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This paper investigates the manufacturing variants influential on the strength of
3D printed products. In contrast to the traditional manufacturing methods
which produce the final product via removing materials from parts, in 3D
printing technology the products are provided with adding layer by layer
directly from a digital file. 3D printing technology due to overcoming the many
difficulties and limitations of conventional fabrication approaches is a rapidly
progressing technology which takes attention in many industries such as
aerospace, automotive, medical and building industries. This paper aims to
research the variants affecting the mechanical properties of components
produced by 3D printing technologies. To reach this aim a comprehensive review
was conducted to determine the various process and geometric parameters in
3D printing technologies. The conducted literature survey results indicate that
besides the filament material, the nozzle speed and diameter, layer thickness,
filament diameter, printing raster angle, printing pattern, temperature and infill
density are parameters which influence the final product quality and mechanical
properties in term of ultimate tensile strength, yield stress and elasticity
modulus. It is concluded that 3D printing filament materials strength has direct
affect on the strength of final product. By providing the adequate thermal
behavior of the system, the cohesion between layers can be improved.
Extrusion speed affects surface roughness and quality of the produced
components. Nozzle diameter has a significant influence on interlayer cohesion.
The honeycomb pattern due to facilitating the load transfer between layers
provides higher mechanical strength. Findings of this study will guide the
researchers and manufacturers to select appropriate printing parameters to
produce component with optimum mechanical properties.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
Additive manufacturing (AM), commonly known as 3D printing or rapid manufacturing
(RM) [1] is a rapidly progressing technology in recent years. AM is different from
traditional or subtractive manufacturing. The product is provided with adding layers until
the last layer is completed while in traditional manufacturing desired product can be
obtained via removing materials from parts [2-5]. 3D printing technology due to
overcoming the many difficulties and limitations of conventional fabrication approaches
takes attention in many industries such as aerospace, automotive, medical, building
industries, fashion and fashion accessories [6-8]. This technology allows fabricating
complex structures in a controllable manner with desired architecture and porosity,
enables designers and engineers to create unique products that can be manufactured at
*Corresponding

author: ahmet.meram@karatay.edu.tr

a orcid.org/0000-0002-8440-8462; b orcid.org/0000-0002-7011-0948

DOI: http://dx.doi.org/10.17515/resm2019.171me3112
Res. Eng. Struct. Mat. Vol. 6 Iss. 4 (2020) 293-313

293

Meram and Sözen / Research on Engineering Structures & Materials 6(4) (2020) 293-313

low volumes in an economical way [9-11] and provides advantages such as less waste,
freedom of design and automation, saving of material and energy,
environmental/ecological advantages [12-15]. For instance, CFM International’s LEAP
aircraft engine can be given an example as the first step of the additive manufacturing
journey in the aviation industry [16-18].
For the first time, this engine features an additively manufactured fuel nozzle. This part
used to be made up of 20 different parts. Thanks to additive manufacturing, it is now
manufactured in one single piece [19-20]. In the aviation industry, materials are
manufactured with highly engineered techniques, therefore these materials are generally
expensive. For example, in 1 LEAP engine, there are 19 nozzles. Thanks to AM, lighter parts
with lower cost and lower operational time can be produced. So via additive
manufacturing, cost effectiveness in manufacturing can be provided [21].

Fig. 1 3D-printed fuel nozzle for the LEAP engine [7]
Due to the evolution of traditional manufacturing technologies, nowadays, small scale 3D
printing devices can be found in local production workshops. The additive manufacturing
method is performed through various technologies, which each one requires a special 3D
printing device. The most open source 3D printers are operating based on the fused
deposition modeling (FDM) technology [22-25]. The 3D printing device that use FDM
technology build objects layer by layer from the very bottom up by heating and extruding
thermoplastic filament. Firstly, special software “cuts” CAD model into layers and
calculates the way printer’s extruder would build each layer. Along to thermoplastic a
printer can extrude support materials as well. Then the printer heats thermoplastic till its
melting point and extrudes it throughout nozzle onto base, which can also be called a build
platform or a table, along the calculated path [26-28]. A computer of the 3d printer
translates the dimensions of an object into X, Y and Z coordinates and controls that the
nozzle and the base follow calculated path during printing. To support upper layer the
printer may place underneath special material that can be dissolved after printing is
completed [29-30]. The most common of those are acrylonitrile butadiene styrene (ABS)
and poly(lactic acid)(PLA) filaments. The FDM is widely useful to produce end-use
products, particularly small, detailed parts and specialized manufacturing tools [31].
The main component of a FDM machine are: extrusion head, building platform and
material spool (or filament). The main parts of extrusion head are: drive wheels, heating
element and extrusion nozzle. Usually, the FDM extrusion head is operating in the x-y
plane, while the building platform moves down in the z-plane to accommodate the deposit
layers until the whole 3D part is finished [32]. In this technology as shown in Fig. 2 the raw
material in the filament form feed the printing device by a mechanical mechanism and the
294
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raw material heated up to the to 1°C above its melting point, so it solidifies right after
extrusion and then welds to previous layers. The desired component is fabricated by
adding a raw material layer by layer in 3D printing device from three-dimensional model
data. Recent FDM system heads include two nozzles; one for the part material and one for
the support material. Between different additive manufacturing methods, FDM has an
advantage over the others as the use of material in filament form offers flexibility and
reduces the resident time in the melting chamber. In general, the FDM process is quite
simple since the filament will push by the roller to the melting chamber. Print quality and
sensitivity have increased with the development of 3D printing technologies. In AM
technologies, environmental factors such as temperature, internal flow, and structural
factors such as vibration response are critical parameters that affect as physical and
thermal effects on printing hardware [32-35].
To fabricate a product using FDM technology, it is required to define a certain number of
printing parameters. Since the mechanical performance and geometrical accuracy of the
final product are highly affected by these parameters, the researchers conducted studies
to determine the influential parameters. Kim et al. [36] experimentally investigated the
effect of infill rate, orientation angle, and type of materials on the mechanical properties of
specimens made ABS and PLA. Kuznetsov et al. [37] by conducting experimental tests
concluded that in addition to the strength of the filament material, the strength and
stability of the bonds between the layers of the specimens are highly influenced by the
printing parameters. Sagias et al. [38] proposed a new approach to evaluate how the
printing parameters affect the mechanical properties of the printed part to obtain a
product with improved mechanical properties. The reasonable choice of printing
parameters on 3D printers results in products with high strength and quality [39].

