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1. Introduction

Various active, passive, and semi-active/passive
methods have been utilized to further augment the
electrical/thermal performance of photovoltaic
thermal systems (PV/Ts) such as using mini-
channel heat pipes, integration of phase change
materials (PCMs), using thermoelectric coolers,
replacing nanofluids with typical pure fluids,
changing the configuration of the attached thermal
collectors, using inserts in the collector tubes, and
utilizing solar tracker systems.

Throughout past years, using numerical and
experimental methods, implementing inserts, as
one of the passive heat transfer enhancement
techniques, in various applications such as
straight/curve tubes, heat exchangers, solar thermal
collectors, and PV/Ts have been subjected to
rigorous examinations. Using inserts helps to
hydrodynamic/thermal boundary layer reduction,
increasing flow mixing, and heat transfer
coefficient increment. In addition, due to the
tremendous progress in the manufacturing process,
using inserts can be easily implemented in
industrial scales. This method has been used by
many researchers in order to improve the solar
systems efficiency.

Amongst all inserts, twisted tapes are more
popular and practical thanks to their easy
installation and economical aspects.
Sheikholeslami and Farshadab carried out a 3D
numerical study based on controlling volume
method to investigate the combination of two
various heat transfer techniques of using lobed tube
and twisted tape tabulator in a solar thermal
collector. Respectively, 17.9 and 12.7%, were
obtained for reduction of exergy loss and
promotion in convective heat transfer coefficient,
by replacing the lobed tube with turbulator instead
of a conventional circular tube.

Throughout the reviewed studies, applying
inserts in solar thermal collectors is a useful, simple
and commercial way to help more heat transfers
from the collector to the operating fluid.
Consequently, thermal efficiency of these systems
will be enhanced. However, the influence of using

inserts on the PVTs have received less attention,
numerically and experimentally. Therefore, in this
study, through designing and fabricating three
different systems (PV unit, conventional PV/T, and
PVIT integrated with clockwise-counter clockwise
twisted tapes (CWCCW)), the effects of inserts on
these systems are examined in an indoor
experimental condition by simulating different
outdoor conditions. The mentioned type of insert
was the best optimum insert among ten different
twisted tape inserts.

2. Experimental setup

In this part, three different photovoltaic systems are
designed and built. The first system is a typical
photovoltaic unit without any cooling system. The
second system is a thermal photovoltaic unit with a
header-riser ~ collector installed below the
photovoltaic panel. The third system is the same as
the second one, with clockwise-counterclockwise
twisted insert inside the tubes. The collector
consists of 21 tubes. All experiments are done using
a solar simulator system.

Solar simulator consists of eight 500-watts
halogen lamps. By adjusting the angle of each
lamp, the flux is tried to be the same on all surface
(difference of the flux in all the surface is less than
10 W/m?),

Photovoltaic panel

Heat exchanger

Reservoir

Thermocouple

E Pressure
transmitter Charge
Ampere meter Controller
[
Volt meter

Solar meter

Figure 1. Schematic of experimental setup

3. Results and discussion

Table 1 shows the numerical values of average Nu
number, friction factor and TPF, at the Re number
of 1327 for the following twisted tapes (TTs):
simple, perforated, V-cut, two different elliptic-cut,
clockwise-counterclockwise, jagged oblique and
normal teeth, center-delta wing, and alternate axis.
As seen in the table, by implementing the
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clockwise-counterclockwise TT insert, the Nu
number reaches a maximum value of 1.56, more
than the other ones. Thus, this insert is selected as
the best TT insert.

Solar simulator | Halogen lamp | Fan

Sk

CWCCW TT insert

Solar meter
Figure 2. A real image of experimental setup

Table 1. Nu number, friction factor and TPF of ten
studied twisted tape inserts

Type of twisted tape NUave f TPF
Simple TT 22.53 0.56 1.10
Clockwise- 25.33 0.30 1.56

counterclockwise
Elliptic-cut 1 25.48 0.33 1.49
Elliptic-cut 2 25.51 0.33 1.49

Jagged oblique teeth 25.51 0.38 1.42

Perforated 25.63 0.33 1.49

V-cut 25.85 0.33 151
Center-delta wing 26.00 0.36 1.47
Alternate axis 32.44 0.68 1.53
Jagged normal teeth 25.74 0.39 141

PV/T with selected TT insert experiences the
lowest average surface temperature due to a higher
heat absorption. For example, at 300 and 900
W/m?, the PV/T- insert system can reduce the PV
surface temperature by 13.4 and 24.6 degrees
Celsius. The main reason for further temperature
drops in the PV/T-insert is turbulence in the coolant
fluid flow and more heat absorption from the
photovoltaic surface compared to that of the
conventional PV/T.

Table 2. Surface temperature in terms of solar
irradiance for three different studied systems

at 130 lit/h
q" (W/m?) PV PVIT PV/T-insert
900 76.7 56.7 55.3
700 74.5 53 51.8
500 57.5 45.2 435
300 47.3 375 37

The results show in Figure 3 are obtained from
900 W/m? per and the volume flow rate of 70 lit/h.
Comparing the PV/T-insert with PV/T system, the
results show that thermal efficiency (and electrical
efficiency) improves by 6.2% (0.62%). The figure
also shows that the simultaneous use of the tapes
and the collector increases the electrical efficiency
by about 0.8%.

PV/T-insert |
PV/T
PV 1078
= _th
n_el
11.58 99,82

R 66.01

Figure 3. Electrical and thermal efficiencies for the
systems at 70 lit/h and an input flux of 900 W/m?

4. Conclusion
The most important results are as follow:

e The use of simple TT inserts increases
efficiency about 1.39; so the use of insert in
tubes is recommended;

e Among ten different inserts, the clockwise-
counterclockwise TT insert had the highest
thermal performance factor and was selected
as the best insert;

e  Comparison the results of the PV/T and PV/T-
insert at heat flux of 900 W/m? and the mass
flow rate of 70 lit/h showed increasing of the
thermal efficiency (and the electrical
efficiency) by 6.2% (and 0.62%).

e In a constant to solar irradiance, both electric
power and heat power are improved by
increasing the mass flow rate of the working
fluid;
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1. Introduction

Reinforcements in beams play an important role in
providing strength and stiffness. The novel
materials considered for this aim are graphenes that
have extraordinary mechanical, thermal, electrical,
and optical properties. Besides, graphenes are
encouraging applicants for the design and progress
of different applications of nanoelectromechanical
systems (NEMS) such as nanocomposites, mass
and gas sensors, transistors, and semiconducting
devices.

Numerous kinds of graphene’s products such as
graphene platelet (GPL) and graphene oxide are
used broadly in structural components. As shown
by the experimental and theoretical works, since
graphene has a wide surface to bond with the
polymer chains, an excellent interactive action with
the polymer matrix forms by using GPLs as
reinforcement nanofillers in polymer matrix. In
most applications, polymers are used as
elastomeric and flexible matrices for composites,
due to their favored physical properties. As
concluded frequently in previous researches, the
small content of graphene can mainly improve the
bending behavior of graphene epoxy composite
beam. Since the fabrication of a structure by a
functionally graded (FG) material, in which the
GPL quantity varies continuously through the
thickness, is very difficult, a multilayer
arrangement for the structure is used. In this case,
each layer has a constant GPL weight fraction
while proper distribution is used through the
thickness.

