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1. Introduction

One of the practical factors in the design of structures is
low weight and high mechanical properties in various
industries. Sandwich composites can improve the
challenges of weight reduction and high mechanical
strength applications in aerospace, marine, automotive,
and architecture industries.

This study investigated the free vibration of sandwich
panel with first shear theory for the thin top-bottom face
sheets and third shear deformation theory for thick soft-
core. After validating the equations of motion and
obtaining the free vibration parameters, the effects of
design parameters, thickness core to top face sheet ratio,
length to thickness ratio, and volume fraction of fiber-
metal composite are investigated.

2. Equation of motion
In order to derive the governing equations of motion for
free vibration analysis of sandwich panel plate, first shear
deformation theory for upper-bottom face sheets are used.
Based on the Mindlin-Reissner theory, the components of
displacement field are:

Ut (x,y,z, T) =us®(x, ¥, T) + 2., ui®(x,y,T)
VP (X, y,2,T) = V506 Y T) + 2, VIR (%, Y, T) @
W' (X,y,z,T) =ws"(x,y,T)

In Equation 1, ut®, vt and w'® are the components of
displacement in x, y and z direction, respectively; ug"°, vq'®
and wo'® are translational components, and u;%®, v;*° are
rotational ones.

The displacement components u®, v¢ and w® of a
generic point in the core are related to the mid surface
displacement uq®, vo® and wq° by:

In Equation 2, u1¢, v1¢ and w;° functions are rotational;
the parameters uo®, us®, V2°, vi®, wp® and ws® are Taylor
series high-order sentences.

Compatibility conditions between face sheets and soft
core have been established. Therefore, the mentioned

conditions have reduced independent variables from 22
to 16.

u(x,y,z,T) =ug(x,y,T) +zuj (x,y, T)

+Z2US (X, Y, T) +Z°u5(x,y, T)

VO, Y, 2, T) = v (X, Y, T) +2vi (X, y, T) )
+22v5 (X, Y, T) + Z2°vi(x,y, T)

w(X,y,z, T) =wg(X,y, T)+zw;(X,y,T)

+Z°wWS (X, Y, T) + 2°wi(X,y, T)

3. Free vibration solution

For solving the governing equations the assumed mode
was used. In this method, the response is considered a two-
dimensional Fourier series form in a harmonic time
function with unknown coefficients. The responses
functions should satisfy geometric boundary conditions of
the problem; so the responses can be expressed as Equation
3.

[l ] (Ui, cos(ax)sin(By) |
Vo Vo SiN(0X) cOS(BY)
wj W], sin(ax)sin(By)
u at 3 <& Uiy COS(aX)sin(By)
v, -° mzzi; V., SiN(ax) cos(By) 3)
uf U5, cos(ax)sin(By)
A Vi, sin(ax) cos(By)
| wi | | Wiy, sin(ox)sin(By) Jicey 1223
mn nn
“a Py
where m and n are the wave numbers in the direction
of X and y respectively and

Ugh, Voo, WP, US 5, VS, and WS, shows the variables
coefficients of the Fourier series. By substituting Equation
3 in the equations of motion, problem converts to the Eigen
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value problem (Equation 4).
In Equation 4, [M] and [K] are mass and stiffness
matrices, respectively.

[K]-[M]e’[{x3=0 A
£ = [U3 VW UB, V2 W2, ULV “)
UL,V U, Ve W, US, Ve, WETT

4. Numerical results

In this part, first, the accuracy of the dimensionless natural
frequency obtained from the proposed equations were
studied. Then, the effect of volume fraction of aluminum
layer, length to total thickness ratio, and core-to-face sheet
thickness ratio was studied.

Table 1. Comparison of dimensionless natural frequency of
sandwich panel (0/90/core/0/90), a/b=1 and a/h=10

err. err. err.

hc/ht | present | [23] (%) (%) (%)

[24] [25]

10 1.85 1.85 0.00 1.84 0.54 1.84 0.54

20 2.15 2.13 0.94 2.13 0.94 2.13 | 0.939

30 2.35 2.33 0.86 2.33 0.86 2.33 0.86

40 2.49 2.47 0.81 2.46 1.22 2.47 0.81

50 2.58 2.56 0.78 2.56 0.78 2.56 0.78

Avg. 0.68 0.87 0.79

Table 2. Comparison of the first dimensionless natural
frequency of square sandwich panel with lay-up
AL/-06/6/Core/0/-0/AL, hc/ht=10 and a/h=10

Material Ve 4
n/6 n/4
1 14.63 15.60
0.9 15.81 17.47
0.8 16.28 18.05
0.7 16.43 18.23
GLAR 0.6 16.43 18.24
0.5 16.39 18.18
0.4 16.39 18.15
0.3 16.47 18.19
0.2 16.67 18.35
0.1 17.02 18.65
1 15.61 17.69
0.9 17.26 19.17
0.8 18.14 20.12
0.7 18.57 20.69
CARAL 0.6 18.73 20.97
0.5 18.71 21.02
0.4 18.59 20.92
0.3 18.45 20.71
0.2 18.34 20.46
0.1 18.30 20.20

For validating, the proposed equations with different
conditions were compared with the results of other
analytical and numerical researches. Table 1 demonstrates
that the results of the first natural frequency for the core-

to-face sheet thickness ratio differs 1% from the results of
the exact solution.

Table 2 shows the first dimensionless natural
frequencies for volume fraction of two materials GLAR
and CARAL with two different directions of lay-up. The
results show that the frequency of CARAL material has the
highest amount for angle of 45 degree and volume fraction
in 0.5.