Fig.2 Schematic representation of a fused deposition modeling system [30]
The strength of the products fabricated by the 3D print device is lower than the ones made
of the same polymer by injection molding [40]. Since the printing parameters are defined
before producing the physical models, by understanding the role of each parameter, the
mechanical performance of the final product can be improved. Motivated by this fact, this
paper aims to research the parameters affecting the mechanical properties of components
produced by 3D printing technologies. To reach this aim a comprehensive review was
conducted to determine the various process and geometric parameters in 3D printing
technologies. The conducted literature survey results indicate that besides the filament
material, the nozzle speed and diameter, layer thickness, filament diameter, printing raster
angle, printing pattern, temperature and infill density are parameters which influence the
final product quality and mechanical properties in terms of tensile strength, yield stress
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and elasticity modulus. In addition to these parameters, road width and air gap also play a
significant role in mechanical performance of FDM parts.

Fig. 3 Representation of the main process parameters [29]
2. 3D printer manufacturing variants
2.1. 3D Printing Filament Materials
The filament material is one of the major parameters for determining the mechanical
properties of final product. Metals, polymers, ceramics, concrete and composites are
currently used in 3D printing. A wide range of polymeric materials given in Table 1 are
used in 3D printers. Despite this variety, ABS and PLA are the main polymers used in the
majority of applications. The main advantages of PLA to other polymers used in 3D printers
are the low level of shrinkage and relatively low melting temperature. The products made
of PLA due to less internal stresses have better mechanical characteristics. Tymrak et al.
[39] experimentally measured the mean tensile strength values of 56.6MPa and 28.5 MPa
and mean elasticity modulus of 3.37 GPa and 1.81 GPa in specimens made of PLA and ABS,
respectively. The mechanical properties of some common polymeric filament material for
3D printing given by the manufacturers are shown in Table 1. Generally, the specifications
listed in Table 1 are higher than the measured values [41]. One of the main reasons of this
mismatch can be explained by unparalleled testing force vector with the filament printed
direction. Advanced metals are used in the aerospace and automotive industries. The
ceramics and concrete are mainly employed in the manufacturing of scaffolds and building
by 3D printing technology, respectively.
Table 1. Material abbreviations and specifications as provided by the manufacturers [41]
Abbreviation

Full Name

PLA
ABS

Polylactide
Acrylnitril-Butadien-StyrolCopolymer
Polylactide-Holz
PolyethylenterephthalatCarbon
Polyethylenterephthalat
Polyamide-Carbon
Polyamide (Nylon (r))

PLA-H
PET-C
PET
PA-C
PA
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Young’s
Modulus
[GPa]
3.5
2

