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1. Introduction

The output voltage of a polymer electrolyte membrane
(PEM) fuel cell is in the range of 1V. Several fuel cells
are connected in series to achieve the applicable voltage
and form a fuel cell stack. The output voltage of the stack
is equal to the sum of the output voltages of individual
fuel cells. Ideally, all fuel cells in the stack should have
the same voltage, which requires equal flow distribution
among the cells. Gas is distributed between the fuel cells
through the manifold in the stack. A small amount of flow
maldistribution in the stack is common, and with the
increase in the number of cells in the stack, the severity of
the maldistribution increases. Flow maldistribution can
cause the cells to be flooded and create a variable
temperature in the stack, which results in a decrease in the
voltage of the cells.

The researchers have presented methods to reduce the
flow maldistribution in the stack. In experimental and
numerical studies, the flow inside the manifold has been
investigated as a single phase. Proton conductivity of a
fuel cell membrane improves with increasing humidity. In
order to increase the efficiency of the stack, the relative
humidity of the reaction gases before entering the stack is
often increased. In this research, the effect of water vapor
condensation in the manifold on the flow distribution was
investigated and a method is proposed to improve the gas
flow distribution

2. Computational domain

Figure 1 illustrates the computational domain. The
cathode section of the stack includes 6 integrated
humidifiers, an inlet manifold, 52 fuel cells, and an outlet
manifold. One way of improving flow distribution is
gradually reducing the height of the manifold. The height
of end wall of the manifold is represented by H. The
simulation is done with two rectangular (H=10) and
trapezoidal (H=3) manifolds to see the effects of reducing
the height of the manifold on the single-phase and two-
phase flow distributions.

"

10 mm

378.2 mm

et manifol
1l II‘I.

Outlet manifold

Figure 1. Computational domain

56.6 mm
Outlet
0,+H,0,

0 mm

50 mm

3. Results

Figure 2 shows the gas flow distribution between the stack
cells obtained from the single-phase simulation with two
different manifolds. The gradual reduction of the height
of the manifold improved the flow distribution in the
stack.

11

g
o
&

g
o
=)

Normalized mass flow rate

10 40 50

20 30
Cell number

Figure 2. Gas flow distribution in fuel cell stack with
single phase simulation

The heat transfer of the stack with the surrounding
environment reduces the temperature of the gas inside the
manifold. The saturation pressure of water vapor changes
with the temperature, and decreasing the gas temperature
causes water vapor to condense. The mass rate of phase
change can be calculated from the following equation:
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sat
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The temperature changes in the manifold are small and

the phase change occurs slowly. Small water droplets are

formed on the upper wall of the manifold and are pushed

towards the end of the manifold by the force of the gas

flow. Figure 3 shows that a larger droplet is formed at the
end of the manifold by gathering small droplets.

= . =
“ T
I 0.9
0.8

Figure 3. Contour of volume fraction of water at
t=50.2s

By gathering smaller droplets, the radius of the bigger
droplet increases, and due to the force of weight, it is
separated from the upper wall and enters the cells. Figure
4 shows the entrance of water into the end cells.

—
— T
( = 0.9

i

0.1

Figure 4. Contour of volume fraction of water at
t=50.5s

With the gradual decrease in the height of the
manifold, in addition to the gas flow force, the weight
force also pushes the water drop towards the end of the
manifold. As a result, liquid water enters the end cell with
a smaller amount and at shorter time intervals. It was
suggested to consider a chamber at the end of the manifold
to collect liquid water. Figure 5 illustrates the proposed
scheme.

Outlet,

—_—

Outlet,,

Figure 5. Suggested geometry for the end part of the
manifold in order to remove liquid water from the
manifold

In the proposed geometry, some gas is discharged
from the water collection chamber and helps to transfer

liquid water into the chamber. Figure 6 shows that liquid
water is collected from the manifold and transferred into
the chamber. The two-phase simulation results showed
that with the proposed method, liquid water do not
penetrate the cells of the stack, and the gas flow
distribution in the stack will be according to the single-

phase simulation.
Water volume fraction
B g
0.8

(%

Figure 6. Water drops entering the chamber
4. Conclusion

The most important results obtained from this research

are as follows:

e Single-phase simulation results showed that with the
gradual reduction of the manifold height, the gas flow
distribution among the cells of the stack improves;

e The results of the two-phase simulation showed that
the condensation of water vapor causes the formation
of water droplets on the manifold wall. The entry of
liquid water into the cells reduces the flow of gas
entering the cells. By gradually reducing the height
of the manifold, the condensed water enters the end
cell in shorter time intervals;

e It is suggested to install a chamber at the end of the
manifold to collect liquid water. With the entry of
liquid water into the chamber, the gas flow
distribution between the cells obtained in the two-
phase and single-phase simulations became almost
the same.
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Improving the Gas Flow Distribution in a PEMFC Stack by Removing Liquid Water
from the Manifold

Ahmad Rezaei Sangtabi Ali Kianifar Ebrahim Alizadeh

Abstract This paper studied the oxygen flow distribution in a PEM fuel cell stack numerically. At first, the flow in the
stack was simulated as a single phase, and the effect of gradual reduction of manifold height (tapered manifold) on
improving the flow distribution between fuel cells was investigated. Standard deviation and non-uniformity coefficient
have been used to measure the flow maldistribution. Gradual reduction of manifold height up to 70% in the tapered
manifold improved standard deviation and non-uniformity coefficient by 6.9% and 8.4%, respectively. The results of the
two-phase simulation showed that the condensation of water vapor in the saturated oxygen could cause the accumulation
of liquid water at the end of the manifold. As the smaller droplets merged, the droplet radius formed at the end of the
manifold increased until it detached from the manifold wall and entered the last cells. Less liquid water entered the last
cell at shorter intervals in the tapered manifold. It was suggested that by creating a water chamber at the end of the
manifold, condensed water be collected from the manifold and discharged from the stack. Increasing the mass flow at the
manifold inlet and discharging the excess gas through the water collection chamber can push the liquid water into the
chamber without causing significant changes in pressure drop.