28 T T T T T T T

—6—ve=1,GLAR
265, ve=0.5,GLAR .
N - @ -vc=0.L,GLAR

\ ——ve=1,CARAL
ve=0.5,CARAL .
. - ¥ -ve=0.1,CARAL

Non-dimensional frequencies

he/ht

Figure 1. Comparison of the first dimensionless natural
frequency for a square sandwich panel with respect to
thickness ratio of the core to the top face sheet, the effective
volume fraction of the composite and a/h=10

Figure 1 shows the dimensionless natural frequency for
the thickness of the core to the top face sheet ratio with
volume fraction 1, 0.5 and 0.1 for two types of materials
of GLAR and CARAL. It is clear that the dimensionless
natural frequency of AL/Carbon hybrid (CARAL) has
higher value because of carbon stiffness.

5. Conclusion

This study investigated the free vibration of a sandwich
panel with metal/composite hybrid face sheets reinforced
carbon and glass fibres and a soft core under simply-
support boundary conditions. The obtained results from
analytical solution revealed that FML with lay-up AL/-
45/45/core/45/-45/AL and volume fraction 0.5 has higher
natural frequency in comparison with other angles and
volume fractions. By increasing the thickness of the
softcore to the face sheet and the ratio of the length
sandwich panel to total thickness, the effect of the
aluminium layer decreases.
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Free Vibration Analysis of Sandwich Panel Plate with FML Face Sheet and Flexible Core Using
Third-Order Shear Deformation Theory

Mohammad Heravi Mohammad Mahdi Khatibi Alireza Albooyeh

Abstract This paper investigates the free vibrations of a sandwich panel with metal/composite hybrid face sheets
reinforced with carbon and glass fibers and a soft core with simply-support boundary conditions. To derive the governing
equations, with third shear deformation theory (TSDT) of multilayers and Hamilton's principle have been used for a
rectangular sandwich panel with a metal/composite hybrid top and bottom face sheets. It is assumed full connection of
the face sheets to the softcore and linear displacement. After comparing the results of the present research with similar
and ensuring the correctness of the extracted equations, the parameters effective, volume fraction metal layer and
composite with angular layering, the ratio of length to thickness and thickness of the core to the face sheet, length
sandwich panel to width and the layup (0,90) and (45, -45) for two types of glass and carbon fibers hybridized with AL
2024 T3 aluminium investigated. The results showed that the carbon/aluminium hybrid with the volume of the composite
(Vc) equal to 0.5 has the highest natural frequency value in the first five mode shapes with layup AL/-45/45/core/45/-
45/AL. Also, by increasing the thickness of the softcore to the surface and the ratio of length sandwich panel to total
thickness, the effect of the aluminium layer decreases.

Key Words Sandwich Panel, Metal/Composite Hybrid (FML), Third-Order Shear Deformation Theory, Angle-ply
Laminate, Volume Fraction Laminate
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1. Introduction

According to reports, about 19.3% of the world's energy is
provided by renewable energies. A large share of
renewable energy comes from wind, solar and geothermal
energy. Solar energy is a very clean energy that is used to
generate power without causing pollution. According to
studies conducted in recent decades, the cost of solar
energy is competitive with other energy sources.
Geothermal energy is also one of the clean sources of
energy supply that have received attention in recent
decades. Geothermal energy in countries such as the
Philippines and Iceland supplies about 30% of their
electrical energy needs. In Iran, there are various sources
of geothermal energy in Azarbaijan, Ardabil, Isfahan, and
Mazandaran provinces. A way to increase the efficiency of
geothermal systems is combining it with solar energy and
cogeneration.

Stability is among the challenges of using solar energy.
Moreover, the low efficiency of geothermal energy is one
of its disadvantages. One of the best solutions to solve
these challenges is the simultaneous use of solar and
geothermal energy. The purpose of this research is to
present a geothermal and solar energy system for the
simultaneous production of power, heat, cold and its
analysis based on the first and second laws of
thermodynamics. For this purpose, the amount of exergy
loss and the efficiency of different components of the
system were investigated by changing the effective
parameters.

2. Results

Figure 1 depicts the production system for the
simultaneous production of power, heat and cold.
Geothermal energy acts as the main source and solar
energy as an auxiliary source in this system. To ensure the
continuous operation of the system, an energy storage
device has been used, one side of which is connected to the
sun and the other side to the input flow of turbine 2. The
purpose of the proposed system is to produce power and

heat for industrial use and cooling for residential places, as
well as a heat pump for drying products.

This system is composed of 5 circuits, which include the
water flow circuit from the geothermal well for power
generation, the absorption refrigeration cycle with lithium
bromide and water for cooling the residential space, the
compression refrigeration cycle with isobutane fluid, the
dryer system, and the solar absorber system with molten
sodium.

For the thermodynamic analysis of subsystems in the
whole system, the first and second laws were used. The
first law of thermodynamics or the law of conservation of
energy with the assumed assumptions is as follows for all
components.