Yield
Stress
[MPa]
60
44

Strain at
Break
[%]
-

3.3
3.8

46
52.5

8

3.8
2.15
-

50
100
45.6

20
34
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In addition to above-mentioned materials, carbon-fiber and glass-fiber reinforced
composite filament materials are used in 3D printing devices. Justo et al. [42]
experimentally tested specimens printed from the reinforced endless carbon-fiber
reinforced filaments with a high ratio of carbon and measured the ultimate stress values
of 700 MPa. In another reported study, the processability of glass fiber-reinforced ABS
composites with three different glass fiber proportions was examined. The results proved
that glass fiber could significantly advance the tensile strength and surface rigidity of the
specimens made of ABS filament [43]. Also, the experimental investigation on the
mechanical properties of thermoplastic matrix Carbon Fiber Reinforced Polymer (CFRP)
composites Fused Deposition Modelling (FDM)-printed specimens proved that the carbon
fiber with various ratio and length is effective in improving the mechanical properties of
specimens [44]. So, besides various and geometric parameters which will be explained in
detail in below, adding reinforcement material can be a method to improve mechanical
properties of material which is produced using FDM technology.
2.2. Temperature
The extrusion temperature and bed temperature are parameters affecting the quality of
finished product in 3D printing technologies due to changing the adhesion process
between layers. The appropriate printing conditions in terms of temperature, depending
on the used filament are provided by manufacturers.
Table 2. Thermal specification of PLA and ABS which is given by manufacturer [45]
Thermal Properties
Melt Flow Index
Glass Transition
Temperature
Slumping Temperature
Melting Temperature
Printing Temperature
Printbed Temperature

PLA
10.3 cm3/10 min.
60-65°C

ABS
9.7 cm3/10 min.
105°C

70-80°C
160-190°C
190-220°C
50-70°C

110-125°C
210-240°C
230-250°C
80-120°C

The type of printer is also determining in the optimum temperature of nozzle. The nozzle
temperature affects the tensile strength of the specimen [46]. The experimental
investigation conducted in [47] and [48] regarding extrusion temperature, proved as the
temperature increases the bonding between layers improves. Fernandes et al [35]
examined the mechanical properties of standard specimens made of PLA filaments in
200ºC and 220ºC extrusion temperatures. They obtained higher ultimate tensile stress,
yield stress and elastic modulus in 220 ºC in comparison to 200ºC extrusion temperature.
They explained that by increasing the temperature the material viscosity decreased and
the circular section of extruded material became oval. So, the contact area between the
layers extended. By providing the adequate thermal behavior of the system, the cohesion
between layers can be improved. Therefore, the freshly extruded material is able to
combine chemically to the already deposited material [49].
On the other hand, when relationship between fusion temperature and dimensional
accuracy is analyzed, low temperature means minimum dimensional error. According to
Demircioglu et al.’s study, samples which have same printing parameters were
manufactured with five different extruder temperatures (185, 195, 205, 215 and 220°C).
The results showed that the minimum dimensional error was obtained from the fusion
temperature of 185°C with the value of 0.290797 mm and percentage of 3% and maximum
dimensional error was obtained from the fusion temperature of 220°C with the value of
0.487134 mm and percentage of 4.8% [32].
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(a)

(b)
Fig. 4 SEM images of the neck formed (a) at 245 °C extrusion temperature (b) at 260 °C
extrusion temperature [50]
2.3. Extrusion Speed
Extrusion speed affects surface roughness and quality of the produced components with
AM technique. In Demircioglu et. al.’s study, effect of extrusion speed and surface
roughness and product quality were investigated. According to study, some printing
parameters were selected like below:
Layer height was selected 200 microns for all samples. The heated bed temperature was
selected as 60° to increase the bonding and surface quality. Extruder temperature was set
to 195°C. The samples were produced with extrusion speeds of 20, 40 and 60 mm/s to
determine the surface roughness and quality. During printing, temperature, infill density,
heated bed temperature, number of shell and layer thickness was set to fixed values in
order to observe the effect of extrusion speed on surface roughness. As a result of study, it
is observed that increasing in extrusion speed causes increasing in surface roughness [32].
2.4. Nozzle
The nozzle which has controllable diameter and speed influences the quality of the printed
part and the productivity of the process [51]. Generally, raw materials are produced in
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1.75-mm and 3-mm diameter filaments, and nozzle diameters are varying from 0.1 to 1
mm [30].

Fig. 5 Image of nozzle diameter [33]
Kuznetsov et al. 2018 [37] showed that an increase in the nozzle diameter not only reduces
printing time, but also increases sample strength. Nozzle diameter has a significant
influence on interlayer cohesion. Given constant layer height, printing with a larger nozzle
resulted in increased strength. The advantages of larger nozzles became even more evident
with greater layer thickness.

Fig. 6 Products which have different layer thickness can be printed by same nozzle
diameter [52]
To determine effect of nozzle diameter, Sukındar [33] conducted a study. In this study 0.2
mm and 0.3 mm nozzle diameters were used and samples were printed. The difference of
finished products can be observed by referring to Figure 8 and Figure 9 below. It is
observed that the 0.3 mm nozzle diameter is more consistent in providing than the 0.2 mm
nozzle diameter. It is estimated that finished product of 0.2 mm nozzle diameter should
have better mechanical properties because of thin layers but it is inconsistent, which can
also be seen from the side of the parts. Main reason of this matter can be explained as
pressure drop caused by different nozzle diameters does affect the road width which in
turn affects the accuracy of the finished parts.
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Fig. 7 Experimental data on the influence of geometrical parameters of 3D printing
(nozzle diameter and layer thickness) on fabricated components’ strength [37]

Fig. 8 Consistent road width printed by the 0.3 mm nozzle diameter [33]