Key Words Flow distribution, PEM fuel cell, Two-phase Flow, Water removal, Manifold.
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1. Introduction

Modern composite materials, which are widely used in the
structure of spacecraft and rockets due to their high
strength, are now widely considered in the commercial
airframe bodies. About 40 years ago, the first generation
of composite structures was made from the combination
of aluminum and carbon-epoxy structures. In this article,
the governing equation for free vibrations of a lattice
cylindrical composite shell is presented as a formula. The
lattice shell consists of a large number of helical and
circumferential ribs and is modeled as a continuous
orthotropic thin cylinder with variable stiffness. The
cylinder is considered with different boundary conditions
and the solution of the dynamic equations of the shell is
based on Fourier and Galerkin Decomposition Methods.
By using these methods, analytical formula presented for
calculating the fundamental frequency of the lattice
structure is made starting from a specific density of the
lattice structure and does not depend on the number of
helical ribs. This result is verified by Finite Element
Analysis (FEM). The applications of this formula are for
determining the parameters of lattice structures and
designing composite lattice shells based on fundamental
frequencies. In this study, the governing equations for free
vibrations of a lattice composite structure are analytically
obtained by the Galerkin method and also the results of
the analytical method are compared with the results of the
FEM.

2. Governing equations

In this study, the governing equations of the lattice
structure shell are derived and then the equation of
Winkler-Pasternak foundation are added, which forms a
new governing equation. The new governing equation is
solved. The composite lattice cylindrical structure is
considered as it is surrounded by a linear, homogeneous
and elastic foundation in the axial direction from the outer
radius. The Winkler-Pasternak foundation can be
assumed as radial and shear layer springs with two
stiffness coefficients K and G in the longitudinal axes.

*Manuscript received: ; Revised, , Accepted, .

Since it is assumed that the springs have pure
displacement, they are completely independent and have
no combined and coupling effects on each other.

__Helical ribs

Figure 1. Parameters of the lattice structure

The equation of motion is derived using the classical
theory of orthotropic cylindrical shells. Figure 1 shows
the geometrical parameters of the lattice structure. The
Winkler-Pasternak foundation term can be added to the
third term of Equation 1;
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By solving the obtained equation with the assumed
boundary conditions, the natural frequency is obtained for
the lattice cylindrical shell rest on the Winkler-Pasternak
elastic foundation. Now, trigonometric series can be used
to find the response of the change of location along the
circumference of the cylinder, which is repeated
alternatively. The obtained formula is a direct relationship
to obtain the natural frequency of a cylindrical lattice shell
considering the Winkler-Pasternak elastic foundation,
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which can be used in the design of lattice structures to
reduce calculation time.

3. Numerical results and verifications

In order to obtain a unit model, it is considered that for the
foundation a series of springs can be considered as spring
elements along the radius of the cylindrical shell in the
outer part as Winkler and Pasternak parameters. The
results showed that by adding an elastic foundation, the
Winkler and Pasternak modulus coefficients have a great
effect on increasing the natural frequencies of the lattice
structure. By deriving the governing equations with
boundary conditions, using the Galerkin method, it is
obtained with and without an elastic foundation, and it is
in good agreement with the results of the FEM. Figure 2
shows that the results obtained from the analytical
solutions are in good agreement with the results of
reference 4 for the lattice structure without elastic
foundation. It also shows that the results of the analytical
solutions considering the elastic foundation are in good
agreement with the results of the FEM.
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Figure 2. Comparison of Natural Frequencies of a Lattice
Structure with/without Winkler-Pasternak Foundation
with ns=48 Ribs

Four mode shapes are shown in Figure 3 for values of k
= 100 and G = 0 N/m3. The changes of the Winkler
coefficient of the elastic foundation, K, from 0 to 2x10°
and its effect on the fundamental frequency are shown.

4. Conclusion

The problem of free vibrations of the composite lattice
cylindrical shell surrounded by the Winkler-Pasternak
foundation is raised with different boundary conditions.
Assuming the characteristics of effective orthotropic
stiffness, the continuous model was replaced with a
lattice structure, and the analytical formula was obtained
using the Fourier and Galerkin method.