According to the nonlinear nature of the physical
phenomena of the world, modeling each behavior
leads to the nonlinear equations. There are the
majority of problems in which analytical methods
do not exist to solve them. Therefore, proper
numerical methods are needed to solve the
obtained nonlinear equations. To the best
knowledge of the authors, reported works in the
literature on nonlinear bending of GPLRC beams
were only about the limited cases of boundary
conditions, in which exact closed-form solutions
are presented using Fourier series. In a few studies,
Ritz method has used and the governing equations
and solution method have not been presented in an
extended way. The aim of this work is to study the
nonlinear bending analysis of a composite beam

reinforced by graphene platelets (GPL) having
non-uniform distribution through the thickness.
Governing differential equations are derived based
on the first order shear deformation theory by using
the minimum potential energy principle. The
nonlinear differential equations are solved using
the harmonic differential quadrature method
(HDQM). The modified Halpin-Tsai
micromechanics model is implemented to
determine the effective Young’s modulus of
GPLRC beam. Moreover, the rule of mixture is
used to define the effective Poisson’s ratio. To
ensure the applicability of the method, comparison
studies are performed for conventional FG
nanocomposite beams and beams reinforced by
graphene platelets. Then, the effects of the
boundary conditions, the number of layers, the
weight fraction and the distribution pattern of GPL
on the nonlinear bending characteristics of the
GPLRC beams are investigated.

2. Formulation and governing equations

Figure 1 shows a beam that consists of n-layer
GPL-polymer nanocomposites with total thickness
h and length L. Each layer contains the polymer
matrix reinforced by GPLs and has a constant
thickness h; = h/n and a distinct GPL weight
fraction (Wg%). Through the thickness of the
beam, the distribution of the layers may be uniform
(UD) or functionally graded (FG). The GPL
patterns considered in this study are shown in
Figure 1. In the X-GPLRC type, the upper and the
lower face of the beam has the highest Wg% while
the Wg% decreases linearly toward the mid plane.
Moreover, the GPL weight fraction in the O-
GPLRC beam increases linearly from the outer
faces toward the mid plane. It means that the
maximum value of Wg% is observed at the mid
plane and the minimum ones are seen in the upper
and lower faces.

Nonlinear governing differential equations are
derived based on the first order shear deformation
theory by using the minimum potential energy
principle. The modified Halpin-Tsai
micromechanics model is implemented to
determine the effective Young’s modulus of
GPLRC beam. Moreover, the rule of mixture is
used to define the effective Poisson’s ratio. By
using the HDQM for discretizing the system of
equations, the following assembled nonlinear
equations are obtained:
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in which K_ and Ky. are linear and nonlinear

stiffness matrices, which have 3Nx3N and
3Nx(3N2+N?%) dimensions, respectively. To solve
the nonlinear equations, an iterative scheme based
on Newton-Raphson method is adapted. Using
MATLAB program and according to the presented
formulations, a computer program is written by
which the displacements and stresses of the beam
are obtained. It is worth noting that the linear
response of the beam can be obtained by setting
[Knc] = [0].

3. Results and discussion

In this section, the results for verification of the
proposed method are presented. To investigate the
convergence of the proposed solution method,
several cases with the different number of grid
points were examined. This convergence study
discovered that choosing 31 grid points along x
direction will yield a sure answer in all problems in
question. Therefore, in all up-coming case studies,
31 grid points along x direction were used. The
nonlinear bending results are depicted in Figure 2.
In this figure, the present results for deflection of
clamped FGM beams are compared with those of
other researches. The Young's modulus of the FG
material is supposed to be graded in thickness

P

direction E (z) = (E; - Ez)(%+3 +E,

in which p is the functionally graded index of the
material properties. The beam material and
geometrical properties are E; = 30x10° psi, E; =
10x108 psi, v=0.4,b/h=1,b=1in, and L/h = 100.
As can be seen in Figure 2, the present results
(HDQM) match very well with the previous ones.
As another case study for the examination of the
proposed method, the work done by Feng et al is
considered. In this case, the polymer matrix is
assumed to be epoxy with En = 2.85 GPa and pm =
1200 kg/m?3. The beam is comprised of 10 layers
having the thickness of h=0.1 mand L/h =20. The
dimensions, Young's modulus and mass density of
GPLs are ag=2.5 um, bg = 1.5 um, ty = 1.5 nm, Ey4
=1010 GPa, and pg= 1060 kg/m?, respectively. The

maximum deflections of the GPL-Epoxy beam
with different boundary conditions and GPL
weight fraction (Wg%) are presented in Table 1 for
the dimensionless uniform load of Q = 0.001. As
shown in Table 1, the present results match well
with the previous ones reported in Feng et al.
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Figure 2. Load versus center transverse deflection for
clamped-clamped, and functionally graded beams

Table 1. Maximum dimensionless deflection of GPL/Epoxy
nanocomposite beams

U-GPLRC X-GPLRC
Wy% | Present Ref Present Ref
0.5 | 0.004441| 0.004745| 0.003430| 0.003680
c-C 1 0.002718| 0.002902| 0.001997| 0.002144
1.5 | 0.001958| 0.002090| 0.001408| 0.001513
0.5 | 0.021821| 0.022988| 0.016742| 0.017659
S-S 1 0.013344| 0.014058| 0.009730| 0.010269
1.5 | 0.009610| 0.010124| 0.006856| 0.007239
0.5 | 0.009116| 0.009697| 0.007012| 0.007481
C-S 1 0.005575| 0.005712| 0.004078| 0.004197
1.5 | 0.004015| 0.004114| 0.002874| 0.002960
4. Conclusion

The nonlinear bending analysis of a composite
beam reinforced by graphene platelets (GPL)
having functionally graded (FG) distribution
through the thickness was presented. Moreover, the
rule of mixture was used to define the effective
Poisson’s ratio. At first, comparison studies were
presented for conventional FG nanocomposite
beams and beams reinforced by graphene platelets.
Then the effects of boundary conditions, weight
fraction and distribution pattern of GPL, and the
total number of layers, on the nonlinear bending
characteristics of the GPLRC beams were
investigated. The results showed the capability of
the proposed method to solve the nonlinear
problems and obtaining the bending behavior of the
beams. Moreover, by increasing the weight
fraction of graphene platelets in the beam, the
bending strength of the beam improves and the
beam deflection decreases. Moreover, increasing
the total number of layers for GPLRC tends to
smoother variation of stress through the beam
thickness. As can be concluded from the literature,
there are few experimental data for the GPLRC
beams. It is suggested to conduct a systematic set
of experiments for futurer studies in this matter.
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Investigation of Deflection of
Laminated Composites due to Drop
Weight Impact of Different Projectiles
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1. Introduction

In many industrialized and developed countries,
the role of composites in the development is
undeniable. Some of the advantages of composites
are high strength to weight ratio, lightweight, good
abrasion resistance, and desirable properties.
Among the disadvantages of composites
compared to metals are low resistance to heat, high
cost and weakness against impact loads, which
leads to high deformation and damage between the
composite layers.

Drop weight test is a method to investigate the
damage of structures and mechanical components
subjected to impact, although in low-energy
impacts, the effects of impact are not usually
visible. During the impact, delamination and
damages such as fracture of layers and fibers may
occur. Hence, investigating behavior of multi-
layered composites due to the impact loading is
inevitable.

This study investigates numerically and
experimentally the effect of dropping different
projectiles on the deflection and behavior of multi-
layered composites. Two types of woven
reinforcements consist of glass and carbon are
considered.