Fig. 9 Inconsistent road width printed by the 0.2 mm nozzle diameter [33]
2.5. Raster Angle
The angle between the path of the nozzle and the X-axis of the printing platform is known
as raster angle which can be selected 0° to 90° [53].
Raster angle is one of the major parameters affecting the mechanical strength and
geometric accuracy of components fabricated by 3D printed technologies. Depending on
the angle of the filaments relative to the direction of the force applied, the distribution of
stress in the filaments will be different. When the filaments are in parallel by applied force,
a pure tensile stress state appears. In other orientation a mix of tensile stress and shear
stress are happened. That is because the best results of the ultimate tensile stress, yield
300
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stress and elasticity modulus were observed for a raster angle of 0º/90º [35]. In the most
of studies investigating the effect of different parameters on the strength of FDM
technologies the mechanical properties are tested on flat samples oriented horizontally
during the printing process [37]. Letcher and Waytashek [55] showed that the mechanical
properties such as the ultimate tensile strength can be improved by exchanging the raster
angle of specimens made of PLA

Fig.10 Raster angles [54]
According to Montero et al.’s [56] results of study, strength values of producing of material
with various raster angles via fused deposition modeling and injection molded material is
given in Fig.11 and Fig.12.

Fig. 11 Strength of specimens with various raster (-0.003 air gap) compared with
injection molded ABS P400 [56]
According to another experimental study Sood et al. [47] small raster angles are not
preferable because they will cause long raster. Because of this stress accumulation will
increase the along the direction of deposition resulting in more distortion and hence weak
bonding. But there is also an advantage of small raster angle. It means that raster is inclined
along the direction of loading and will offer more resistance thus strength will improve.
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Fig. 12 Failure modes of the specimens with various raster orientations [56]
2.6. Layer Thickness
The most important parameter that affects surface roughness is layer thickness. Low layer
thickness ensures better adhesion between layers. In Fernandes et al. reported study, in
the specimens with low layer thickness (0.1 mm) the highest ultimate strength and yield
stress values were obtained [35]. To explain this matter, the interfaces between the layers
must be analyzed. Earlier studies on these interfaces prove that they are morphologically
very similar to weld or knit lines in injection-molded parts. In spite of this, the mechanical
strength of 3D printed components is lower than that of homogeneous products made of
the same material [37-57]. The diameter of the nozzle is a major determining parameter
in the minimum layer thickness. For instance, for the Ultimaker 2 machine with 0.4-mm
nozzle the minimum layer thickness proposed by the printer manufacturer was 0.06 mm.
The thicker layers are used to complete the image and practically are achievable up to the
80% of nozzle diameter [37]. SEM images of specimens with different layer thickness;
relatively small and relatively large layer thickness is shown in Fig. 13.

Fig. 13 The SEM images of specimens with different layer thickness: relatively large
(top) and relatively small (bottom) layer thickness [37]
Once again Kuznetsov et al [37], to explain the relationship between layer height and part
strength conducted experimental study. According to study layer height had the greatest
influence on intra-layer cohesion. When layer height was increased for all type of nozzle
(0.4, 0.6, and 0.8 mm), part strength decreased. For the samples under study, the decrease
of strength when changing layer height from minimum to maximum was about 3.5 times.
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In addition, layer thickness is directly related to manufacturing cost, as layer thickness
increases printing time decreases.
2.7. Printing pattern and infill density
3D printers utilize various infill patterns as shown in Fig. 14 and infill patterns known as,
line, grid, concentric, cubic, triangles, octagram spiral, hectilinear, archimedianchord,
tetrahedral, honeycomb and zigzag, hilburt curve, etc. The most important parameter that
affects material strength is infill density. The conducted studies findings proved that the
infill density percentage influences the mechanical properties printing accuracy of the
finished [58]. Yah et al. [59] showed that the line pattern, especially in tensile properties
performed better than rectilinear. The printing pattern in addition to mechanical
properties affects the printing time and material usage. The results of Patel’s study proved
that the concentric infill pattern in comparison to the line and grid infill patterns had the
fastest printing time. The tensile strength of specimens produced by the line infill pattern
was higher than the ones produced by grid and the concentric infill pattern [60]. The
results obtained in Fernandez-Vicente et al. [61] showed that the effect of the various
printing pattern in maximum tensile strength is less than 5%. The honeycomb pattern due
to facilitating the load transfer between layers provides higher mechanical strength [62].

Fig. 14 Different types of printing pattern [63]
Printing parameter such as the internal infill density and pattern affect the mechanical
behavior of porous products [64-65]. The increase in infill density causes an increase in
tensile and compressive strength. In the improvement of mechanical strength of 3D
printed products, the infill density is more effective than the printing pattern [66]. Roohani
et al. investigated fatigue resistance of scaffolds that have different patterns and according
to study, scaffolds with hexagonal design showed highest fatigue resistance [62].
Small filling rate setting can provide reducing filament consumption, shorting printing
time, increasing forming efficiency further in actual manufacturing practice. Nevertheless,
too small filling rate causes adhesive strength and support insufficient. The adhesive
strength of interlayers increases rapidly with filling rate. More specifically, it increases
slowly before the filling rate up to 40% and after that, increases faster. Experiments show
that filling rate which smaller than 20% can save filament consumption and shorten
processing cycle when nonfunctional prototypes or small tensile functional prototypes are
deposited [67].