QO+ whghy =W+ ) i b, &)

By applying the second law of thermodynamics to all
system components, the amount of irreversibility can be
analyzed. The amount of exergy at any point is obtained
using Equation 2.
ex; = hy — h, — To(s; — So) (2)

The efficiency value of the first and second laws of this
system is no = 92% and ¥, = 57% respectively, which is
more than many power generation systems. Based on the
values of thermodynamic properties, the efficiency of the
law of energy and exergy in Figure 2 is calculated based
on the changes in the quality of the fluid exiting the
geothermal well. The quality of steam in a geothermal well
depends on the type of well and its amount can vary. With
the increase of steam quality from 0.3 to 0.8, the energy
efficiency does not change much, but the exergy efficiency
increases from 52% to 60%, which is due to the reduction
of exergy loss in different parts of the system. In fact, with
the increase in steam quality, its exergy value increases
and this improves the exergy efficiency by 8%. Figure 3
shows the changes in energy efficiency and exergy versus
fluid flow rate from the geothermal well. With the increase
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of the mass flow rate from 20 kg/s to 80 kg/s, the changes
in the efficiency of the first and second laws are almost
negligible. With the increase in the flow rate of the fluid
coming out of the well, the amount of energy produced
increases, but the efficiency of the first and second laws
does not change significantly due to the lack of change in
the quality of energy.

3. Conclusion
A cogeneration system based on geothermal and solar
energy was developed. Using the first and second laws of

Residential Space Cooling

Absorber

(Femmey)

Hot Water for
Industrial
Aplicationn

f [<]
EV
Injection
well 2

thermodynamics, the whole system was analyzed. The
amount of work, cold and heat produced as well as exergy
loss were calculated. Using thermodynamic relationships,
the effect of effective parameters such as the mass flow
rate of the geothermal reservoir, steam quality, ambient
temperature, temperature of the air entering the heat pump
and the temperature of the generator output fluid on the
efficiency of the first law, second law and exergy loss were
investigated.

Expansion Tank

Residential Space

Compressor

Figure 1. The flow diagram of the simultaneous production of power, heat and cooling with the simultaneous use of solar
energy and geothermal energy
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Figure 2. Energy and exergy efficiency of the whole system
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Evaluation of an Integrated Solar Geothermal Energy System to Provide Power, Heat and Cooling
Amin Kardgar

Abstract

In the present research, an integrated solar-geothermal energy system is proposed. This energy system consists of a
single flash geothermal cycle, single effect absorption refrigeration cycle, heat pump cycle for drying process, solar
energy saving comportment, two steam turbines for power production, cooling system for domestic usage and heating
for industrial application. The aim of this system is providing cooling and heating for domestic and industrial appliances
and drying food products. The energy and exergy efficiency of the system were 92% and 57%, respectively. The effect
of parameters such as surrounding temperature, the temperature and the mass flow rate of geothermal tank, and the
outlet water temperature of the generator of absorbtion cooling system on energy and exergy efficiency of the system
were investigated. The overall energy efficiency does not change by increasing surrounding temperature from 270 K to
320 K, but overall exergy efficiency, turbine 1, and turbine 2 decrease almost 7%, 3% and 4%, respectively.

Key Words Exergy; Geothermal; Solar energy; Absorption refrigeration; Power production.
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State no. m(kg/s) T (K) P (kPa) h (kJ/kg) s (kJ/kg.K) ex (ki’kg)
1 50 573 8566 2046 4.479 715.2
2 50 527.6 4283 2046 4.613 675.1
3 27.75 527.6 4283 2799 6.04 1002
4 27.75 419.3 428.3 2514 6.331 631
5 24.78 419.3 428.3 2742 6.873 696.6
6 2.967 419.3 428.3 615.6 1.802 82.66
7 2.967 340 428.3 280.2 0.9161 11.54
8 - - - - - -

9 - - - - - -
10 22.25 525.4 4283 1096 2.813 262.1
11 22.25 318 101.3 1915 0.6347 6.818
12 48.08 278 101.3 20.49 0.074 3.03
13 48.08 368 101.3 397.4 1.248 29.69
14 3 298.2 101.3 63.4 5.833 72.59
15 3 298.7 101.3 65.1 5.865 72.58
16 3 290.2 101.3 35,51 5.737 73.32
17 3 368.2 101.3 115.1 5.98 80.5
18 3 350 101.3 309 6.615 85.3
19 - - - - - -
20 - - - - - -
21 0.7 280.9 175 398.6 1.719 37.17
22 0.7 341.6 1050 435.3 1.74 67.5
23 0.7 303 1050 271.7 1.244 52.02
24 0.7 276.3 175 271.7 1.26 47.22
25 0.3366 363 7.38 2668 8.536 127.3
26 0.3366 313 7.38 166.9 0.5703 1.394
27 0.3366 276.9 0.8 166.9 0.603 -8.369
28 0.3366 276.9 0.8 2507 9.055 -188.3
29 1.363 308 0.8 -160 6.157 -738.1
30 1.363 308 7.38 -160 1.675 598.5
31 1.363 323 7.38 -124 5.58 634.4
32 1.026 363 5.48 -170 4.867 147.7
33 1.026 335 7.38 -117.8 4.729 188.8
34 1.026 318 0.8 -117.8 5.169 57.46
35 24.78 502 428.3 2919 7.26 758.6
36 24.78 319 10 2486 7.841 152.2
37 14.3 650 101.3 378.4 0.769 158.4
38 14.3 650 120 378.4 0.769 158.4
39 14.3 373 120 9.76 0.0259 11.46
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1. Introduction

Energy saving in the building sector has received wide
attention due to its share of 40% in global energy
consumption. Therefore, the use of prefabricated buildings
has been expanded. The lightness of these buildings, along
with advantages such as easy movement, leads to problems
such as high thermal conductivity and low thermal inertia
of the building shell. Phase Change Materials (PCM) are a
suitable option for solving these problems due to their high
latent heat capacity.