Figure 3. First, third, fifth and seven mode shapes

The continuous formula for the natural frequencies of
the lattice shell enclosed in an elastic medium was solved
and the results were checked and verified using the FEM.
For FEM simulations, Winkler and Pasternak
characteristic coefficients were replaced by shear and
radial springs, respectively. The natural frequency of the
base of the system depends on the characteristics of the
elastic foundation, so changing the stiffness of the radial
and shear springs causes change in the natural
frequencies. It was observed that by increasing the
stiffness of the springs, more stability in the system can
be expected. The effectiveness of the analytical formula
was checked and verified using numerical calculations.
The obtained parametric formula can prove its efficiency
and suitability for obtaining the free vibrations of the
cylindrical lattice structure which are equalized by the
Winkler-Pasternak foundation with radial and shear
springs for analysis and also possible design. The designer
can calculate the effects of changing materials, density,
structure length, structure diameter, fiber texture angle,
and the number of ribs in the substrate required for
different missions and frequency control without
spending significant time and money. By increasing the
stiffness of shear and radial springs, it is possible to obtain
the desired stability for sensitive aerospace structures.
Increasing the length in the structure causes the natural
frequency to decrease. Therefore, by designing a suitable
foundation, sufficient stability is obtained for it.
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The Effect of Winkler-Pasternak Foundation Coefficients on the Natural Frequency of Cylindrical
Lattice Structures Using Galerkin Method

Amir Hossein Hashemian Ehsaneh Mohammadpour Hamedani

Abstract Composite Lattice structures are one of the most widely used structures in the aerospace industry in recent years.
These structures are composed of a large number of oblique and circumferential ribs with specific distances from each other
and in addition to strength, they are very light in terms of weight. The present study includes an analytical expression and a
solution to the problem of free vibrations of a composite lattice cylindrical shell. The continuous formula for calculating the
natural frequency of a cylindrical lattice structure was obtained by considering the Winkler-Pasternak elastic foundation from
the governing equations of the shell based on Galerkin methods. This formula, in addition to being used to estimate the frequency
in the initial design phase, is also a tool for evaluating the vibration analysis of composite lattice shells in mechanical analysis.
The results have been calculated analytically in two cases with and without elastic foundation and the accuracy of the results
has been confirmed by finite element modeling. For finite element method simulations, Winkler and Pasternak coefficients have
been replaced by shear and radial springs, respectively. The natural base frequency of the system depends on the properties of
the elastic substrate, so changing the stiffness of the radial and shear springs causes a change in the natural frequencies.

Keywords Lattice Composite Structure, Natural Frequency, Fourier Method, Galerkin method, FEM
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1. Introduction

The assessment of convection heat transfer inside closed
chambers has various applications, such as cooling
electronic equipment, designing solar collectors, and
building air conditioning. Now, if the synchronic
examination of thermal conductivity with the convection
process is momentous (widely used in various industries,
including the construction of heat exchangers), it reveals
the necessity of this type of study. Since in reality and
industrial applications, the used fluids show non-
Newtonian behavior, it is very momentous to analyze the
influence of different parameters on the flow caused by
the presence of such fluids. Among the methods of
controlling flow power, the amount of heat transfer and
entropy is the use of active (energy consumption) and
passive  (without energy consumption) methods.
Examples of passive and active methods are chamber
inclination angle and applying the magnetic field,
respectively. The presence of magnetic field and heat
absorption/production, which are the tools for controlling
fluid flow, are widely used in many industries, including
the nuclear industry. The presence of an obstacle in the
path of fluid flow, sometimes by force or sometimes
voluntarily, leads to changes in the characteristics of the
flow by which the entropy value can be controlled.

2. Statement of the problem

Figure 1 shows the conjugate heat transfer process caused
by the free convection of electrically conductive fluid
with the power-law model inside the two-dimensional
chamber with LxL dimensions considered in the present
work. A conductive wall with a thickness of 0.1H is
assumed in the vicinity of the hot wall of the chamber,
which transfers heat from the wall to the fluid. A
rectangular obstacle is placed at temperature between the
cold and hot walls in the flow path, while uniform heat
absorption/production affects the fluid flow. The
magnetic field affects the chamber horizontally from left
to right in three different ways. The following are

assumed in this numerical simulation: 1) two-dimensional
flow; 2) incompressible and stable flow regime; 3)
absence of thermal radiation and viscous loss; 4) the use
of Boussinesq approximation for density; 5) non-surfaces
permeable and non-slip fluid on surfaces; 6) applying the
gravity field vertically.

Lattice Boltzmann Method (LBM) was developed for
modeling the non-uniform magnetic field in the presence
of heat absorption/production. Three separate distribution
functions for flow, temperature, and magnetic fields were
used for simulation.

Adiabatic

Figure 1. A view of the problem geometry under research

3. Results

Because non-Newtonian fluids used in real applications
have a high Prandtl number, Pr=50 was set to perform
calculations. Considering that LBM is based on square
grid, the solution domain was chosen 100x100 and the
bounce back model was used to model the boundary
conditions. The studied parameters are listed in Table 1.
Based on the results obtained: 1) in all modes, the
enhancement of the Hartmann number causes a decrease
in the flow velocity and consequently decreases the flow
power and the mean Nusselt number. On average, this
effect for the shear thinning fluid is about 32% more than
the shear thickening fluid; 2) the type of magnetic field
applied is a very momentous parameter in controlling the
amount of heat transfer, and this variable can be used to
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achieve flows with desired strength. Applying the
magnetic field in a uniform manner leads to a further
decrease in heat transfer and flow strength compared to
other cases.