303

Meram and Sözen / Research on Engineering Structures & Materials 6(4) (2020) 293-313

Fig.15 Various infill density used in 3D printers [66]
In addition of this, according to Kaya et. al.’s study [34], relationship between densities,
infill structures and vibration are investigated. Study is carried out at three different filling
rate ( 25%, 50%, 75%) for five different manufacturing methods ( Diagonal 45°/-45° (D1,
D2, D3), Diagonal 60°/-60° (D4, D5, D6) , Triangular 60°/-60° ( D7, D8, D9), Wiggle (D10,
D11, D12), Honeycomb 0°/120°/-120° ( D13, D14, D15) ).

Fig.16. 3D printed samples for five different manufacturing methods [34]
As a result of Kaya et. al.’s study [34], all manufacturing methods with 50% infill ratio
except honeycomb manufacturing method were determined to have the most number of
vibration fluctuations. Number of vibration fluctuations occurring in manufacturing
methods are interpreted according to calculated variance values. Unlike the
aforementioned situation in hone honeycomb method, the increment of infilling rate
causes the increase of vibration fluctuations.
When the vibrations acting on the 3D printer body are considered, the method with
minimum fluctuation is observed in honeycomb structure with %25 infill ratio (D13).
Besides that, maximum fluctuation is found in wiggle structure with %75 infill ratio (D12).
Furthermore, minimum mean vibration amplitude is seen to be occurred that in
honeycomb structure with %25 infill ratio (D13). In addition, test results are revealed that
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maximum mean vibration amplitude is wiggle structure with %75 infill ratio (D12). The
triangular method is the second most suitable method to choose when considering the
fluctuations in the vibration amplitudes and the maximum amplitude.
In a different study that conducted by Akbaş et al. [68], the effect of knitting parameters
on product strength was investigated experimentally in three-dimensional printer used in
thermoplastic filament production. Different production parameters such as construction
angle, section grid width and construction width were analyzed experimentally.
Parameters for construction angle 30° and 60°, for construction width 0,016, 0,024 and
0,032mm and finally for section grid width 0,016, 0,024 and 0,032 were used. As a result,
the most important parameter that affects the material strength was determined as section
grid width. Second important parameter was determined as construction width and the
last one was determined as construction angle. As section on grid width decreases and as
construction width increases (these two parameters can be defined as infill rate) , strength
of material increases.
Table 3. Results of tensile test [68]
30° Construction (raster) angle
Exp. No

Construction
Width (mm)

D1

Section
Grid
Width
(mm)

Yield
Strength
(MPa)

60° Construction (raster) angle
Tensile
Strength
(MPa)

Exp.
No

Construction
Width (mm)

Section
Grid
Width
(mm)

Yield
Strength
(MPa)

Tensile
Strength
(MPa)

0.016

23.2

28.6

0.024

14.8

17.2

0.016

23.9

25

D10

0.024

14.5

15.3

D11

D3

0.032

9.4

10

D12

0.032

9.5

10.1

D4

0.016

11

11.4

D13

0.016

10.9

11.5

0.024

19.3

20.2

D14

0.024

19.4

20.1

D6

0.032

30.5

31.9

D15

0.032

30.4

31.7

D7

0.016

31.4

32.3

D16

0.016

30.8

31.9

0.024

23.8

24.6

D17

0.024

23.6

24.7

0.032

12.6

12.9

D18

0.032

12.6

13.5

D2

D5

D8
D9

0.016

0.024

0.032

0.016

0.024

0.032

In another study, Ercan et al. , investigated compression properties of sandwich panels
produced by FDM. In this study, horizontal honeycomb, vertical honeycomb, horizontal
truss, vertical truss, cubic and gyroid unit cell topologies were used as core of sandwich
panels [69]. The unit cell sizes of these different cell topologies were 5mm × 5mm. All
cellular structures were designed at 40% relative density by changing only the cell
thickness. The designed cellular structures were produced by Ultimaker 3 Extended device
with the same parameters and PLA material. Produced samples were tested in Shimadzu
250kN test device in accordance with ASTM C365. Based on the pressure tests, the
maximum compressive stresses and the elastic modulus of the sandwich panels with
different cores were examined and the effect of the cell topology on the compression
properties was investigated.