2. Experimental method

Preparing samples

In order to prepare samples, resin 3001 was used
which is mixed with hardener in a ratio of 3 to 1.
Different multi-layered laminates, consisted of six
layers reinforced with glass and carbon woven
fibers are made by prepared resin and subjected to
controlled pressure in a press machine for 48 hours
to remove excess resins and eliminate the existing
bubbles and voids between the layers. Figure 1
shows final samples reinforced with glass and
carbon fibers.

Low velocity impact test
The low-velocity impact test was performed by the
drop weight test machine shown in Figure 2, in the

composite laboratory of Vali-e-Asr University of
Rafsanjan. The device is equipped with sensitive
and precious sensors to measure the displacement
and deflection of samples.

The displacement sensor in Figure 3 is capable
of storing 800 data when the plate sample is
impacted on the center point.

a) Glass fiber b) Carbon fibers
Figure 1. Composite samples

The center point displacement indicates the
maximum deflection of laminates in symmetric
boundary conditions. This machine has a fixture
with clamped boundary conditions on all edges for
different composite laminates.

Figure 3. Deflection sensor and fixture
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According to Figure 3, a deflection sensor is
used to measure the dynamic response of the
composite plate.

The projectiles are dropped from two heights of
1 and 1.5 m with impacts energies of 6.7 J and 10
J. Two types of projectiles, consisted of spherical
and semi-spherical geometries, are used and
dropped by an electric magnet.

3. Numerical simulation

For numerical study, a 250 x 250 mm square
laminate is modeled. 1.9 mm and 3.8 mm for
thickness are assumed for glass/epoxy and
carbon/epoxy  laminates, respectively  with
[0/90/07® lay-up.

ANSYS software is used to analysis the behavior
of composite plates subjected to low velocity
impact of different projectiles with clamped
boundary conditions.

It is worth mentioning that in modelling the
surface-to-surface contact, the values of tensile
and shear strength between the bonding layers are
7,=20MPa and o, =9MPa for glass reinforced

composite, and o, =30MPa and z, =100MPa for
carbon reinforced composite, respectively.

4. Conclusion

In this study, the maximum deflection carbon and
glass reinforced laminates subjected to low
velocity impact of different projectiles were
studied. Numerical simulation and experimental
analysis were done.

In Figure 4 and 5, the variation of maximum
deflection of glass and carbon reinforced
laminates versus time is depicted. Based on the
figures, it is clear that experimental results
coincide with numerical results for various cases.

Figure 6 shows damages due to the drop weight

of spherical and semi-spherical projectiles
occurred in the samples.
w777
of E
F Exprimental E
8:— — — — — Numerical =
7E . 3
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Figure 4. Maximum deflection of glass/epoxy
composite subjected to spherical projectile
impact
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Figure 5. Maximum deflection of carbon/epoxy

composite subjected to spherical projectile
impact
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Figure 6. Damages of glass (A and B) and carbon
(C and D) reinforced composites subjected to
spherical (A and C) and semi-spherical (B and
D) projectiles form height of 1.5 m.

The following conclusions are made based on the
results:

1. The results showed that carbon fiber
reinforced composite specimens has
higher strength and impact resistance
than glass fiber reinforced composite;

2. Investigation of maximum deflection in
carbon reinforced samples shows that
stiffness of these samples is more that
glass reinforced samples. So that, the
maximum deflection reduces about 25%
for projectiles drop from height of 1.5 m.

3. The maximum deflection in empirical
tests for carbon fiber reinforced
laminates at heights of 1 and 1.5 m in the
hemispherical projectile decreases by
17.5% and 24.7%, respectively, in
comparison with the spherical projectile;

4. The rate of delamination and damage in
glass/epoxy samples is more obvious in
comparison with the carbon/epoxy
samples.
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1. Introduction

Nowadays, environmental concerns about the use
of fossil fuels, such as greenhouse gas emissions
and global warming, are becoming more acute. On
the other hand, the use of novel and renewable
energy sources, especially solar energy, plays an
important role in meeting the various needs based
on power plant and non-power plant technologies.
One of the non-power plant purposes of employing
solar thermal energy is utilizing solar air heaters or
hot air collectors, which have a wide range of
applications due to their simple design and low
cost. In addition to heating various spaces
(residential buildings, animal shelters, etc.) and
drying agricultural and industrial products, these
devices can also use the hot exhaust air for solar
dehumidification systems or recovery section of
cooling systems.

In general, the main components of a solar air
heater include a transparent cover (such as glass),
absorber plate (such as thin aluminum sheet),
thermal insulation material (such as glass wool),
air channel or duct, and air blower or fan. These
thermal systems, which convert solar thermal
radiation into airflow enthalpy directly, are mainly
capable of providing low to medium temperatures
(less than 60 °C). However, this range of supply
temperatures can be acceptable in many industrial
and domestic applications.

Since the conductive and convective coefficients
and the heat capacity of the “air” fluid have small
values, the efficiency of solar air heaters is lower
than that of solar collectors whose working fluid is
“liquid”. Therefore, with the aim of increasing the
heat transfer coefficient (between the absorber
plate and the airflow) and reducing the heat loss
from these systems, various studies have been
conducted over the years. In this regard, in order to
increase the rate of heat transfer to the main flow
and improve the thermal performance of solar air
heaters, different solutions have been proposed by
interested researchers, the most important of which
are: corrugating the absorber plate, placing
obstacles and fins with different geometric shapes
in airflow path, creating a series of rib-grooves
over the absorber plate, using radiative gases
instead of air (such as a mixture of dry air and

water vapor), utilizing tubes containing phase
change materials (PCMs), designing double-pass
channels for air flow, and using porous areas in
flow path.

All of the above-mentioned approaches and ideas
recognize the importance of achieving high
thermal efficiency in flat-plate solar air heaters.
However, the purpose of the current study is to
comprehend how creating an air gap by utilizing
two glass covers affects the thermal efficiency of
this sort of heat exchanger. Although this is not a
novel idea, its effect on the behavior of flat-plate
solar air heaters has not been studied so far with
the numerical solutions of governing equations by
employing CFD methods along with the least
simplifying hypotheses. The double-glass flat-
plate solar air heater considered in this research
was analyzed by simulating the model in
COMSOL Multiphysics software, and finally, the
obtained numerical results were compared with the
results of analysis of air heater owned one glass
cover (elimination of air gap).

2. Modeling and simulation

The analyzed model of the double-glass flat-plate
solar air heater was schematically represented in
Fig. 1, and the values of the geometrical, optical,
and thermal parameters of this system were
specified in Table 1. Two similar glass covers were
employed in this air heater, allowing for laminar
natural convection flow in the gap between two
glasses. Moreover, a laminar forced convection
flow exists in the space between the bottom (or
inner) glass cover and the absorber plate, which is
essentially the main air passage channel. The
working fluid in both flows is air (as a non-
radiative gas). The air entering the main channel
has a uniform temperature of 293 K and an average
velocity of 0.2 m/s. In the numerical simulation of
the present problem, all the thermophysical
properties of air in both natural and forced
convection flows were considered as a function of
fluid film temperature.

In  this study, COMSOL Multiphysics
commercial software (version 5.5) was employed
to draw the 2D model’s geometry and generate the
mesh-grid, as well as to simulate the fluid and heat
transfer flow. Due to the rectangular geometry of
the computational domain including solid
components and fluid parts, the orthogonal
structured grid with the optimum number of
elements equal to 320x170 was selected as the
acceptable mesh-grid after performing the grid
independence  studies. In  addition, the
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experimental and numerical results of the previous
studies in the literature were used to validate the
findings of the present simulations, such that a
good agreement was observed.

fn'e:f\t VLT |

Hot air out

Cold airin
= Absorber plate

V_L Insulation layer

| L |
=x

Figure 1. A schematic of the analyzed double-glass flat-
plate solar air heater.