2. Method

To investigate the effects of using phase change materials
in prefabricated road relief buildings, a sample relief unit
was considered in Kermanshah city, Iran, and its annual
energy consumption was simulated with DesignBuilder
software. The case study is a prefabricated building with
an area of 18 square meters and a height of 2.5 meters
(Figure 1). Natural ventilation and air infiltration are
ignored and the inside air temperature is adjusted by a split
conditioner in the range of 18 to 24 degrees Celsius.

Figure 1. The view and the plan of the building

3. Validation

To validate the numerical process, a building similar to the
one studied by Wang et al. [23] was simulated and their
temperature response was compared. The mean absolute
error of the obtained results with the results of Wang et al.
is 3.6 °C, which shows a good agreement. Moreover, the
Pearson correlation coefficient in this comparison is 0.75,
indicating a strong correlation between the results.

4. Results and discussion

In this study, the inorganic phase change material
InfinittRPCM21C was used, which has hysteresis
behavior with a melting point of 21°C. Seven distinct
modes were considered for the implementation of the
phase change material in the external shell of the building:
the use of the PCM on the north wall (N), east wall (E),
south wall (S), west wall (W), all four walls (NEWS),
ceiling (C) and finally on four walls and ceiling (NEWSC).
Figure 2 shows the annual energy consumption of the
building in the reference mode as well as the seven modes
of implementation of the phase change material.
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Figure 2. Annual energy consumption of the
building with PCM on different walls of outer
shell

The least energy saving is related to the implementation
of PCM on the west wall, which has led to a 7.72%
reduction in annual energy consumption. The southern
wall has the best performance among the four directions
with a 12.14% reduction in energy consumption. If the
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phase change material is applied on the entire surface of
the outer shell, the energy saving reaches 37.2%, which
shows the impressive potential of the PCM in reducing the
energy consumption of buildings.

For the purpose of economic analysis, according to
Figure 3, it is possible to check the energy savings per unit
mass of used PCM. Based on this, the implementation of
the phase change material on the south wall causes the
greatest energy savings per unit mass of the PCM, while
its implementation on the entire shell of the building is not
economically justified.

By examining the effect of applying the phase change
material in different layers of the wall as is shown in Figure
4, it was found that the implementation on the inner surface
of the wall leads to the greatest energy savings.

of PCM [KWh/kg PCM]

Energy savings per unit mass

S T W C &\;N”ng\iw oC b

Figure 3. Energy saving per unit mass of PCM for different
outer shell elements

In Type 1, the PCM is implemented as the most inner
layer of the wall while in the Type 5 it is the most outer
layer.
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Figure 4. The effect of the position of the PCM layer on energy
savings

Moreover, the effect of the thickness of the phase change
material in the range of 5 to 25 mm was investigated.
Figure 5 shows the results.
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Figure 5. The effect of the PCM thickness on saving
energy

According to this figure, with the increase of thickness,
the rate of energy saving improvement decreases, so that
in thicknesses over 20 mm, energy saving changes become
insignificant. Furthermore, Figure 5 shows that with
increase in thickness, the energy saving achieved per unit
mass of PCM also decreases rapidly.

Finally, by implementing phase change materials with
different melting temperatures in the range of 18 to 29
degrees Celsius, it was found that the maximum energy
saving is achieved at the melting point of 21 °C (Figure 6).

—r—5
—8— NEWSC

Energy saving (%)

17 18 19 20 21 22 23 24 25 26

Melting point [°c]

Figure 6. Effect of the PCM melting point
temperature on energy saving

5. Conclusion

The implementation of phase change materials in the
building shell reduces the energy consumption of the
building. Among the four cardinal directions, the southern
wall has the most energy savings with a 12.14% reduction
in consumption. If the phase change material is
implemented on the entire building shell, the amount of
energy saving increases to 37.2%. From the economic
point of view, the southern wall has the best performance
among all the examined cases, saving 2.08 kWh per
kilogram of PCM.

The phase change material should be implemented on an
inner layer relative to the thermal insulation of the
building. Otherwise, up to 90% of achievable energy
saving will be lost. Although the energy consumption of
buildings decreases with the increase of PCM thickness,
smaller thicknesses are more suitable economically. For
example, by increasing the thickness from 5 to 25 mm, the
amount of energy saving per kilogram of PCM decreases
from 3.08 t0 0.97 kWh. In any case, by increasing the PCM
thickness beyond 20 mm, no significant change in energy
saving is observed.

The PCM melting point should be chosen according to
the weather conditions. Compared to thermal insulation, if
the phase change material is implemented as the inner
layer of the wall, its melting point should be within the
comfort temperature range. For the conditions applied in
this research, the highest annual energy savings were
obtained for PCM with a melting point of 21°C.
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Investigating the Effect of Phase Change Materials on Energy Consumption in Lightweight
Prefabricated Relief Buildings

Ali Amiri-Jaghargh Amir Yarinezhad

Abstract In this research, the role of Phase Change Materials (PCM) in energy saving in lightweight prefabricated
buildings is studied. For this purpose, a typical building in Kermanshah, Iran is simulated in DesignBuilder software. A
split unit is used as air conditioning system. The annual energy consumption of the building in the reference state is
2577.27 kWh. The implementation of the PCM was investigated in all directions including each individual wall, ceiling,
four walls simultaneously and the entire building envelope. The southern wall is the best option among the walls with
12.14% energy saving. From an economic point of view, this wall has the best performance as well by saving 2.08
kWh/kgPCM. Implementation on the entire envelope increases savings up to 37.2%. Although this is not an economical
case, but it reduces the need for energy to almost zero in four months of the year. By examining the PCM in different
layers of the wall, it was found that in all directions, the inner surface of the wall leads to the greatest energy savings.
Also, taking account the PCM thickness in the range of 5 to 25 mm showed that the smaller the thickness, the greater the
savings per unit mass of the PCM. Therefore, thicknesses more than 20 mm are not recommended. Finally, the effect of
the PCM melting point in the range of 18 to 29 degrees Celsius was investigated and it was found that the maximum
energy saving is obtained at the melting point of 21 degrees Celsius.