Table 1. The variables along with the corresponding values

Variable Values
Hartmann number Ha=0,20,40,60
Type of magnetic field TMF1,TMF2, TMF3
Rayleigh number Ra=10%10°
Power-law index n=0.75,1,1.25
Angle of chamber inclination 2=-90°,0,+90°
Coefficient of heat
absorption/production -10,0.+10
Thermal conductivity ratio 0.5,1,10

The effect of changing the type of magnetic field
applied decreases with increasing power-law index; 3) an
increase in the power-law index leads to an increase in the
viscosity of the fluid and causes the ease of movement of
the fluid to decrease. Due to the low convection effects for
the shear thickening fluid, the influence of augmentation
of the Hartmann number for the shear thickening fluid is
much less compared to the Newtonian and shear thinning
fluid; 4) by changing the way the chamber is placed, the
amount of heat transfer and the flow power can be
controlled. By using this passive method, it is possible to
control the effect of the magnetic field in such a way that
the lowest value of the average Nusselt number, the
entropy production, and the effect of the magnetic field
are obtained for an inclination angle of +90 degrees. The
average Nusselt number for the zero angle is about 1.25
and 2.6 times higher than the angles of -90 and +90
degrees, respectively; 5) the lower the thermal
conductivity ratio, the lower the average Nusselt number
and the produced entropy. With the augmentation of this
variable, the impact of the magnetic field is more obvious
and the change of this parameter has a negligible effect on
the characteristics of the flow and heat transfer of the
shear thickening fluid and on the Ra=103; 6) in the heat

production mode, the lowest value of the mean Nusselt
number is seen, but the influence of the magnetic field is
the greatest in this state. The flow power increases with
the increase of heat absorption/production coefficient.
The heat absorption/production effect is the least for the
shear thickening fluid; 7) in general, the largest
contribution of the entropy produced for the shear
thickening fluid in all cases belongs to the entropy
produced due to heat transfer. By increasing the thermal
conductivity ratio, increasing the Rayleigh number,
decreasing the power-law index, and decreasing the
Hartmann number, the Bejan number decreases
(according Figure 2 (A-C)); 8) it was observed that in the
case of heat production, the total entropy produced
increases by about 20% with the increase of the Hartmann
number, and in return, the increase of the Hartmann
number leads to a decrease in entropy produced for

HAPC<O0.

4. Conclusions

The motivation of the existing numerical simulation was
evaluating and analyzing the conjugate heat transfer and
entropy generation by the power-law fluid inside the two-
dimensional chamber with a variable placement angle
containing an exothermic barrier under effect of non-
uniform  magnetic  field and uniform  heat
absorption/production based on the 1st and 2nd laws of
thermodynamics. Simulation was done by writing
computer codes in Fortran language using LBM. The
results showed that LBM is a suitable alternative for
solving problems in CFD due to its special features such
as: 1) replacing quasi-linear equations instead of complex
and nonlinear equations; 2) having a simple algorithm;
and 3) explicitness of the equations. Using a separate
distribution function to model the magnetic field results in
higher accuracy compared to the case where two
distribution functions are assumed for the flow field and
the temperature field and the magnetic field is applied as
a source term.

HAPC=-10 HAPC=0 HAPC=+10
(A)
n=0.75
()
9=+90°
(©)

Figure 2. Distribution percentage of the share of each of the entropy

production factors in the total entropy production




(FO-T1) £ ) 4 SKlSe 3 Slasloms 5 53,015 p ke

Swlfo 30 (Flwlxo g (50 9,5 pols

http://mechanic-ferdowsi.um.ac.ir

LT

290 33 Slg5 Jow b Jlw 466795 &l > JES1 b ovd adgi (2987 ot 38 0 99 i 595 31 08Liku!
¥ emablize Olowe 9 b 5~ wdgi/ o>

ey Ui
) s hees <\>JLW. Ao
DOI: 10.22067/jacsm.2022.77136.1125
crblide Olts il Comi floze (siles 3 abidzes (555 s o b Sl 055 oyl ST I 3l 0l A7 s 5T e Sl 1S 5 0SS
bos by o5 5 oyl MEs! llis Ol o oyl (i g i (sloaisl bl o ol 0l oy oo U S A g/l 3 525 b S liK 5 i
e 4 20 i iblie Do el 57 U IS bl o IS o L5 LS L3315 Ly e IS el sute 3]
Lo g2s ol sl jldds jl ol piimens S (sl Az 3 W gl U 5 0li 35S0 S (6100 ooy OF 3k 43 Il o i U i yla ke /380 45
Iletes JL«;/(J.W/J/:JML};’W o (1 51 ol 45" ol i3 50 prbolido Oldes JL«;/@,;/';J::J il iy paisle sde ol o dals e
A bl S ol Colds G ameilir Sl G (55 CSGS Sl s 5 xS LB b Sl 0 Ol e CHLESG s b bl
Ol o Syl oyl S Il oy 1S 355 o i gnims Ly ke 5 pedyls 5o 5l O Gl ] 3 45 35k e ol Lo sze ol sle lldds
o a3l il S Ao g3 AY 2l U o gte Sl sde Sl ol 43 483,815 a0 #90 asli o dbdms 45 35 o ol Jloj eblice Olbs T 5
s it 5 oo S (Tl Sl G 28 5 L oide Gl ed e sie G181 e S ) e o8 38 L Ol ste o]

