w and SST k- models
are acceptable and the results of the ANN model are very
close to the experimental results and the flow separation
is predicted more accurately, but the standard k-¢ model
has not been very successful in predicting flow
separation. Statistical indices of RMSE, MBE and t-test
for all the four models were also calculated and
compared, which also indicates this issue.
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1. Introduction
Biomass is recognized as a vital renewable energy source
worldwide. Mixing and segregation of the biomass
particles and bed material play a crucial role in the
gasification process of the fluidized bed. A good mixing
of these particles improves the quality of the synthesized
gases emitted from the biomass gasification process.
Limited experimental and numerical studies have been
conducted to evaluate the optimal mixing conditions of
biomass and bed material in the bubbling fluidized bed.
This study aimed to investigate the effects of wall
boundary conditions for solid phases and the restitution
coefficient of the particles on the mixing behavior of
biomass (rice husk) and bed material (silica sand) in the
bubbling fluidized bed reactor. In this study, the effect of
three wall boundary conditions for solid phases was
investigated including free slip (@ = 0), partial slip (¢ =
0.5), and no-slip (@ = 1) on the time-averaged volume
fraction and velocity of solid particles in the bubbling
fluidized bed. Then, the effect of the restitution
coefficient on the time-averaged volume fraction and
velocity of biomass (rice husk) and bed material (silica
sand) particles in the bubbling fluidized bed was studied.
For this study, the equations governing the Eulerian
multiphase flow approach were solved along with the
kinetic energy theory of solid particles in laminar air flow
using computational fluid dynamics by finite volume
method with Ansys Fluent software V.17.2.

2. Modeling

The primary phase of air was utilized as the fluidized
agent, while the two granular solids of rice husk and sand
were employed as the biomass and the bed materials,
respectively. Figure 1 shows a schematic of a mixture of
rice husk and silica sand particles in a two-dimensional
bubbling bed under study. The diameter of silica sand
particles was 440 um with the density of 2600 kg/m3.
The diameter of rice husk particles was 1540 ym and its
density was 950.6 kg/m3. At the inlet boundary of the
fluidized bed reactor, air (fluidization agent) without
particles entered the bed from the reactor floor with a
uniform velocity of 0.79 m/s. Therefore, at the inlet, the
volume fraction of the solid phases of rice husk and silica
sand was zero. In the walls, the no-slip boundary
condition was used for the gas phase and the Johnson and

Jackson slip boundary condition was utilized for the solid
phases. At the reactor outlet, the outlet pressure
(atmospheric pressure) was applied. Also, the bed was
initially filled to a height of 0.2 m with particles of silica
sand and rice husk with a volume fraction of 0.5133 and
0.0867, respectively.

0.155m

Pressure outlet

0.4m

Silica Sand ¢

Rice husk @

Figure 1. The schematic of mixing the rice husk and
silica sand particles in the bubbling fluidized bed
reactor studied

3. Solution procedure

In Ansys Fluent software, Eulerian multiphase flow
equations are solved, correlated, and separated such as
momentum equations, co-pressure equations, and volume
fraction equations of different phases. By solving the
equations separately, the Ansys Fluent software uses the
Phase Coupled SIMPLE (PC-SIMPLE) algorithm for
pressure-velocity correlation. PC-SIMPLE Algorithm is
an extended form of a SIMPLE algorithm for a multi-
phase current approach. In this research, for the unsteady
formulation, a second-order implicit scheme was used,
while the second-order scheme was utilized for the
discretization of volume fractions and momentum. The
simulation time was 30 s with an averaging time of 25 s
(5-30 s). For better convergence and stability in this
study, the time step of 0.0001 was used. The maximum
number of iterations per time step was 200 iterations. The
convergence criterion for the maximum residuals
between the two iterations was 0.001.

Effect of specularity coefficient on the mixing behavior of rice
husk and silica sand particles in bubbling fluidized bed

The specularity coefficient for the granular flow
determines the impact fraction causing the momentum
transfer to the walls. The value of the specularity
coefficient is from 0 to 1. Three coefficients of specularity
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were investigated including free slip (@ = 0), partial slip
(@ = 0.5), and no-slip (@ = 1) without changing other
parameters. In this study, air inlet velocity, volume
fraction, and particle density were assumed to be
constant. Moreover, the restitution coefficients between
sand-sand, rice husk-rice husk, and rice husk-sand
particles were 0.9, 0.6, and 0.6, respectively.