Key Words Phase change materials, PCM, Energy saving, Thermal comfort, Prefabricated building, DesignBuilder.
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1. Introduction

Microchannels are among the newest devices that have
been recently used for cooling. The thermal and fluid flow
behavior of microchannels was first investigated by
Tuckerman and Pease. Some researchers have examined
numerically the heat transfer in a microchannel under
constant flow with water-based nanofluid and evaluated
the effect of slip and no-slip boundary conditions on the
flow in the microchannel. Their results showed that the
nanofluid enhances heat transfer and the electric field has
a significant impact on heat transfer.

In this study, the fluid flow inside the microchannel is
modeled by assuming laminar, incompressible, and two-
dimensional flow. The slip condition is applied on the
walls and the outlet flow of the channel is considered as
developed flow. The application of asymmetric boundary
condition is the innovation of this work. Examining the
impacts of slip condition on the hydrodynamic and thermal
behavior of nanofluid is another innovation of the present
work.

2. Description of the problem

Figure 1 illustrates the schematic of the problem for a
channel with an aspect ratio of I/H = 30, where | and H are
the length and height of the channel, respectively. The slip
boundary condition is considered for all the walls and the
analysis of the channel is done regarding two dimensions.

§=cte

Inlet flow g=0 | | Outlet flow
p I # v * T v ‘ —
— 1 J —
— 3 —
- ;5
— e ——
T=cte q=0

Figure 1. Schematic of the problem

3. Governing equations

Continuity and Navier-Stokes equations are expressed in
Cartesian coordinates as follows:

Continuity equation:

du, o _ 1
6x+6y_0 ()

Momentum equation in the x-direction:
ou u 10P %u | 9%u (2)

— 4+ —_— e —-—4 —_— —_—
uax vay p 0x (6x2 6y2)

Momentum equation in the y-direction:

v v 19pP %v | a%v (3)
— 4+ —_— e —_——4 —_— P
u ax ay p v ( ox2  9y? )
Energy equation'
aT aZT a%T 4)
—+y
u ax ( dx2 i)yz

The average Nusselt number along the channel is shown as
follows:
th (5)

N y=0= G0 Siens

4. Grid study and validation

The average dimensionless temperature at the outlet of the
microchannel at a Reynolds number of 100 and a slip
coefficient of 0.04 for pure water show that the grid with
the 60x450 nodes can be selected as the optimal solution
grid. The values of the local Nusselt number obtained from
the present work and the values reported by Raisi et al.
indicate the maximum error between the two works is

7.6%; therefore, the validity of the present results is
acceptable.

5. Results
Figure 2 reveals that when the slip coefficient increases,
the maximum velocity in the middle of the channel reduces
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and the velocity at the side of the walls is not zero. This
velocity for the slip coefficient between zero and 0.04 is
higher than that for the slip coefficient between 0.04 and
0.08.

— Re=100, B=0
> 0| Re=100, B=0.04
_0.1}| — Re=100, B=0.08

02
03
04
0.5

0 02 0.4 0.6 08 1 1.2 1.4
U

Figure 2. Velocity profile for different slip coefficients

Figure 3 depicts the value of Nusselt number for different
values of volume percentage at a constant Reynolds
number. One can see that as the volume fraction of the
nanofluid is enhanced, the amount of heat transfer
increases. Moreover, the Nusselt number is zero on the
side of the insulated wall.

45 phi=0%, B=0
phi=2%, B=0
phi=4%, B=0

Nu(x)

o W

n O
v/

-5 0 5 10 15

Figure 3. Local Nusselt number for different values of
volume fraction

6. Conclusion

This study investigated the nanofluid flow in a
microchannel. The results demonstrated that the velocity
for the slip coefficient between zero and 0.04 is higher than
that for the slip coefficient between 0.04 and 0.08. At a
Reynolds number of 10, the temperature of the fluid
increases rapidly due to its low velocity and the slip
coefficient does not have a large impact on the velocity
profile. While, at high values of Reynolds number, the
temperature profile has a greater impact on the slip
coefficient.
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Numerical Study of Forced Convection in a Microchannel in Presence of Nanofluid using the Slip
Condition

Afshin Ahmadi Nadooshan Dariush Bahrami Morteza Bayareh

Abstract Micro-scale equipment has many advantages such as high thermal efficiency, high heat transfer surface-to-
volume ratio, small size, lightweight, low required fluid, and high design flexibility. In the current study, the fluid flow
inside the microchannel is modeled by assuming laminar, incompressible, and two-dimensional flow. The slip boundary
condition is applied on the walls and the outlet of the channel is considered as fully developed. The effect of various
parameters such as dimensionless slip coefficient, Reynolds number, and volume fraction of nanofluid is examined. The
obtained results demonstrate that the velocity for the slip coefficient between 0 and 0.04 is higher than that for the slip
coefficient between 0.04 and 0.08. Also, as the Reynolds number increases, the place where thermal development is
supposed to occur moves towards the center of the channel and towards the outlet of the channel. At a Reynolds number
of 10, the temperature of the fluid is enhanced rapidly due to its low velocity, and the slip coefficient does not have a
large effect on the velocity profile. At high Reynolds numbers, the temperature profile has a greater effect on the slip
velocity coefficient. According to the results, the amount of heat transfer is increased with the volume fraction of the
nanofluid.