D po ol am s #0 asli 0 Ol oe

w55 gl S W s/oder (s sl W ot iSK b 5 Ctl i peabliie Ol (Slg Je b b 8 55 ol > Jlinl (Sl (s 09

Non-Newtonian Conjugate Heat Transfer under the Impact of Uniform and Non-Uniform Magnetic Field Along with
Heat Absorption/Production Inside a Two-Dimensional Chamber Containing a Block; an Entropy Analysis by LBM

Mohammad Nemati Mohammad Sefid

Abstract In the existing work, the amount of entropy produced due to power-law fluid conjugate heat transfer within an
inclined 2D chamber under the influence of magnetic fields in different forms with absorption/production of heat has
been evaluated. According to the research findings, flow power, heat transfer value and entropy production decline with
enhancing Hartmann number, decreasing Rayleigh number and enhancing fluid power-law index. The increase of the
Hartmann number to the maximum value reduces the value of the mean Nusselt number by about 52% for shear thinning
fluid and by about 18% for the shear thickening fluid. The higher the Hartmann number, the more obvious is the change
in the type of applied magnetic field, and this effect is the least for the shear thickening fluid. By applying the magnetic
field in a uniform mode, a current with a lower power and a smaller Nusselt number can be achieved. If the thermal
conductivity ratio increases, the highest mean Nusselt number is obtained, and in this case, the effect of increasing the
Hartmann number and Rayleigh number becomes more noticeable. The lowest amount of heat transfer, current strength
and magnetic field effect is obtained when the chamber is placed at an angle of +90 degrees, in which case the mean
Nusselt number is about 82% less than the zero angle. Bejan number enhances with the increase of heat
absorption/production coefficient, increase of Hartmann number, decrease of Rayleigh number and decrease of thermal
conductivity ratio, and the highest value of Bejan's number is obtained at +90 degree angle.

Keywords Conjugate heat transfer; Power-law liquids; Uniform and non-uniform magnetic field; Entropy generation;
Uniform heat absorption/production; Inclination angle of chamber.
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1. Introduction

Aluminum tubes filled with aluminum foam have a
special role in the industry in the field of energy
absorption. Their applications can be mentioned in the
military, marine, aviation, elevators, and automotive
industries. Different structures for profiles and their
combination with other absorbers have been considered to
increase energy absorption. In order to increase the energy
absorption of the profiles, various parameters have been
investigated such as: 1) geometry, including considering
profiles with different shapes such as square, circle,
pentagon, etc., the effect of thickness, creating distortion
in the geometry, nested samples (inside hollow tubes,
hollow tube is placed smaller): 2) adding absorbers such
as aluminum foams; 3) strengthening (thermal treatment,
etc.). Researchers have done many practical kinds of
research on the energy absorption of thin-walled
structures, which include testing, theorizing, numerical
simulation, and optimization.

In this study, nested thin wall profiles are considered.
Considering the effect of the profile shape on the energy
absorption rate, the energy absorption rate of nested
profiles was investigated at first. Considering the increase
in energy absorption with the addition of absorbers in thin
wall profiles, in the next step, the effect of adding
aluminum foam to nested thin wall profiles was discussed.
It is worth mentioning that the effect of geometry in
nested profiles and the effect of adding different
percentages of aluminum foam on the amount of energy
absorption of nested thin wall profiles are among the
innovations of this article.

2. Energy absorption

In order to calculate the impact performance of the
structure, some indicators, such as total energy absorption
(EA) were defined. Structures with different masses have
entirely different energy absorption, so it is necessary to

define an index to measure energy absorption for the unit
of mass, SEA.

3. Modeling and simulation

3.1. Effect of geometry in thin wall profiles

Abagqus finite element software/explicit method was used
for numerical analysis of impact dynamics. In order to
investigate the effect of geometry on the amount of energy
absorption of thin wall profiles, different geometric
models with equal cross-sectional areas were considered.
In the Abaqus model, to apply the impact of the profile, a
thin wall is placed between two plates, a fixed plate is
placed under the profile, and a moving plate is placed at
the top of the profile. These two pages are modeled using
the shell element. Figure 1 shows the investigated
geometries.
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Figure 1. The cross-sectional area of geometry and
dimensions of samples (in mm)
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In the simulation, aluminum alloy profiles with a height
of 150 mm and a thickness of 1 mm are considered. In
order to apply the shock load, the upper plate with a speed
of 1 m/s was applied to the thin wall profile for a period
of 0.08 seconds. The type of element considered for the
mesh is S4R with five integration points.

The results confirm that nested geometric models have

more energy absorption than simple profiles. Among the
considered simple profiles, the square profile with the
specific energy absorption rate of 10763 J/kg was the
worst and the circular profile with the specific energy
absorption rate of 14814 J/kg had the best performance in
terms of energy absorption. Moreover, the combination of
the octagonal profile inside the aluminum tube (CO) had
the best performance in terms of energy absorption. The
amount of specific energy absorption in the CO state is
13.5%, and compared to a cylindrical tube (the commonly
used profile) performed better regarding the amount of
energy absorption.
Due to the best performance, the octagonal profile inside
the aluminum tube was selected as a suitable example in
terms of energy absorption, and then the effects of adding
foam on its energy absorption was discussed.