Table 1. Various parameters used in the current
simulation.

. Optical and
Geometrical Value thermal Value
parameters
parameters
Heater length 1m Glass emissivity 0.90
Heater width 1Im Glass absorptivity 0.05
Height of air Glass
gap 4cm transmissivity 0.90
Height of air 4cm Ab_so_rb_er 095
channel emissivity
Insulation layer 3.7 Glass thermal 0.78
thickness cm conductivity W/m.K
- Absorber thermal 400
Glass thickness | 5mm conductivity Wim.K
Absorber plate 3mm Insulator thermal 0.037
thickness conductivity Wim.K

3. Results and discussion

In this section, the most important descriptions
regarding the numerical results of the current study
are presented for two models of solar air heaters
(with and without air gap). First, the air heater with
two glass covers and the effect of natural
convection flow due to the presence of an air gap
is investigated, and then its comparison with the
mode of no air gap is explained. In each case, five
radiative heat fluxes of 400, 600, 800, 1000, and
1200 W/m? have been considered, and after
extracting the curves and contours related to the
distribution of velocity, temperature, and pressure
in different components of air heaters, the
performance of these two systems has been
analyzed.

3.1. Investigating the performance of double-
glass solar air heater. The velocity distributions
and streamline patterns for natural and forced
convection flows at various radiative heat fluxes
indicate that the airflow passing along the main
channel has transitioned from a uniform state to a
fully-developed state. However, because of the
relatively slight variations in fluid bulk
temperature along the air channel (less than 40 °C),

the difference in the velocity changes of the
airflow inside the channel is not obvious.
Furthermore, in the air gap between two glass
covers, where natural convection flow is
established and density gradient is the only driving
force, a series of counter-rotating rolls, namely
Bénard convection multicellular pattern, is
observed. These rotating zones near the beginning
and ending axial sections (x=0,L) are wider than
the other cells and also become more intense as the
radiative flux increases.

The pressure distribution in two convective
flows based on different radiative heat fluxes
depicts that the pressure variations are less than 1
Pa. The pressure changes of the airflow inside the
main channel are not greatly affected by the heat
flux. These changes are noticeable only for the
natural air flow between the two glass covers, so
that the high-pressure and low-pressure regions
occur in the vicinity of the top and bottom glasses,
respectively.

The temperature distributions for natural and
forced convection flows and solid components of
the double-glass solar air heater at different
radiative heat fluxes demonstrate low and high-
temperature regions. The first one occurs inside the
air flowing through the main channel near the
bottom glass, as well as at the lower part of the
insulation layer, and the second one happens in the
vicinity of the absorber plate (within the main air
channel and above the insulation layer). It is worth
noting that a portion of the thermal diffusion into
the air flow is through the inner (or bottom) glass
cover, but the main portion is due to the presence
of the absorber plate. As the radiative heat flux
increases, the temperature of the various points of
the air heater increases, and the absorber surface,
where the solar irradiation is absorbed,
experiences the highest value of temperature.

The temperature distribution along the y-axis
(from the lower part of the insulation layer to the
outer surface of the upper glass) at four different
axial sections indicates that the temperature
variations of the air flowing within the main
channel have an ascending trend along the flow
direction. Moreover, an intense temperature
gradient is observed across the thickness of the
insulation layer, and therefore, the insulation layer
is prone to maximum heat loss from this thermal
system. Of course, the greatest temperature
gradient occurs within the main flow adjacent to
the absorber plate. Additionally, in the direction of
the thickness of the absorber plate and glass
covers, an approximately uniform temperature is
found. In the space between two glass covers, due
to the appearance of Bénard convection
phenomenon, temperature variations are non-
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uniform and temperature fluctuations are quite
evident.

The pattern of solid components’ temperature
changes along the length of the air heater (x-axis)
indicates that the temperature variations of the
absorber plate have found a nonlinear and upward
trend. The lower surface of the insulation layer,
which is in contact with the environment, has the
lowest temperature for most of the length of the air
heater, and its variations are accompanied with a
very slight positive slope. Moreover, the glass
surfaces have fluctuating temperature changes
because of their adjacency to Bénard convective
flows, and have experienced lower temperatures at
the beginning and ending axial sections.

3.2. Investigating the performance of single-glass
solar air heater. Subsequently, to confirm the

effect of utilizing two glass covers on the flat-plate
solar air heaters, temperature variations of
different parts of a single-glass air heater were
extracted at varied quantities of radiative heat flux.
Similar to the previous case, the high-temperature
region has been formed adjacent to the absorber
plate (inside the main channel and above the
insulation layer), and there are low-temperature
regions adjacent to the glass cover and the lower
part of the insulation layer. The air near the
absorber plate receives the greater thermal energy
during forced convection mechanism, whereas air
flow around the channel's centerline is recorded at
a lower (but more uniform) temperature. This is
the main reason for the low thermal efficiency of a
single-glass solar air heater, which is actually
caused by the low heat transfer coefficient between
the air flow and the hot surface of the absorber
plate.

Regarding the temperature changes related to the
different parts of the solar air heater with one glass
cover in the direction of the y axis at four different
axial sections and five different radiative heat
fluxes, a strong temperature gradient is seen across
the thickness of the insulation layer and inside the
main flow adjacent to the absorber plate.
Moreover, the maximum temperature in each axial
section occurs on the absorber surface.
Furthermore, it is observed that an almost uniform
temperature happens across the thickness of the
absorber plate and glass cover along the y
direction. The temperature changes of airflow
passing through the heater channel have an upward
trend along the flow direction. At distances away
from the absorber plate, the air flow has a lower
and more uniform temperature. As before, because
of rising radiative heat flux, the temperature at
different points of the air heater (especially the
absorber surface), the temperature gradient across
the thickness of the insulation layer, and

consequently, the amount of heat loss, have been
obviously increased.

3.3. Comparing the performance of two air
heaters in single and double-glass modes.In order

to further study the effect of the number of glass
covers on the thermal performance of solar air
heaters, changes in outlet bulk temperature have
been specified at the inlet velocity of 0.2 m/s in
terms of various values of solar heat flux.
Moreover, changes in the thermal efficiency of
these systems have been determined according to
different values of mass flow rate of air passing the
main channel at a heat flux of 1000 W/m2,

It can be seen that the outlet bulk temperature
increases linearly with increasing the heat flux of
solar radiation in both cases of using one or two
glass covers for the solar air heater. Tripling the
radiative heat flux (from 400 to 1200 W/m?) has
increased the outlet air temperature by 30 °C and
34 °C (equivalent to 9.8% and 11.0%) for air
heaters with one and two glass covers,
respectively, at an inlet velocity of 0.2 m/s. In the
case of using two glass covers and the presence of
a natural convection flow in the air gap distance,
the value of the outlet air temperature at a given
heat flux is higher than when only one glass cover
is used; so that, this temperature increase was
about 2 to 6 °C (equivalent to 0.7 to 1.8 percent) in
the range of 400 to 1200 W/m?. It is also observed
that, in the case of using two glass covers, the
temperature changes of the outlet air increase with
a greater slope at the high values of the radiative
heat flux.