Key Words Microchannel, Slip Coefficient, Nanofluid, Thermal Development.
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1. Introduction

Investigating the dynamic stability of a flexible structure
carrying a moving mass is an extensive problem
embracing a wide variety of engineering applications, e.g.,
railway tracks and bridges under the action traversing
trains or vehicles, loads transported along cranes span, and
high-speed machining processes. Time-varying position of
moving masses and considering all inertial components of
the moving masses in the analysis leads to the appearance
of time-varying matrices in the coefficients of the
governing equation. The passage of continuous series of
moving masses along the rectilinear path results in a
parametrically excited system with periodic coefficients.
In certain conditions, parametric excitations generate
instability in the elastic structures under the moving
masses. Therefore, the stability analysis of these systems
is very important.

This study investigates the dynamic stability of a
moderately thick rectangular plate floating on fluid under
the periodic passage of oscillating rigid bodies. An
approach based on Floguet theory is followed, contributing
to a comprehensive evaluation of the influence of the
moving object modeling method and contact of the plate
with the fluid on the dynamic stability of the plate
vibrations. To the best of the author’s knowledge, the
stability analysis concerning the aforementioned aspects
has not been done yet. The results are presented as stability
maps in mass—velocity planes. These results show that the
modeling method and the value of the model parameters
impact significantly the system stability.

2. Mathematical formulation
In this study, a uniform, moderately thick rectangular plate
floating on stationary fluid and traversed by moving
objects is considered. It is assumed that moving objects
move along a rectilinear trajectory parallel to longitude
edges of the plate with a constant velocity of V . For fluid,
inviscid and incompressible fluid flow is assumed. Letters
a, b and h stand for the length, width and thickness of the
rectangular plate, respectively and h, stands for the depth
of the fluid.

The material of the plate is assumed to be undamped
linear isotropic homogeneous with Young’s modulus E,

the densityp, and Poisson’s ratiov. For the moving

object, a moving oscillating rigid body with a two wheels
suspension system is considered (Figure 1). In this model,
the moving object chassis is considered a rigid body with
a length L,, mass M, and moment of inertia about the

center of mass I . w),, is the transverse displacement of

the center of mass, and y and 6 denote the rotations about
parallel and vertical axes to the plate, respectively.

Rigid Wall

Figure 1. Rectangular plate floating on fluid under the
effect of a moving oscillating rigid body

M, is the mass of each wheel, and k and C are the
stiffness and damping of each suspension system,
respectively. The fluid loading effect on the plate is
modelled using the method of added mass. Through the
use of the Mindlin plate theory, the assumed-mode
method, Lagrange’s equations and selecting the first
vibrational mode of the plate in the assumed-mode
method, the governing equations of a simply supported
rectangular plate under the moving oscillating rigid body
can be written as follows:

m (t) 1 +e(t) k() n=1{t) @)
T

Here, n=[A§’X ,Afy,AIV,wMZ,QJ and A*,A"” and A}

are the modal coordinates and the coefficient matrices

m(t), c(t), k(t) and vector f(t) are all time-varying. By

considering the entrance of a similar object on the plate

following the exiting of the precedent object, the
coefficients of Equation 1 become periodical with the

period T, =(a+L, )/V .
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In order to obtain general results,
parameters are defined.
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Q=n‘h m a—erF s IA_I.h/zde’

2uhy 4 q 1 1
mf:_&[e } Y ENE .

the following

ple? —1] a? b’ ot o,

2M, +M, v
a= =2
1,ab aQ

™ a- [ L 2
2M, +M, M, 2Q,M,

Here m, and p, are added mass and density of the fluid,
respectively.

@

Q=Q,

3. Floquet theory

Floquet theory is a general theory for linear differential
equations with periodic coefficients. This theory can be
performed on any equation in the form

q=R(t)g, R(t+T,)=R(t) ®)
According to the periodicity of R(t) , it can be deduced that
R(t+T,) also forms a fundamental set of solutions and the
following relation can be established

q(t+T,)=Ca(t) @)
where C is a fundamental matrix solution of the periodic

system (3). According to Floquet theory, computing the
eigenvalues of the fundamental matrix determines the

stability conditions as || 4[| <1.

4. Results and discussion
Throughout this study, the mechanical and geometrical
properties of the plate are Young’s modulus E=200Gpa,
density p=7800kg/m®, Poisson’s ratio v=0.3, length
a=5m, width b=1m, and thickness h=0.1m. The effect of
varying & Q,,r,L, and m, on instability boundary in the
a-y plane have been evaluated. For example, the results
for parameters Qg,r and m, have been presented in
Figure 2, 3 %?d 4, respectively.

Unstable zone

Figure 2. The impact of varying the frequency Q, on the
stability map ( r=0.05,&=1,L,=1m,m,=1 )

The results show that increasing each of the parameters
£,Q, and r cause the unstable zone to increase. The
trend is revised for L,and m,. The effect of the
modelling approach for moving objects on the
stable/unstable border line was investigated. Figure 5

depicts the results of the Floquet theory for moving
point mass and moving oscillating rigid body.