3.2. The effect of aluminum foam percentage in nested thin
wall profiles

In this section, the effects of adding different percentages
of metal foam to selected CO thin wall profiles were
investigated numerically. In order to check the accuracy
of the modelling, a thin-walled aluminum tube made of
6060-T5 alloy with a diameter of 60 mm and a height of
150 mm filled with aluminum foam was simulated. The
simulated force-displacement diagram is compared with
the experimental results in Figure 2.

Now, according to the accuracy of the simulation
results, the effects of adding foam to the profile of the
selected nested thin wall (CO) were investigated. The
foam is placed inside the tube in three different ways (only
in the inner profile, in the space between the two profiles,
and in the entire profile), and its effects on the energy
absorption of the CO profile were investigated. Figure 3
shows the force-displacement results of the samples.
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Figure 2. Comparison of the force-displacement results of
the simulated and experimental sample

By adding more foam, the amount of energy
absorption and the maximum force that can be tolerated
increases. In terms of the amount of specific energy
absorption, in the case where only the internal profile is
filled with aluminum foam (COF-1), it performed better.
It should also be mentioned that in the case where the

aluminum foam is placed only in the space between the
two walls (COF-2) compared to the case where the entire
profile is filled with foam (COF-3), only about a 9%
improvement in energy absorption was achieved.
Moreover, adding foam can increase the amount of energy
absorption with a change in weight. In other words, COF-
1 and COF-3 increased energy absorption by 19% and
92%, respectively. Figure 4 shows the change in total
energy of absorption (EA) of CO profile and COF-1 to
COF-3 in the form of a column chart.
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Figure 3. Force-displacement diagram for different states

of adding foam to the nested profile for the CO geometry
cross-section
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Figure 4. The effect of adding foam on the total
absorption energy

4. Conclusion

After examining the profiles resulting from the
combination of circular, square, hexagonal and octagonal
profiles, the combination of the octagonal aluminum
profile inside the aluminum tube has the best performance
in terms of energy absorption. In the following, the effect
of adding different modes of aluminum foam in the
selected geometry was investigated. By placing the foam
inside these profiles, on the one hand, it stabilizes the
position of the nested samples relative to each other, and
on the other hand, by filling the empty space between the
profiles with foam, it increases the absorption of energy
from the impact. In the case that only the inner profile is
filled with aluminum foam, it performed better in terms of
specific energy absorption.
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Numerical Study of the Effect of Geometry and Metal Foam on the Energy
Absorption of Nested Profiles

Hemad Keshavarzpour Ali Ghasemi Mehdi Oveisi

Abstract In this paper, the effect of geometry and addition of aluminum foam adsorbents on the energy absorption of
thin-walled nested profiles under axial compressive load is investigated. ABAQUS finite element software has been used
for numerical analysis. The nested profiles are made of 6060-T5 aluminum and the outer and inner profiles with circular,
square, hexagonal and octagonal cross sections are selected. Force and displacement diagrams have been used to study
the energy absorption of different geometries along with the calculation of general and specific energy absorption. Finally,
to evaluate the effect of foam, three modes of adding aluminum foam to the nested profile have been investigated. Thin-
walled profiles with metal foam absorb more energy than hollow ones. Also, the interaction between the foam walls and

the pipe increases the energy dissipation further.

Keywords Thin-walled profiles, Nested profiles, Geometry, Aluminum foam
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1. Introduction

Different control methods for vehicle suspension system
have been of interest in the past four decades, both
scientifically and in the global automotive industry. The
suspension system is responsible for keeping the vehicle
on the road surface and isolating the vehicle body from
road disturbances. In recent years, researches have been
directed towards the use of various types of intelligent and
robust controllers. The existence of noise, disturbances,
unmodeled dynamics and parameter changes during the
system work, causes the use of traditional controllers to
become problematic in practice. Today, advanced control
methods such as fuzzy control, adaptive control, robust
control, sliding control, etc., have been used to overcome
unforeseen problems in the system to a large extent
automatically. It is only necessary to estimate the
maximum amount of error in order to improve the
performance of this type of controller. The existence of
some faults in the mentioned controllers has caused the
researchers to turn to the combination of these methods to
improve the performance of the controller. The system
studied in this research is the active suspension system. In
this type of system, not only energy can be wasted or
stored, but also, if needed, force can be injected into the
suspension system. In addition to the presence of springs
and shock absorbers like conventional car suspension
systems, in the active suspension system, a hydraulic or
pneumatic actuator applies force to the car body to prevent
car oscillations. This type of power can be created by
active power sources such as pneumatic tire actuators,
hydraulic pumps or compressors. The actuator is closed in
parallel with the spring and shock absorber.

2. The design of the control law

Classical control systems design methods are based on
complete information about the planet and the
environment. While in some cases the studied plan is very

complex and all the physical processes that make it up are
not known. As mentioned earlier, the existence of
uncertainty in the suspension model encourages us to use
robust or adaptive controllers.
Sliding mode control (SMC) is an effective technique and
its applications have increased greatly in recent decades.
Sliding mode control is insensitive to changes and
disturbances in system parameters and external
disturbances. In addition, it provides a fast transient
response. In the sliding mode control method proposed in
this research, a switching plate is introduced and, in the
following, the sliding mode control law is designed for the
asymptotic stability of the error closed loop system.
Sliding mode control is one of nonlinear controllers
suitable for controlling nonlinear systems in the presence
of modeling uncertainties and disturbances. In addition,
adaptive controllers, in addition to robust control, due to
their time-varying nature, although usually impose a high
cost on the system, still provide the possibility that even
without accurate knowledge of the system model, whether
it is a dynamic model or a kinematic model, can make the
suspension system follow a desired path. In general, due
to the presence of the sign function, the sliding mode
control will not have a good ability to control the system,
and it will cause the phenomenon of chattering. To solve
this problem, the saturation function can be used.