(a)

(b)
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(c)

(d)

(e)
(f)
Fig. 17: Types of unit cells [69] (a) horizontal honeycomb (b) horizontal truss (c)
gyroid (d) vertical honeycomb (e) vertical truss, and (f) cubic
According to experimental result of compression test, the best mechanical strength
belongs to cubic unit cell with 571 MPa value. Other unit cells that have highest strength
respectively are: vertical truss, vertical honeycomb, gyroid, horizontal honeycomb and
horizontal truss unit cell.
Infill types and infill density also affect hardness of manufactured components with rapid
prototyping technique. In Bögrekci et al.’s study [70], some infill types like rectilinear
(linear), grid (diamond) and honeycomb (hexagonal) were chosen and for each infill types;
specimens were produced with the infill density values of 15, 25, 50, 75 and 100%.
Hardness of produced specimens were measured with Emco-test DuraScan micro
hardness machine. As a result hexagonal infill with density of 100% showed the highest
hardness and also the hardness patterns could be presented from high to low as Hexagonal
> Linear > Diamond.

(a)
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(c)
Fig. 18 Specimens with (a) Linear (b) Diamond (c) Hexagonal infill types [70]
Table 4. The obtained results from micro hardness measurements in unit of N/mm2 [68].
Infill Rate
15%
25%
50%
75%
100%

Hexagonal (HV)
17.8
18.9
21.6
22
22.8

Linear (HV)
16.3
16.8
17.3
17.9
19.2

Diamond (HV)
16.1
16.4
17.1
17.5
18

As a result of Bögrekci et. al’s study high level density resulted in a low amount voids and
high hardness values [70].
2.8. Air Gap
Air gap parameter is defined as the space between the beads of deposited FDM material.
Schematic representation of positive and negative gap between the deposited beads is seen
Figure 19. According to Alhubail et. al’s study, setting layer thickness and raster width at
low level could minimize the surface roughness in addition to the air gap at -0.01 mm and
adjusting layer thickness and raster width at low level and the air gap at -0.01 mm can
provide higher tensile strength. As a result of this study, surface roughness and tensile
strength of processed parts are greatly influenced by air gap parameter [71].
Falck et al. reported that the fundamental factors affecting the mechanical strength of the
final part are air gap and road angle. Voids that is found in the product are source of
mechanical performance reduction in FDM [29].

Fig. 19 Schematic representation of air gaps [71]
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Air gaps and infills determine the dimension of the contact zone between filament roads
and layers, so they affect bond strength and mechanical properties of part. According to
studies which have about relationship between air gap and mechanical properties, when
air gap is set as negative, mechanical properties are improved [72].
3. Conclusion
In the present paper, a review of all effective variants on the 3D printing technology has
been conducted. It is observed that the mechanical performance and geometrical accuracy
of the products fabricated by 3D printing technologies are highly affected by printing
parameters. Metals, polymers, ceramics, concrete and composites are currently used in 3D
printing. Despite existing a wide range of polymeric materials, ABS and PLA are the main
polymers used in the majority of applications. The products made of PLA due to less
internal stresses and better mechanical characteristics are preferred to the products made
of ABS. The high extrusion temperature decreases the material viscosity and improves the
bonding between the layers. Also, by increasing the temperature the circular section of
extruded material became oval. So, the contact area between the layers extended. By
providing the adequate thermal behavior of the system, the cohesion between layers can
be improved. Extrusion speed affects surface roughness and quality of the produced
components. Nozzle diameter has a significant influence on interlayer cohesion. Given
constant layer height, printing with a larger nozzle resulted in increased strength. The
advantages of larger nozzles became even more evident with greater layer thickness.
Depending on the angle of the filaments relative to the direction of the force applied, the
distribution of stress in the filaments will be different. The maximum ultimate tensile or
compression strength value is achieved when the raster angle is 0°. In this case, the
filaments become parallel by the applied force. The printing pattern in addition to
mechanical properties affects the printing time and material usage. The tensile strength of
specimens produced by the line infill pattern is high in comparison to other infill patterns.
The increase in infill density causes an increase in tensile and compressive strength. Air
gaps and infills determine the dimension of the contact zone between filament roads and
layers, so they affect bond strength and mechanical properties of part. The diameter of the
nozzle is determining in the minimum layer thickness. The low layer thickness ensures
better adhesion between layers and provides the high ultimate strength and yield stress