In both cases of one and two glass covers,
increasing the mass flow rate of air improves the
performance of the solar air heater with almost the
same slope. At a radiative heat flux of 1000 W/m?,
changing the air flow rate from 2 to 14 g/s
(corresponding to the inlet velocity of 0.04 to 0.3
m/s) increases the thermal efficiency by 18% and
20%, respectively, for an air heater with one and
two glass covers. In the case of using two glass
covers and the existence of an air gap, the
efficiency of the air heater at a certain mass flow
rate is higher than the case of using one glass
cover; thus, in the flow rate range of 2 to 14 g/s,
this improvement in thermal efficiency has
obtained about 4 to 6 percent. It should be noted
that with an increasing airflow rate, the growth rate
of thermal efficiency for both models of air heaters
eventually decreases.

4. Conclusion

A summary of the most important findings of the

present study can be expressed as follows:

=  The unexpected appearance of Bénard
convection phenomenon in the space between
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two glass covers, due to the presence of natural
convection flow, can lead to a series of heat
losses from the hot air flow inside the heater
duct and reduce the favorable effect of thermal
insulation of the air layer. As a result, the
effective parameters in this system must be
optimized in such a way that a balance is
formed between the minimum heat loss (via air
layer between two glasses) and the maximum
thermal efficiency.

® By increasing solar radiative heat flux, the outlet
air temperature for both models of air heaters
(with and without air gap) increased linearly,
but the double-glass air heater had higher
values at a certain heat flux.

® By increasing air flow rate in both models of air
heaters, the thermal efficiency had a non-linear
upward trend. Furthermore, at a certain amount
of air flow rate, the double-glass air heater has
indicated a greater efficiency.

82



DOI: 10.22067/jacsm.2022.75343.1099 AY=Ar)Eve 0 5 la idwry oo Jl

b il Uyl dw 30 b I diden T jw pé B! 33 (68 Kot § (S LSl 6“%‘)‘1;&“% Sdue ke
* alise Sbdwna
ey Al
O Hlage Aores Vsdas (S sage

bt gl s b JSEW 5 S U i 20 ) 205 ke s SV Sl L) SaSi o5l hass 5 0SS
] 3 e dis o ok S ISEW dov s (gl o 4t T Sl | Ul (6lidSd CoveaS 380 0 0 o Lol I ey Lo in
W s i gl (sladl o byl s K5 U 20l Ul 5 Ofs i ST ety VI L25T 1k 4505 OLET St G gl L
el (L 00/F) (5 2y ol Sl 1S53 857 53 oo JSEW 2l ) o] s 208" JSEW 257 5 syl ot S
o390 I i s y@wifb“ﬂj!éf'uﬁj) U/ﬁ:cé_‘«j/cg/ja- Jisl Js 4 :J[}i;cgé.dj/‘;.ifb';y)b} Jléz/gm;ﬁﬂ.‘a

G Sl e il s .,bbda‘j;«t/fckw o o ol llde df/éjjwjmj; i U o I 8 S ol b o]

Al o i Y 4 Ly o o 208 Colgins 5 JSEU 0TS g 5 JSGW Uy 40 Ly o

Sop Ml bl ol molan da b 28 nl b
USEW 5 IS8 U K3 T Lab slady) gl o0
2 S B s s el s Jeie
B Ll U S s S e 13 S sl
JSE T g5 e s B SGodze S O
Jrie 25 o dt Jrdie blis Con 5 (IS b
S35 Sl s pi e els I3 s D 0555
L G 3l S e oS o s 1 00 1
LS ap o AP s Sl WY e s
U sl aibe s iS5 Ok il sladly
g ebinal (K el S5l s it (SEW 5 S
AP gl mis s st s

b i Dol JEl 4 s bl

e gl Lol VT (b g (Bl el (Sols” (slae g

4ndle
ke g Gabl S Oles b 26 slad S
(s ) CJI’} Jde o Jesle . dsls awds 5 Joe
T S S Sl SOL ST dks
Uy o nl Al K05 e 3 Sl b3S
A e ol andS gladle 5o Loyl ps ki b
S eslinel pds 26 W 55 ol 5 oS salind s
g Lo oS Sl gl LS iy
P T e
g mlaw 5o ey JBU CHl 3G w5 pde (S0l ~
A s 03 S sl VL sles 5 b
|l sladl ) Sy e K sl [12] o
ssked Lol sla il 5 s sl L Al 5 o IS
Aol S AW 5 ISE U 26 sl sl

Al VE YAV OT 3 ds e 5 VE oM/ e il s *

dgdon o33 h o8NS o wtige 0SSl (SIS 03 8 )l ol )8 (5 pmeiils (V)

Email: moghiman@um.ac.ir

Ao o33 h oSN o pwbige oSy (SIS 3 8 ol 1 st s 55 (V)



AL

el 5 (63 Slas 5 soltlon sla ol b 30 oo dnllls

SLasl slie 5l Sl i3 VEAY L5l 404 Jls
Do GdeaSl 5 p SuaSlsse (sl VT
Klods [a,158 £00ppm 5 YYPPM 5l 1S 5 Sa
30 O [10] O1,Kan 5 (Niederer) |,

Lol gl b i oo oy 5555 S 2L
Sl Lol s S s ol kil KSw
o Ll Ao s QL) 5 15m 4 Lo s
SC Gl 2 a3 Ses 35 doms s 5 03,5 o
Ol Sl ks 28 s S el A A

NSVEVEI ] B INGE

VSL"' OY¥alee
Lleds Bl 5 Do 4 (oSl SVsles
Sty Ol oo 1y (Sawsm b g gl alsles
Wi )

a(pui) _ \

Lﬁﬂwﬂui)‘;@pgéﬁ@b))

J{)Q)}apbﬁ,\s?e)‘x‘émﬂbww\dbf

3 g g8 AL 5
0 d —dp
T (puy) + % (puiyy) = % +
d ou; duy; 2 _ 0duy d —
a_X]- u(a—)(j+a—)(i—§611-a—xl +a—xj(—puiuj)
M

8j 5 Swbus codp (Sl JLisp &S

Alpi=jas e ol s &S ol Sy 8 gWs
Ll ao gl S ol 53 5 S
b e 25 JSG 4 8 (95 ol

d N 4] L4 Cp it \OT
0%; (push) = 0%; Pry | 0x;

oo s dndn Sl JEEl dase Ly OV s
Al g (20 glad SV b

5 Sleand By ke sla ek
[36] colass S Spso b slady b
i G [7] OLes 5 (Scribano) il S
Y e s AR
Bl oS anb 58 st g L IS i g 55
SV 5h s 3 5 3 g Al i b O g O o
(bS5 o ol ekl 55 50 b ol W )
bl 6oy S,e8 Lol Ll sl el
oo VT Lasl 5 5ol obekily Jale Lol 513850
((pS LuSlsise 5 03550 gladenSD) s > 5o
O bels Jede ciltne 5, Shee Lald sl
Sl 9 SlaskS YA B VYA ) (s35,5 G~
Lyl i) /80 U (58, A dad) v/0 L;jjlr.a
A el (6 50 58 srland

Sl L S s [8] OLSes G'JJ
LS o wslinal aeb 5B Sl 1 A0 ss, S
S ol Ll U s S b (65585 & seon
AUl Jime Jase 4 20U O poa L0 WY
350 A5 5l ol JES ) 2 1ee 4 o g S
gy o ol iy gl 31 23813 adllas
35 1y b L o VL oS s 4 Ot e
Dldie oS 55 0T Gaiows o) s el 51 el sy
Sl hele Llg e 5L a1 e BLoL glse
ALy S sles tals