25

\ v L Unstable zone
M

Stable zone

Figure 3. The impact of varying the mass ratio r on the
stability map ( Q,=100,&=1,L,=1m,m,=1)
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Figure 4. The impact of varying the non-dimensional
added mass parameter m, on the stability map
(r=0.05,&=1,L,=1m,0Q,=500 )

\ “No_ Unstable zone

2 \ \“\

\ —— Moving point mass
— —- Moving oscillating rigid body

05k T

Stable zone

o

Figure 5. The impact of modeling approach on stability
map: moving point mass (solid line), moving oscillating
rigid body
(r=0.05,&=1,92,=100, L,=1m,m, =1 (dashed line)

As can be seen, modeling approach has a significant
influence on the results. The results are confirmed through
numerical simulations.

5. Conclusion

Using Floquet theory, this study investigated the time-
domain analysis of a moderately thick rectangular plate
floating on fluid, subjected to the periodic passage of
vehicles. For the moving object, instead of moving point
mass, a moving oscillating rigid body with a two- wheels
suspension system was used. The results permitted
splitting the speed-mass parameter plane into two distinct
regions of stability and instability. For the oscillating rigid
body, the effects of various parameters on the stability
conditions were discussed in detail. The results showed
that the modeling method for moving objects has a
significant impact on the dynamic stability analysis of this
system and inappropriate modeling leads to inaccurate
results.




(T0-AA) NEe) N0 SOl o ‘j"L’MWJ‘!)jJKf_}LG

SWilfo 43 Flwlxo g (58 9,5 pols

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

LT

Touiss” Olug ko Slpur Jgue S Sl b plod 3 (ubtiuno (dbine B39 (KaolS (Sslly BT
gy Al
VS5 ohad Ol o
DOI: 10.22067/jacsm.2022.71262.1037

o Sl slize S o Sl S 5 S0 slid moiid G ot 5 O Sl (bl callio ) > 00wy
S S S blodd oo F oy 0 Gl i O b oo e (Sl 50 oG] ok axflls Simeie oS Ol
gl oS- S Vsleo o lio 5 (5055 0 o gt 5 (Slad g iy lesliza [ L s odd ko 02358l o s Sl ealinn [ L s
S T s b e a8 SIS 4 L eyl o 3 JILLL 5 UL s et (S (538 s O Olsie 4 OB (568 Lo
b plod &8 a0 DL il o] 0k ijﬁ‘dj/ygékw/'@w‘_;ij Smte o (Sl e S et L;/M'/,.m;- i
Ao s o ez b o ez S o b o o G (Gl e e s e G5 CliS B S Ll pd S

AL e 54‘5/#«% Ll 5 bl s s o Siledte

S (5558« Sealus (oI eliS Ol Lo e s G5 Sl (SloS1g

Dynamic Stability Analysis of Rectangular Mindlin Plate in Contact with Fluid under Passage of
Oscillating Rigid Bodies

M. Ghomeshi Bozorg

Abstract In this paper, the dynamic stability of a moderately thick rectangular plate floating on stationary fluid under
the periodic passage of oscillating rigid bodies is studied. Each of the two ends of a rigid body is connected to a wheel
through a suspension system. The fluid loading effect on the plate is modelled using the method of added mass. Using the
assumed-mode method, the governing equations are derived based on the Mindlin plate theory. The Floquet theory is
employed as a numerical method to obtain stable and unstable zones of the parameters plane. Considering the point
moving object model, the effect of moving object modelling on the stability analysis results is also investigated. The results
indicate that contact of the plate with the fluid, the plate boundary conditions, the plate’s thickness, the stiffness and
damping of the suspension system, the mass ratio of the wheels to the whole rigid body, the rigid body’s length and the
moving object modelling method are very effective in domains stability and instability of the system.

Key Words Mindlin Plate, Oscillating Rigid Body, Stability Analysis, Floquet Theory
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1. Introduction

One of the most important parameters in the analysis of the
vibration behavior of the fuel rod is the elastic
characteristics of the spacer grids and how it is connected
to the rod. In this research, finite element model of the
dummy fuel rod related to a special circular fuel assembly
was developed and updated in ABQUS software to
investigate its vibration behavior. Modal experimental
tests were used to validate the developed numerical model.
Moreover, in this research, using a set of experimental tests
and numerical modal analysis of the empty rod, and using
the analysis of the sensitivity of natural frequencies to the
changes in the stiffness coefficients of the middle and end
supports, the numerical model was updated.

2. Numerical model
The studied fuel rod is restrained by three elastic
intermediate holders and two fixed end restraints. The
numerical model considered for modal analysis is
according to Figure 1.
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Figure 1. Numerical model of the fuel rod with linear and
bending springs

3. Modal test
In order to perform the rod modal test, a dedicated system
was designed, built and launched according to Figure 2.

ll
e

To determine the equivalent density of the virtual rod
filled with lead tablets, the modal test of the hollow and
solid rod with the same boundary conditions and excitation
was performed. As Table 1 shows, the equivalent density
of the solid rod is different for every motion mode. This
means that the effective weight of the tablets in the
equivalent density of the rod will depend on the movement
form of the rod due to the distance between the tablet and
the internal wall of the rod.