3. A method for state and error estimations

In many cases, the state variables of the vehicle
suspension are not available to use the fault tolerant
control law. In addition, in some cases, it is necessary to
estimate accurately the terms included in order to deal
with and identify the defect. In this section, a method for
system state estimation and error estimation is presented.
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Figure 1. The fault estimation errors

Figure 1 shows the fault estimation error by fault viewer.
In this figure, it can be clearly seen that the error
estimation rule estimates the error set well, the unknown
input and disturbance. The estimation error becomes zero
in less than 0.1 seconds.

4. Conclusion
In this research, the vehicle suspension system of the one
half model was considered to check the comfort of the car

passengers against any faults from the road (external
disturbances), actuator defects, and sensor defects. A
controller for the desired system was designed by using a
fault-tolerant control law of the robust-adaptive sliding
mode. The reason for choosing the sliding mode
controller was being robust to model disturbances and
uncertainties, and adaptive controllers are able to adapt to
changing conditions during the control operation.

The controller was designed in two stages, scalar and
functional, assuming that the upper band of the error is
unknown. In both cases, we estimated the upper band of
total disturbances, errors, and faults using an adaptive
rule. As a result, by applying the designed sliding mode
error control law, both outputs of the system have
followed the desired sinusoidal path well. At the end, the
designed robust-adaptive sliding model control was
compared with the conventional sliding model control,
which shows the superiority of the designed controller.
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Robust-Adaptive Sliding Mode Controller Design with Fault Tolerance for
Active Suspension of one Half-car model

Hassan Zarabadipour Mahdi Farhang Ranjbar

Abstract The comfort of car passengers is one of the most important issues while driving, therefore the suspension
system plays a significant role in this matter. To investigate this issue, in this research, the design of a fault-tolerant
control system for the active suspension system of the one half- car model has been considered. In this article, the goal is
to design a robust-adaptive sliding mode controller to stabilize the vehicle suspension system and converge the output
response to the desired response. For this purpose, firstly, the model of the suspension system of the one half of the car
is considered in the presence of actuator, sensor, modeling uncertainties and limited external disturbances. Then, with
the assumption of not knowing the upper band of the term, including system faults and disturbances, the error tolerant
control law has been designed so that the output response of the system in front of any sudden fault converges to the
desired(stable) value and also the output of a desired path

Key Words Suspension, Half- car model, Robust-adaptive Sliding mode control, uncertainty.
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1. Introduction

Different methods have been suggested for enhancing the
heat transfer rate, one of the newest of which is using an
elastic vibrating surface. Examining the previous studies
shows that theoretically and from simulation perspective,
heat transfer issues in fluid-solid interaction flows have
rarely been examined. Hence, considering fluid flow and
a channel with a vibrating elastic wall, one can examine
the effect of the vibrating elastic surface on the rate of heat
transfer in various geometries and conditions. Thus, by
considering fluid flow and a channel with an oscillating
elastic surface, one can study the effect of the vibration of
the elastic surface on the rate of heat transfer in various
geometric combinations. The study considered a conduit
with solid and elastic surfaces, where the solid surface is
accompanied by heat transfer and the elastic surface is
oscillating and insulating. The study tried to examine the
effects of elasticity and the maximum vibration amplitude
of the surface on the rate of heat transfer by considering
the elastic surface and developing the design.

2. Geometry and the governing equations

Figure 1 illustrates the physical model of the geometry of
the elastic channel, where the elastic wall has replaced the
rigid wall of the basic geometry in a part of the upper
boundary. In the problem in question, the working fluid is
air that enters the two-dimensional channel at a uniform
speed. The circular cylinder inside this channel is kept at
a constant temperature of 343.15 K and all the surfaces of
this channel are insulated. The inlet uniform flow
temperature is 293.15 K, the height of the channel 4D, the
length of the channel 30D, the distance of the cylinder
from the inlet of the channel 12D, and the uniform
velocity of the inlet has been determined based on various
Reynolds numbers examined. The length of the replaced

elastic surface is 10D, its thickness %, and its Young's

modulus is 50 MPa, and the rest of the conditions are like
those of the rigid channel.
Investigated physics are simulated COMSOL 5.5

software. The base of this software is the finite element
method (FEM), solved by the direct LU method.
Furthermore, Galerkin method was used to solve the
nonlinear equations and all the equations were coupled
together. Moreover, moving meshing was used due to the
change of the problem boundaries and the optional Euler-
Lagrange method was used for solving its equations.
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Figure 1. Geometric and boundary conditions of rigid and
elastic physics

The optional Euler-Lagrange method is as follows and
given the slow, two-dimensional, unsteady, and
incompressible flow with forced displacement heat
transfer in the horizontal channel and regardless of the
effect of gravity, the governing equations of continuity
(1), momentum (2), energy (3) for the fluid, and the elastic
surface (4).
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3. Results

The results are compared with each other and the results
of the rigid channel. Two parameters of vibration
amplitude and frequency were considered for the elastic
channel, each of which is examined in three various
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modes. Thus, three different frequencies were checked
and this check was done at Reynolds numbers of 100 and
200 in the first, second and third vibration modes in each
domain. The obtained results become stable after a certain
period of about 30 seconds in the periods corresponding
to the vibration frequency.