Effect of restitution coefficient on the mixing behavior
of rice husk and silica sand in bubbling fluidized bed .
The restitution coefficient between solid phases indicates
the interactions of particles in the fluidized bed. It causes
momentum changes and energy fluctuations during
interactions between phases. The restitution coefficient
affects bulk viscosity, solid pressure, and shear stress of
the solid phase. In this study, three types of rice husks
were selected. Three restitution coefficients were
investigated between rice husk (biomass) and silica sand
(bed material) particles on the mixing behavior of rice
husk and silica sand in the bubbling fluidized bed. The
partial slip coefficient was used for both solid phases. Air
inlet velocity, particle volume fraction, and particle
density were assumed to be constant. For this study, the
restitution coefficient of sand-sand particles was 0.9 as a
constant, and the restitution coefficient of sand-rice husk
and rice husk-rice husk particles were 0.6, 0.7, and 0.9,
respectively.

4. Conclusion

This study investigated the effects of wall boundary
conditions for solid phases. Using the Eulerian multi-
phase approach along with the kinetic theory of granular
flow, the restitution coefficient between solid particles of
rice husk and silica sand on the mixing process of biomass
(rice husk) and bed material (silica sand) in the bubbling
fluidized bed was discussed. We studied the time-
averaging distribution of the velocity of rice husk and
silica sand particles, the time-averaging distribution of
volume fraction of rice husk and silica sand particles, and
pressure drop. To assess the effect of specularity
coefficient, three specularity coefficients were
investigated including free slip (@ = 0), partial slip (¢ =
0.5), and no-slip (@ = 1). It was revealed that the volume
fraction of rice husk and silica sand particles in the walls
and the core of the bed was higher than the partial slip and
no-slip in the case of free slip (¢ = 0). Examining the
pressure drop in the fluidized bed showed that in free slip
conditions, the pressure drop was 8.09% and 14.2% less
than partial slip and no-slip, respectively. The time-
averaging profile of velocity and volume fraction of rice
husk and silica sand particles was different in free slip
conditions (@ = 0) from no-slip (@ = 1) and partial slip (@
= 0.5). In the case of the partial slip, the highest velocity
of rice husk and silica sand particles was observed. As a
result, by increasing the velocity of the rice husk and the
silica sand particles, a more uniform mixing occurred
between the rice husk particles and the silica sand. Then,
the effect of the restitution coefficient of particles was
investigated. For this study, the restitution coefficient of
sand-sand particles was 0.9 as a constant, and the
restitution coefficient of between sand and rice husk
particles and rice husk-rice husk particles were 0.6, 0.7,

and 0.9, respectively. It was indicated that with
decreasing restitution coefficient between particles, the
velocity of rice husk and sand particles increased by about
9%, while the pressure drop decreased by about 22%. It
was also observed that with decreasing the restitution
coefficient, the velocity of rice husk and silica sand
particles, as well as the inelastic collisions increased.
Therefore, the mechanical energy dissipation due to the
collision of rice husk and silica sand particles increased,
increasing the mixing of rice husk and silica sand
particles.
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1. Introduction

One of the methods of force generation in actuators is the
use of magnetic force obtained from two fixed and
moving coils, which is the basis of the operation of
electromagnetic actuators. One of the most famous types
of these actuators is VCM, which is also called an
electromagnetic motor. The difference between these
actuators and others is their very high output acceleration,
which creates a high response speed and implements the
input command signal with good accuracy. To control the
output force of the magnetic actuator, it is necessary to
first perform an identification test on the dynamic system,
in which the chirp variable frequency signal is used as an
input or reference signal to evaluate the behavior of the
actuator at different frequency values. In the process of
generating  the identification signal by the
STM32F746ZG card to increase the data rate of the
digital-to-analog converter, the direct memory access unit
related to the card is set up, which causes the data to be
transferred in real-time from the memory to the digital-
to-analog converter. The review of the previous
researches in the field of actuators indicates the diversity
of experiments for achieving more precise control of the
output force of the actuator, but in most of these cases,
the problem of identifying the dynamic parameters of the
actuator and the way of generating the desired reference
signal with control cards has not been specifically
explained.