Jsb 9] ol 5 (Chuenchit) coaes o
b U Jaie S ] slaaasiie 1y 4y
Sl e Sl 5 s CiSHL Gl S
Jsb e L3S (mpn S eslind il
S JSEU U S5 sl Goe VY0 5) o /A) Cilies
OUT gl a8 i 55 50 s e Sl ) sl
los iy (5B Uy 20 V/Y0 b s a8 sls 0L

TEor as byl chen s oo L

;&J’KGJJ‘;;/?WW‘/&)/HJL{WJE & i



Olosds does - (sulde oS (sulpe

AO

St gilwans (gl &S dib o Aoy Vo 350

Al e s LB gl

1500__ (o) —m— Wangetal. [5]
T —®— Present study
214007
g
5 L
=
© L
[} -
[<%
qE, -
= 1300
1200
e b e b b e b a1y
0 2 12
Sample Points
@ Thermometer Holes
|||||||||| EEEEE"E f] ﬁEEE’
11 10 9 8 7
Heat Exchanger adia
Ilr_ /_R"ldnntTuhe
: Experimental

Furnace

,— Thermometer Hole

Burner

Thermométer Holes

B 5 odd 5 Seill slabes oy amlie (W) Y IS5
Sl s 53 LOT glos &5 b5 () (gaue

ol

S Bl 05,5 SN
ot e bd s 5 e slaasss Gl
o Ol el 0 oxlil (535,55 0 OL 2 &5
Sl hS VO Lpd o anlis LU A g a5
o JSKSW et dy 6\ﬁe.,\,\543‘)‘.)€.)q-cjlajb}
ol an S L s Sl kS V0 Sl JY ol e

42 Zh(D +“‘)6Yk +S
aXi = k(PPk SCt aXi h
)
Cp ol ol o 4G akly o
‘P‘ﬂ Sle Prt u;qb )L':.é DL 05.1_9 &.Ldjf &;.'&Jb

g_a.“:f,achr\kdu}f ST JWSYk uLoJT44.’I.§.~ﬂ
Sl h 5 wisl Coadl sae S plk 85 554

il e
FE ) Al o) soa 5 NO o sl Aol
11] et Ol
%(pYNO) + V. (p¥Yno) = V. (pDVY¥y0) + Sno
¢)

23k b A e gl aS el S5 a Y

ol G Sl Cl Ople &S 350 0 i aS

o33l (b A G5 A e ) mla Sleds G
s dlme 5 alaly Gy b

. ol Jll IS 5
nradiant tube = ey, 100 (0)

b g5, 015

Pl

Jole ode leand ol IS cand ol o
Sibdde Sl Jol mb glie (o ol
5 4 ) izl (A& lesT glaesls L Gl el
W s S U s 20 8 ol 5 0 i

A dal e a1 S
Ao oledde sl (s (55 Lomy 31 )3
b Y S Gl ol il Al 5 b )
[5] OLKar 5 Kl o gbrdls L K W
slales (Ll -)) I8 08 dalt  encoms
0L 1y e3de (3luand 5l ol 5 a5 xSoslul
i (=) IS5 5 Loy (863100 bl . das e
Logode ml 5o 0 odalin &8 4500k daus

Uast 3STa> 5 5l Js8 LB plas oo (glacsls

E0 pale 4 GG ol 5

TEo e o3 Elact vton s o s



A

Sl 3 (63 Slas 5 soltle (sla o))l J:.f[‘f e dnlls

et 3 OF GBI Jaome ol janay 1) it 20
d e Ol plesa |y b dY gauasis
OF LI I 5 aslioleslo (suaSs lls o2l
Gloasd b e adboleslu o shuas hls
sl g e 4 0 JSGW 5 U A6 lad

Cnlo

f A

Fuel Inlet Air Inlet

3 ObL S 5 (0 Ol bl Jame () e ¥ IS
St 5 15n sl (2555 phie mhaw ()

a1 I

Jshw sluss 4 (goae b Nl s phe s n Sl
W8 s il SlaiSd s S e |
Lasid ol ol 5o ba eyl (A olie 5 L5
Gsd e sdalie oS £ S0k Wk e SIS
b o s hese (e ol L s S
5 Sy el gl sl a8 s il s
Jobw sldas plply 5 col > LB Lav e
Ol b bl et 35 suuaes (sl 4148
GhuaSd sl 1 YeVAY Jake sl Ol e
2l eSS Gl sk sl 58 ol

sl gy 31a3 peen L 35 ogline slaawdin

23 skl Bl CE e G305 e Ol 5 Ok

PowergagiantTube = MchalHVehs = Mepg

150Kw kg

== 0.003—

50000 — S
kg

Q)
ol ol 450l LHVeh, YU glaly s
J15[12] @fj\;,um‘\supda Olte o gan
LM;“LZ.A LS‘J" Q}'}w (ﬁ ‘)Lz’.f CJ.: ol 63l
. kg .- .
Lol Glss Aoy oo L Gl ol )l plos 5
o €L>u‘ (+/8) f\f LSJ.’;AijS_M‘ gL.._m.,)

25 sl S OlE e 1) 1sm e 0L > 25l Al

2 S dnsle
. Mepgy 0.003
My, = 17.19 - My, = 17'19W
k
= 0.0567-2
s
V)

A s am dnlie gl 55 152 o OLr 25
(53553 03 Lt Slod 355 0 0.02835°F 2t
Bl o o lodd 55 5 A Lo i JS T
Slr (r 3 355 0 S ey (S T U 1
238 o oG Aol ATy

= s e
Sle b i s e 2l U dis W5
5o Ol s  Calod plowil (Gambit) oS
Ll b Sl ook pbil Jl 53l 5 el o
(Design modeler) Jae 153 )ljj\ps BEEWRWINWIY
ANsYs ) Koo el l3le 5 53 duasld
Jy goasls () J.i,.u Cowlodds rl?;;‘ (meshing

1Eo e oo Eplact vton o o s

&'L@JJQH"@“W}L;)J,{JK’;}Z; & i



Olowdo lazes - ‘;wfag;‘;.gu

Jshw sldas wﬁdlkl@QW&Uﬁij;;ﬁaéuﬂbg\ Jsd>=

NOms 53 | BB A bl | Sl it slos | s s | etaslon |
(ppm) (%) ) X L)
;8 OY/A V1eA Vos) \Aan% SRCRYR
¥y oY/ % Vo0 Yro) Yeavay
AR} oY/o VoY Voit YYoy Yaryyy .