l
¥

Figure 2. Modal test set-up

Table 1. Natural frequencies of clad and fuel rod

Mode No. first | Second | Third | Forth
Clad (Hz) 246 288 321 373
Fuel Rod (Hz) 136 150 178 202
Equivalent
Density (kg/m3) 21400 | 24200 | 21300 | 22300

4. Numerical modal analysis

After obtaining the stiffness coefficients and the
equivalent density of the fuel rod, it is possible to analyze
the numerical modal analysis of the rod in ABAQUS
software, which includes the natural frequencies and
modes of the structure. Table 2 shows the natural
frequencies and mode shapes of the rod obtained from the
numerical analysis.
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Table 2. The natural frequencies of the rod as a result of the
initial simulation
First | Second | Third | Forth

136 150 178 202

Mode No.
Experimental
modal test (Hz)
Numerical modal | ,50 | 175 | 219 | 249
analysis (Hz)

Error (%) 16 17 23 23

MAC 0.89 0.79 0.75 0.88

The results of the error values and the Modal Assurance
Criterion (MAC) indicate that the simulation results have
a significant difference with the modal test.

5. Updating the finite element model of the rod

In order to determine the effective stiffness coefficients of
the middle supports and the end constraints, the sensitivity
analysis of the simulated natural frequencies has been used
in relation to the boundary conditions applied in the
experimental test. So, by comparing the simulation results
with the modal test results, the effective values of stiffness
coefficients are obtained. For this purpose, two modal
experimental tests are defined on the empty fuel rod (clad).
The defined tests are: 1) with end boundary conditions
similar to the middle supports in order to determine their
effective stiffness coefficients; and 2) with actual end
boundary conditions to determine the equivalent bending
stiffness coefficient. Table 3 shows the results of the modal
tests.

Table 3. The natural frequencies of the clad
Mode No. First | Second | Third | Forth
Test1(Hz) | 257 295 351 377
Test2 (Hz) | 246 288 321 373

In order to determine the effective linear and bending
stiffness coefficients of middle and end supports, the effect
of these coefficients on the change of natural frequencies
of the clad was investigated independently using modal
numerical analysis similar to the conditions of modal tests
1 and 2. Figure 3 shows, for example, the influence of the
bending stiffness coefficient on the natural frequencies of
the rod.
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Figure 3. The changes of the natural frequencies of the rod
according to the changes of the bending coefficient of the
middle supports

The results of the simulation and experimental test of
the clad modal show that the effective stiffness coefficients
of the constraints are dependent on the mode shape of the

rod. Table 4 shows the results.

After applying the effective stiffness coefficients of the
supports, the simulation results of the updated model are
shown in Table 5. These results agree well with the modal
test results so that the natural frequency calculation error
has reached less than 5%.

Table 4. Effective stiffness coefficients

Mode No. First | Second | Third | Forth
Linear Stiffness 750 750 1250 550
Coefficient (N/mm)

Bending Stiffness 250 200 225 75
Coefficient (N.m/rad)
End Bending Spring 200 300 100 300
Coefficient (N.m/rad)

Table 5. Comparison of the natural frequencies of the rod as
a result of the updated simulation

Mode No. First | Second | Third | Forth

Updated numerical
model (Hz) 142 152 186 204
Error (%) +4.4 +1.3 +4.5 +1.0
MAC 0.99 0.95 0.98 0.99

Figure 4 shows the shape of the natural modes of the rod
resulting from the updated simulation along with the
experimental test. The shape of the modes has increased
from the average value of 0.83 in the initial model to the
average value of 0.98 in the updated model based on the
quantity of the modal assurance criterion.
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Figure 4. The shape of the natural mode shapes of the rod
resulting from the updated simulation

7. Conclusion

The summary of the results is as follows:

- The equivalent density of the rod is different for every
motion mode;

- The results of the initial simulation and modal test for the
rod with specific boundary conditions showed up to 23%
difference between the natural frequencies;

- The bending coefficients of the middle supports are 30%
and the end restraints are 20% of the parameters
influencing the natural frequency of the fuel rod;

- After analyzing the natural frequency sensitivity, it was
found that the effective spring coefficients of the
constraints dependent on the mode shape of the rod;

- Comparing the results of the updated model with the
experimental test shows on average a decrease in the
frequency difference from 20% to 2% and an improvement
in the shape of the natural modes based on the modal
confidence criterion from 0.83 to 0.98.
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Numerical Model Development of Dummy Fuel Rod under Spacer Grids and End Constraints Using
Experimental Modal Analysis

Reza Amirian Gholamreza Zarepoor Mansoor Talebi

Abstract In this research the combination of laboratory tests and theoretical formula was used to determine the stiffness
coefficients of these spacers that is related to a special fuel assembly. In order to validate the numerical model a spatial
modal test set-up has been designed, constructed and set up to perform the modal test. The modal test results indicate
that equivalent density of the dummy fuel rod depends on the natural mode of the rod. Then, the spring coefficients of the
middle spacers and end constraints have been modified by comparing the results of numerical simulation with the results
of modal tests defined in different supporting states of the hollow rod. The simulation results show that in addition to the
middle spacers, also the end constraints have a significant effect on the natural frequencies of the rod. The Sensitivity
Analysis results show that these coefficients depend on the natural mode of the rod. In addition, the results show that by
updating the stiffness coefficients of the middle spacers and end constraints the estimation error of natural frequencies
has been significantly reduced and the estimation of natural mode shapes based on the modal assurance criterion has
been significantly improved.

Key Words: Numerical and Experimental Modal Analysis, Fuel Rod, Spacer Grid, Natural Frequency and Mode Shape,
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