The domains examined are 1D, 0.75D, 0.5D with
frequencies of 0.5, 1, and 2 HZ considered for simulation
where the temperature distribution along the channel at 1
HZ frequency is shown below for better understanding.
Ultimately, the diagram of Nusselt number, average outlet
temperature and cylinder drag coefficient at each speed
and each mode was calculated in terms of frequency and
compared with the results of the rigid channel to
summarize the findings. Nusselt number diagrams show
that heat transfer increases with increase in frequency in
all modes. Moreover, as expected, the average Nusselt
number in the third mode, especially the second mode, has
the lowest increase, and the vibration of the oscillator in
the first mode brings a significant increase in the average
Nusselt number.
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Figure 2. The average Nusselt number of the elastic channel

at A1=0.5D, and Re=100
Furthermore, the results indicated that increasing the
amplitude and frequency increases the average Nusselt
number and the average outlet temperature. Indeed, by
increasing amplitude, more fluid is affected by the
oscillator, and because of more changes in the channel
cross-section, the flow velocity increases and leads to an
increase in the average Nusselt number and the average
outlet temperature. On the other hand, the elastic wall
vibrates faster with increase in frequency and the fluid is
more affected by the oscillator, and the average Nusselt
number and the average outlet temperature increases
more.
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Figure 3. The average temperature of the outlet of the
elastic channel at A1=0.5D, and Re=100

It is also seen that the drag coefficient of the cylinder
increases with the increase of the oscillation range, which
results in severe pressure changes along the channel. On

the other hand, the drag coefficient is close to the drag
coefficient of the cylinder enclosed in the rigid channel in
the low oscillation range. Additionally, the results
indicate that the drag coefficient of the cylinder increases
with increase in frequency.

4. Conclusion

The study examined fluid-solid interaction by Galerkin
FEM and using arbitrary Euler-Lagrange equations in a
two-dimensional horizontal channel with air as the
operating fluid. A cylinder is placed in the center of the
insulated channel at a constant temperature.
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Figure 4. Drag coefficient of cylinder enclosed in elastic
channel at A1=0.5D, and Re=100

A part of the upper surface of the channel was replaced
with an elastic surface. The amplitude, frequency and
vibration mode of the elastic surface were examined in
various Reynolds numbers. The vibration of the elastic
wall leads to a change in the flow behavior, the results
obtained from the numerical solution are presented below.
1. Fluctuation of the elastic surface leads to the flow lines

to be unstable, unlike the rigid channel, and they

change every moment, and vortices with various
strengths are created along the channel,

2. By increasing the range and increasing the cross-
section area, the downstream fluid moves upstream
because of the increase in the volume inside the
channel and the decrease in pressure near the elastic
wall, causing a return flow inside the channel. On the
other hand, with the movement of the domain in the
direction of reducing the cross-sectional area because
of the constant flow rate entering the channel, the flow
speed increases and by passing the surface of the hot
cylinder, besides receiving heat again, it causes the
creation of new vortices in the channel. The results
indicate that the Nusselt number and the average outlet
temperature increase with increase in the maximum
amplitude and frequency;

3. The creation of return currents due to the fluctuation of
the elastic surface causes more flow interference and
in addition to the uniformity of the temperature
distribution inside the channel, it increases the rate of
heat transferred from the surface to the flow. This
value increases continuously with the increase of the
maximum frequency range;

4. Because of the existence of the transverse component
of the flow velocity caused by the vibration of the
elastic wall and the diagonality of the flow lines, the
descaling of the surfaces could be stated as one of the
advantages of replacing the elastic surface in the rigid
channel.
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Numerical Study of the Effect of Elastic Wall Vibration Mode on Internal Flow Parameters
Hojjat Danandeh Oskuei Seyed Esmail Razavi Seyed Faramarz Ranjbar Zhaleh Azhdarzadeh

Abstract In this study, the effect of replacing the elastic wall in a two-dimensional channel for forced convection flow
around a circular cylinder surrounded by an incompressible flow has been studied numerically. As the current passes
around the hot cylinder and the elastic wall oscillates, the rate of heat transfer changes at any time, which is a function
of the vibration conditions of the elastic oscillator. Amplitude, frequency and vibration mode are the main parameters
affecting the current passing through the channel. The2refore, in this study, the effect of oscillator vibration in the first,
second and third modes has been investigated and in each mode, three different amplitudes and in each amplitude three
different frequencies have been investigated and the calculations for two Reynolds numbers 100 and 200 have been
solved. Rigid channels are compared. The results show that in the first mode, unlike the second and third modes, the
elastic wall oscillation has a great effect on the average Nusselt number, average output temperature and cylinder drag
coefficient. in all modes, with increasing amplitude and frequency, the average Nusselt number, the average output
temperature and the drag coefficient of the cylinder increase.

Keywords Fluid-Solid interaction, Navier-Stokes equations, Forced convection, Incompressible flow
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