50 Ol & K3 pen Jolse Sl ool iy S
Wil by g Olge sls I3 ey
Jsb o o Gl e e ol b 15
L slales Ml Ll 53 o ) (6l 2l jee
3P 5l ol Sl sl sl d ) sl
JSaU U (8) S8 lae 55 e O jas [2alS

ISEW

dw 3 Lgsjﬁla.pr.@.cél.a]ubl.; (V) Jsd= s
66}5‘)“.@%“6)5&)%’:)}‘gUb;Cj
55 Ohsyw S| sV i spd e ala>dle

Cou g
i 55 5 e doly L GBE SdE () S
B A g o il g 3 93508 (Sla)
S5 nodss a S 55 a8 & S0kes das o Sislad |
oo am a5 2B A s 5l S dlsb L
RN H TN g A P A I R
5 USEW L4 by e 6 SdE e ot
o bgia Sl S Calgss 5 S U OT 51 ey

P e e

B J&JB ZJ‘}jcla.wde l.ab GJ}S (i)J&J)J
wrdy slos .ol osls LIS 2L ) 5 4w 2

Cy 93 J‘jc,...u‘ V444 K JjJ}-W Cj.;)‘ﬁ.: RSB

&JJ,nyrjl; Lt Sl o lels

’[" {J}D‘Ju{w‘}‘;ﬂdb



AA

el 5 (63 Slas 5 soltlon sla ol b 30 oo dnllls

Shypa 9 (5 S e

By g e iglio Slodel i i op Sogs

L e S e st

U ol U0 53 055,20 denST 80T SLasl luds )
W s s 20 glad J L aslis s |5
RS S W g s 5 e o iy IS
ol lAe

QJ)JCy'js Gl s S W 20 W olesl, Y
e U et I 0T 51 e sz Kos 200

.b)l) )\f

nge)‘ﬁécla.ﬂ )\LS.:..JU Q)‘)}JLL_:\A;MMJV

‘U)jfj’uﬁ)J")‘ﬁJcLﬂ)‘Q)‘fdm\

asli o5
Radiant tube U
Non-premixed el o b
Numerical solution 3k >
Combustion Sl
Efficiency 035
Grid independence a3l Idlaad

Gles e 035 Vo Jdow S U A s >
S W 5 s (26 ) e WK
S W ol I 5 bl s 5 gl o
(VLY K) ol 508 K3 b A g5 93
5 (VEAYK) 5505 513 IS U ot 0 of 5l e s
3 s 2B 4 3 Bl Gl s (sl
A olekily e an 4 ((VOETK) sl iy o
5 Sl OO Slis o i gy G W b
W&Uﬁ}qt@ﬁjdﬁuﬁjlm
ol U e s s 1y Ol o F0S
B A g a o s IS )l JUl 4 atals
JREW 6 5553 s 5 Al o daopn A0 5l s 5L
S B U 55 5l Gl 3L Olens

] AW&UZ})JML;\JJ. byl & wolie ¥ Jader
§ 5 W F § 5
Js
Qraaiation o NOoutet Tmax Tmaxw Tout Tmax A
Qo 0 EeM) | 0 | W | 0 | ® 4
b
v Y oY/o AR Voit YYoy V'"“”’"’
U
v A oY/Y ARV ) £4Y Yy P
J‘\_;
W
qY/A YAA oo/ | 1eaq | oveer | ovrss e
el

1. Wuenning, J., "Industrial Gases/Combustion-Self-Regenerative Burner for Single-Ended, P and

Double-P Radiant Tubes-A New Type of Regenerative Burner Has Been Designed for Radiant-Tube

Heating", This article, Industrial Heating, Vol. 74, No. 6, Pp. 47-50, (2007).

2. Wunning, J., "Retrofitting Radiant Tube-Heated Furnaces", Industrial Heating, Vol. 70, No. 6, Pp. 41-

43, (2003).

3. Liu, X, Tian, Y., Yu, Y., Wen, Z.,, Zhang, D., Li, Z., and Feng, X. J. F., "Experimental Studies on the

Heating Performance and Emission Characteristics of a W-Shaped Regenerative Radiant Tube

Burner", Fuel, Vol. 135, Pp. 262-268, (2014).

4. Zhong, G., Wang, D., and Wu, D. J. E. P., "Application of Double-Regenerative Radiant Tube

Technology on Roller Hearth Normalizing Furnace", Energy Procedia, Vol. 66, Pp. 201-204, (2015).

Eov o ipladt it 5 o Sl

&'&Jgf”pwj&)ﬁjgfﬁ@ﬁ'



Olowdo lazes - (slse f.a,g; S-lgo AQ

5. Wang, Y., Zhang, J. Li, L., Ling, H., and Li, Y. J. J., "Numerical Simulation of the Thermal Process in
a W-Shape Radiant Tube Burner”, The Minerals, Metals & Materials Society, Vol. 66, No. 7, Pp.
1253-1264, (2014).

6. Xu, Q., and Feng, J. J. A. T. E., "Analysis of Nozzle Designs on Zoned and Staged Double P-Type
Gas-Fired Radiant Tube", Applied Thermal Engineering, Vol. 114, Pp. 44-50, (2017).

7. Scribano, G., Solero, G., Coghe, A. J. E. T., and Science, F., "Pollutant Emissions Reduction and
Performance Optimization of an Industrial Radiant Tube Burner", Experimental Thermal and Fluid
Science, Vol. 30, No. 7, Pp. 605-612, (2006).

8. Ahanj, M. D., Rahimi, M., Alsairafi, A. A., "CFD Modeling of a Radiant Tube Heater", VVol. 39, No.
3, Pp. 432-438, (2012).

9. Chuenchit, C., Jugjai, S. J. J. 0. R., and Engineering, A. i. M., "Effect of Tube Length on Combustion
Characteristics of a Self-Aspirating Radiant Tube Burner (SRTB)", Journal of Research and
Applications in Mechanical Engineering, Vol. 1, No. 2, Pp. 19-23, (2012).

10. Niederer, M., Steinbdck, A., Strommer, S., and Kugi, A., "Control of Radiant Tubes in an Indirect-
Fired Strip Annealing Furnace for Improved Efficiency”, Proceedings of European Control
Conference ECC, IEEE, Pp. 4106-4111, 2013.

11. ANSYS Fluent Theory Guide 15.0, Inc, Canonsburg, PA, (2013).

12.Cengel, Y. A, and Boles, M. A., "Thermodynamics: An Engineering Approach",-PDF: McGraw-Hill,
(2008).

E0 pale 4 GG ol 5 V16ee o3 Sladcan 5 oo Sl



el 5 (63 Slas 5 soltlon sla ol b 30 oo dnllls

TEor as byl chen s oo L

;&J’KGJJ‘;;/?WW‘/&)/HJL{WJE & i



Journal of Applied and Computational Sciences in Mechanics

Vol. 33, No. 2, 2021

Numerical Study of the Effects of
Structural and Functional Parameters
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Gas in Three Radiant Tubes with
Different Geometries
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1. Introduction

Radiant pipes or industrial heat pipes have several
models and geometries. The simplest model and
design is the I-shaped geometry with a burner on
one side and the combustion gases on the other
side. This type of radiation tube has been found
only in Europe in last years. The reason for low use
of this type of radiant tube is lack of preheating of
combustion air problems related to sealing the
moving part of the radiant tube due to thermal
stress, insufficient  uniform  temperature
distribution on the radiant tube surface and high
flue gas temperature at the tube outlet. For a large
surface, I-shaped radiation tubes can be expanded
by creating additional bends and arms to create U-
shaped and W-shaped radiation tubes. The radiant
surfaces of the tubes can be enlarged. For I-shaped,
U-shaped and W-shaped radiant tubes, the burner
is located at one end and the flue gas outlet at the
other end. In a one-way irradiated tube without a
return, an internal tube of I-shaped is placed and
the opposite side of the burner is closed. The
burner is placed inside the inner tube and the flue
gases first move inside the inner tube and return
through the annular space between the inner tube
and the radiant tube. Non-return irradiated tubes
such as U-shaped and W-shaped tubes are more
commonly used in the US market.

In industrial heat exchangers, uniform
temperature distribution is important for achieving
uniform heat transfer to products or the
environment, maximum heat transfer, and long life
of radiant tubes.