2. Test setup

As in Figure 1, in the test platform designed to identify
the dynamic parameters of the actuator, a dynamometer
manufactured by the Swiss company KISTLER was used
to measure dynamic forces, which has the ability to
measure force in three axes. Due to the low output voltage
level of the dynamometer, it is necessary to use a signal
amplifier related to the mentioned sensor. The actuator
tested in this research was an electromagnetic type with a
force capacity of 100 newtons and a wide frequency
bandwidth of 4 kHz. The STM32 card in this research
setup plays the role of generating the signal needed for

identification. The programming done on the mentioned
card provides the ability to generate signals such as sine,
triangle, square, and chirp signal with the help of the
card's digital to analog converter.

The purpose of the identification test in this research is to
identify the dynamic model of the VCM actuator along
with the weight attached to it. By placing weights of 146,
354, 425 grams on the actuator and performing an
identification test for each weight, a suitable conversion
function is obtained.

Name
STM32 board
Isolator
VCA Amplifier
Vem
Weight

Dynamometer

Sensor Amplifier

Terminal

©lo|v|lo|v|s|w|o ||

Oscilloscope

-
o

Power Supply

Figure 1. Test setup for actuator identification

3. Identification test

A chirp signal is used to stimulate the electromagnetic
actuator. These signals linearly sweep the range 60 to 160
Hz with a frequency step of 1 Hz in a period of 3 seconds.
In order to generate the excitation signal, the STM32 card
digital-to-analog converter was used along with the direct
memory access (DMA) unit. The data acquisition process
was also done by a Hantek digital oscilloscope with a
sampling rate of 200 kHz. Based on the voltage range of
the signals and the settings made on the dynamometer
amplifier, the voltage received from the output signal is
converted into a power unit with a factor of 10 newtons
per volt.

4. Transfer function calculation

Due to the existence of an actuator and a weight installed
on it in the test setup, the order of the dynamic system is
considered two for all the weights. If an inappropriate
output is reached, the order of the dynamic system must
be increased, but otherwise, the lowest order that has a
suitable estimation percentage is selected. The basic
assumptions considered to calculate the simulation model
include the invariance of the system with respect to time
and its linearity. The method used for the identification
process is the output-error model. Output error models are
a special configuration of polynomial models. By using
data in the frequency range and continuous-time
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equations, it is possible to estimate the transformation
function based on the output error model. In these
calculations, the amount of delay of the input signal data
compared to the output signal data is considered.

5. Identification test result

Using the identification tool available in MATLAB
software, the results were obtained. The identification
process is repeated for the weights of 146, 354 and 425
grams, and the coefficients of the transformation
functions obtained for each one are changed according to
the value of the loaded weight. In order to evaluate the
accuracy of the estimation of the conversion function,
first the experimental data of the input signal (time
domain) are multiplied by the conversion function to
obtain the modeled output. Then, the experimental data
of the output signal in the time domain is compared with
the modeled output. This comparison is based on the
mean square of the normal error. The highest amount of
similarity corresponds to the test of 354 grams, which is
80.58%, and the lowest is 80.20%, corresponding to the
weight of 425 grams. Figure 2 shows the fitting diagram
of the simulated output along with the experimental
output signal for a weight of 354 grams.

Simulated model output (Fit rate: 80.58%)

| ————— Measured output

Force (N)

. . . \ .
0 0.5 1 1.5 2 2.5
Time (s)

? ‘3
A
\]g&!\"g

188 189 19 191 192 193 194 195 196 197 198

Fig.2. Simulated and real output signal for 354 gr

6. Conclusion

The identification test was performed on the actuator in a
state where different weights were attached to it. By
implementation this test in the frequency range of 60 to
160 Hz, the noise frequency can be removed without
damaging the information of the received signal. The
highest rate of similarity between the experimental signal
and the signal obtained from the simulation was 80.58%
(at the time of connecting the weight of 354 grams) and
the lowest rate of similarity was 80.2% (at the time of
connecting the weight of 425 grams).
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