values. In addition, layer thickness is directly related to manufacturing cost, as layer
thickness increases printing time decreases.
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Abstract
The present work reviews the toughening mechanisms and microstructural
analyses of recycled hybrid metal matrix composites (aluminium based)
reinforced with -alumina and pure recycled copper. This composite was
manufactured by sintering and sinter + forging called the combined process. To
analyze the mechanical / physical behavior of hybrid metal matrix composite
materials; quasi-static compression, three-point bending (3PB), low velocity
impact (dynamic compression) experiments were carried out. Additionally,
wear and creep tests were conducted with a nanoindenter to evaluate the wear
and time dependent behaviour of this composite. Evaluation of the
microstructure of hybrid metal matrix composites w ere performed with
Scanning Electron Microscope (SEM) supported by Energy Dispersive
Spectrometer (EDS) analysis. The results showed that the composites have
homogeneous structure without porosity and very homogeneous distribution of
fine -alumina (Al2O3) and copper particles. Sinter + forging process yielded a
material that had higher strength, hardness and better resistance to wear. This
composite will be targeted for linkage applications where high toughness and
high surface damage resistance is required.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
A new family of aluminium-based composites is extensively being used in the different
industrial areas (aerospace, automotive etc.) doped with different metal and ceramic
reinforcements to improve their mechanical and tribological properties [1-8]. When the alumina ceramic reinforcement is added to the aluminum matrix, it can significantly
increase the wear resistance along with the mechanical / physical properties of such
hybrid metal matrix composite materials. The addition of copper reinforcement together
with -alumina can give a good combination of high ductility and high strength [5, 9, 1318].
The manufacturing operation that we determine the combined sinter+forging process
used to manufacture the aluminium-based composites can offer simplicity in processing
and lower the manufacturing costs as these composites are produced from recycled
constituents known as fresh scrap materials. In this current research, novel composite
reinforced with -alumina and copper was designed for possible use in linkage/connector
parts in aeronautical applications [7, 11, 16].
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The composite design process from fresh scrap recycled components can be applied very
well to optimally economical industrial parts for a minimized cost and fast production. As
can be seen in the researches in the literature, the sinter+forging process is a
manufacturing process that is defined as a process of forming close to high accuracy for
the manufacturing of parts processed from fresh scrap materials [6-14]. Basically, this
manufacturing method is the preferred method for bulk materials in different industrial
areas. With a low-cost sintering accession for processing fine particle reinforced
composites, it is ensured that industrial products always show a high performance under
different service conditions. An economically minimized sintering approach for the
manufacturing of fine particle reinforced composites provides high efficiency of
mechanical behaviors of parts used in different industrial applications such as static
compression, impact loading, 3-point bending, creep and fatigue. This principle set forth in
our study can be applied to many other composite-based materials in many different
industrial areas and at different scales. It reveals that very hard and strong parts can be
attainable with this combined manufacturing method, but the fact that it can be performed
at a lower cost than other processes suggested in the literature can be considered as one
of the most important property of this method.
This material developed in this study based on the results of quasi-static compression,
impact and wear tests can be recommended for use in areas where wear and high impact
forces are expected.
2. Experimental Conditions
Within the scope of this study, an alternative hybrid metal matrix composite (aluminium
based) with optimum economy was manufactured using fresh scrap recycled chips of two
aluminum series Alumix-431 (50% wt) and AA1050 (50% wt) supplied by a French
aerospace company. The two aluminum series (after atomization) were mixed by
planetary ball mill for 1 hour by high energy milling and doped with copper  - Alumina
(Al 2O 3). The final composition was homogenized for 4 hours by ball milling. Pure nanoaluminum (<3-5 wt %) powder was added to the mixture to obtain a homogeneous mixture
with good wettability of the reinforcements with the matrix. The final composition is given
in Table 1 and the chemical composition of Alumix-431 supplied by the aerospace
company in Table 2 (Analyzes were carried out by the relevant aerospace company).
Table 1. Compositions of the designed composite (wt. %)
Specimen Name
MENG