2. Validation
In this section, all the steps of numerical
simulation  including  solution  validation,

comparison of combustion modeling results with
experimental data, network independence and
comparison of three main types of direct radiation
tube, U-shaped and W-shaped will be presented.
Before discussing the results, the present

modeling firstly validated by comparing the
simulation results for a W-shaped radiation tube
with the experimental data of Wang et al. Figure
1(a) shows the measured temperatures obtained
from numerical simulations. The temperature
measurement points are shown in Figure 1(b). As
observed, the numerical results are reasonably
consistent with the experimental data and the
maximum error is less than 10%, which is an
acceptable error for simulating combustion.

1500 B a —=— Wangetal. [5]
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Figure 1. a) Validation of current study and
experimental data, b) Points whose temperature is
measured in validation

3. Results and discussion

Figure 2 shows the temperature distribution on the
surface of the radiant tube in all three types of
radiant tubes. The maximum temperature on the
W-shaped wall is about 1099 K and is higher than
the other two types. Another important factor that
can be considered is the temperature uniformity.
Temperature uniformity is an important issue
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because it leads to longer life of the tube. However,
the higher difference in temperatures of the radiant
tube surface causes thermal stresses in the tube
wall and reduces its life. According to Figure 2, the
U-shaped tube has the highest uniformity among
the other tubes.

DS .

K] e

Figure 2. Surface temperature distribution of three
direct, U-shaped and W-shaped hotplates

Table 1 lists the important performance
parameters in the three types of studied ones. As
can be seen, the amount of nitrogen oxide
pollutants in the output of the U-shaped tube is
higher than that of the direct and W-shaped radiant
tube due to the higher maximum temperature of the
gases. The outlet temperature of the gases in the
W-shaped radiant tube is lower than the other two
types of radiant tubes (K 1403). Furthermore, the
outlet temperature of the combustion gases in the
direct radiant tube is the highest (1546 K). Thus,
the efficiency of W-shaped radiation tube has the
highest value of 55.3%, followed by U-shaped, and
finally direct radiation tube has the lowest
efficiency. The ratio of radiant heat transfer to total
heat transfer in all three types of radiant tubes is
high and more than 90%, and only in the W-shaped
type, this ratio is slightly higher than the two other
types of them.

Table 1. The values of some parameters for the
three direct radiation tubes, U-shaped and W-

shaped
Qradlaunn (%) noomle( nRad\aanube Tmax‘w Tuul Tmax
Qua (PPM) | %) | (K) | (K) | (K)
92.6 312 52,5 1076|1546 | 2352 | I-shaped
926 336 | 532 |1098 |1493 | 2360 | y-shaped
|
92.8 288 55.3 | 1099 | 1403 | 2344 | \W-shaped
|
4. Conclusion
The most important results obtained from

comparing three types of radiation tubes are as

follows:

* The amount of nitrogen oxide emission in the U-
shaped radiant tube is the highest and the lowest
in the W-shaped tube compared to other ones;

* The efficiency of W-shaped radiation tube is
higher than the two other types of radiation tube.
The next one is U-shaped radiation tube which
has higher efficiency than direct tube.

* The ratio of radiant heat transfer from the wall
surface to the total heat transfer in all three types
of radiant tubes is high and more than 90%.
Moreover, the W-shaped one has the highest
value.
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1. Introduction

A solar cell is a solid-state electronic component
that directly converts a percentage of sunlight
energy into electricity by its photovoltaic
physicochemical effect. Space solar cells are
mainly made of gallium-arsenide. The most
important component of a solar cell is the glass
layer, which is directly exposed to solar energy and
experiences many temperature changes during the
day and night. Due to the different coefficients of
thermal expansion of different layers, cracking of
the glass layer is possible. The presence of one or
more primary microscopic cracks in this layer and
the extreme ambient temperature gradient will lead
to the crack growth, resulting in the failure or
destruction of the glass layer, as well as improper
functioning of the solar cell. In design and
manufacturing solar cells, variables such as the
material of the glass layer, geometric parameters
(length, width and thickness of the layer) as well
as the presence of initial cracks play a key role. The
possibility of delaying the growth of the crack and
increasing the useful life of the glass layer is of
great importance.

2. Initial simulation and validation

In order to validate the results of numerical
simulations, the crack growth due to fatigue in a
compact tension (CT) test sample (Figure 1) was
first simulated and the results were validated with
the practical results of previous researches. The CT
test of 8630 steel alloy sample was simulated in
Abacus FEA software according to the
experimental study of Kim et al. The mechanical
properties of the material were also extracted
according to Table 1. Due to higher accuracy, the
maximum principal stress criterion was applied for
numerical simulations of crack growth by the
extended finite element method (XFEM). Also, the
direct cyclic analysis and S4 elements (A 4-node
doubly curved general-purpose shell) were
employed.
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Figure 1. Standard sample of CT test

Table 1. Mechanical properties of 8630 steel alloy
of(MPa) ¢,(MPa) o,(MPa) E(MPa) v
315 620 550 203 0.3

The numerical and experimental results of the CT
simulation for 8630 steel alloy are shown and
compared in Figure 2 for the crack length-number
of cycle diagram.
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Figure 2. Comparison of numerical and
experimental results of crack growth in CT test

3. Numerical simulation of crack growth in the
glass layer

Crack growth exposed to the temperature gradient
between night and day in space conditions in the
glass layer of a gallium-arsenide solar cell was
simulated and the effect of different parameters
was investigated. According to Table 2, the
mechanical properties of the CMX100 glass layer
are extracted from the manufacturer's catalog.

Table 2. Mechanical properties of glass layer

G 13
o, (KPa) (N/m) a (MP2) v
346 620 65710° g5 0.21
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In this research the protoflight test shown in Figure
3 was used to simulate the space temperature
conditions.

Protoflight test

Temperature

Time (hr)

Figure 3. Variations of temperature vs. time in the
protoflight test

3.1.The effect of initial crack length. To
investigate the effect of initial crack length on the
glass layer, crack growth was studied in a sample
with a central initial crack of 3, 7 and 10 mm.
Figure 4 shows the results.

—o— 3mm Pre-crack

o 10mm Pre-crack
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Figure 4. Comparison of crack growth trend with
different initial crack lengths

3.2. The effect of initial crack location

Two samples were simulated with an initial crack
of 10 mm, one at the edge and the other in the
center of the glass layer of the solar cell, and the
results are shown in Figure 5.
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Figure 5. Comparison of crack growth trend with different
initial crack locations

3.3. The effect of initial crack angle. In this case,
the initial central crack of 10 mm with 0, 30, 45,

60, and 90 angles were simulated. Figure 6 shows
the results.
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Figure 6. Comparison of crack growth trend with
different angles

3.4. The effect of thickness of glass layer
To investigate the effect of thickness, the results of
numerical simulations of crack growth in a sample
of solar cell glass layer with thicknesses of 200,
100 and 400 pm are compared in Figure 7.
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Figure 7. Comparison of crack growth trend with
different thicknesses

4. Conclusion

Glass layer is one of the most important parts of
the solar cell and experiences a strong ambient
temperature gradient. The difference in the
coefficient of thermal expansion will cause cracks,
crack growth, and as a result, failure or destruction
of the glass layer, as well as improper functioning
of the solar cell. Therefore, delaying the growth of
cracks and increasing the useful life of the glass
layer is one of the most important challenges in
this field. In this study, crack growth in the glass
layer of a composite solar cell due to temperature
changes was simulated using the XFEM and the
effect of variables such as length, location, angle
of initial crack, layer thickness, and dimensions
were studied. The results revealed that among the
above parameters, the dimensions of the protective
glass layer have the greatest impact on crack
growth.
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