Alumix-431+AA1050 (Matrix,1:1)
Balance

Cu
25

 - Al 2O 3
15

Zn-St
2

Table 2. Scrap Alumix-431 (wt. %) chemical composition
Element
wt. %

Al
91.45

Cu
0.55

Mg
2.5

Zn
5.5

Microstructural analysis was carried out with SEM (JEOL USA, Inc., Peabody, MA, USA). The
dispersion of reinforcement particles in the matrix and the interface in the matrix /
reinforcements were also analysed. Microhardness tests (HV 0.1) were conducted on
polished and etched specimens. The measured microhardness values are given in Table 3
with an accuracy of ± 15-20% for the two manufacturing operation techniques, alternately.
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Table 3. Measurements of the microhardness values of the composites

MENG (Sintering)

Micro Hardness Values, HV 0,1 (at
interface only)
245± 20

MENG (Sinter+Forging)

290± 15

Composition Name

The density measurements of composite specimens using Archimedes method were
performed. These density values changeable between 2.95 and 3.45 g/cm 3 with ± 5%
accuracy, respectively. Quasi-static compression tests (DIN 50106) were conducted using
Zwick (Z250) mechanical test system at 1 mm/min strain rate. An average of 3-4
cylindrical specimens (Height/Diameter ≥ 1.5) were used for the test specimens produced
by each manufacturing method. 3PB tests (ASTM D790) were also performed using the
same mechanical test system. Low velocity impact (drop weight) tests were carried out
with a drop tower (developed in SUPMECA/Paris Quartz Laboratories) to analyse the
response of these composites designed with metal matrix to dynamic loading (Total weight
2.2 kg; Punch height 150 mm; Impact velocity ̴ 2.8 m/s).
Subsequently sintering and/or sinter + forging manufacturing processes, whole cylindrical
specimens were tested for machinability at high cutting speed with low cutting force [6, 9,
16]. The purpose of this process is to remove damages on the surface of cylindrical
specimens in cases such as work hardening or damage to the cutting tool.
Wear tests were performed by applying a normal load of 50 mN on a linear wear track of
500 µm and 1000 µm for 50 cycles and using the scratch ability of a nanoindenter. A cycle
used during the tests was defined as the departure and the return on the same path. The
wear tests were repeated a total of 10 times for each specimen, using a conical tip with a
cone angle of 90 ° and at a speed of 50 µm/s (tip speed).
Creep tests were also conducted with a nano-indenter to analyze the time-dependent
responses of the metal matrix composites prepared within the scope of the study. These
tests with a Berkovich indenter used and 25 indents were created on a 5x5 grid in each
test specimen. These formed indents were placed along the edges of the grid at intervals
of 50 µm and 75 µm, and the load applied during the test was increased to a maximum load
of 50 mN at a speed of 5 mN/s, keeping this load value for 500 s, and then unloaded.
Immediately after this test process, the modulus and nano hardness values were calculated
during the unloading phase of the creep test.
3. Results and Discussion
3.1. Comprehensive Microstructural Analysis
The result of Differential (Dynamic) Scanning Calorimetry (DSC) for Alumix-431, which is
used as a component of the matrix to identify critical conversion points in the heating and
cooling phase (in order to observe the relevant phases clearly, the heating and cooling
rates were as low as possible, ̴ 2°C/min, under inert N2 atmosphere) within the scope of
the study, is given in Figure 1. Furthermore, a general microstructural view for the sintered
specimen is presented, however.
A relatively homogeneous dispersion of reinforcement elements in the matrix was
observed, it was determined that a very tough structural relationship was formed between
these interfaces due to a good chemical bond diffusion at the interfaces of the matrixreinforcement elements.
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(a)

(b)
Fig.1 (a) DSC diagram measured for Alumix-431 and (b) SEM general microstructure
for the sintered specimen
Figure 2 shows a microstructure taken from a sinter + forging specimen with “EDS”
chemical analysis obtained on the “SEM” with BSE (Back Scattered) option. The
reinforcement effect on the microstructure seems well and some of the areas show eutectic
reaction due to chemical diffusion bonding. This is basically due to the easy diffusion of
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copper in the matrix. It seems that the reinforcements added to the composite were
effectively improving its toughening mechanism. It is advantageous to add copper and  alumina for these types of composites, mainly because it provides a good combination of
ductility and strength, which is useful properties for industrial applications during the
manufacture of complex components. Therefore, the combined process (Sinter + Forging)
always gives hybrid composites a very stable and robust microstructure.

Fig. 2 Microstructure taken from a sinter + forging specimen with “EDS” chemical
analysis obtained on the SEM with Back Scattered option
The distribution of the reinforcement elements in micro-sized very fine particles can be
observed by "Mapping" analysis. As mentioned earlier on mapping analysis, it gives a
safety observation of the homogeneity of the hybrid composite structure. The dispersion
of reinforcement particles in the microstructure of the hybrid metal matrix composite for
"MENG" produced with Sinter + Forging is given in Figure 3. Although the recycled chips
used in the hybrid composite were atomized before the composite was prepared as a
whole, the size of the chips varied between 10 and 200 μm. For this reason, the combined
process called "sinter + forging" improves the dispersion of reinforcement particles within
the final structure and increases the formation of a homogeneity and inner structure.
That is the reason we suggest this process especially for the recycled constituents as a low
cost, alternative and more advantageous manufacturing process to design the composite
[16-18].

Fig. 3 Mapping elementary analyses of the hybrid metal matrix composite specimen
(MENG, Sinter + Forging)

319

Enginsoy / Research on Engineering Structures & Materials 6(4) (2020) 315-326

3.2. Quasi-Static Compression Test Results
In this research, quasi-static compression (DIN 50106) tests were performed under
laboratory scales to evaluate the mechanical behaviour of these new hybrid metal matrix
composites manufactured by sintering and sinter + forging manufacturing methods.
Quasi static compression test results of composite specimens obtained by sintering and
sinter + forging manufacturing methods are shown in Figure 4. All quasi -static
compression test results acquired for the combined method sinter + forging, were
compared with the same type of test results obtained by the sintering process. These
values obtained from the tests are demonstrated by taking the average values obtained
from a minimum of 3 to 4 tests for each composite specimen. The standard deviation value
in these experiments was determined to be at a variable value around ± 30-45 MPa. When
the values given in Figure 4 are examined, it is observed that the sinter + forging process
provides higher resistance compared to a simple sintering process.
180
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Fig. 4 Quasi-static compression test results for the sintered specimens and sinter +
forging specimens
3.3. Three Point Bending (3PB) Test Results
As mentioned in the previous section of the study, these hybrid metal matrix composite
parts were designed for connection / connector implementations in aeros pace
engineering, and for this reason, they were mainly studied in terms of bending forces under
3PB loading conditions. Figure 5 shows the 3PB (ASTM D 790) test results obtained for the
sintered and sinter + forging specimens. All the other 3PB test results that were not
presented here have indicated similar results with a variation of ±20 – 30 MPa. All the tests
have been realized under laboratory conditions and they are mean values obtained from
the repeat of 3-4 tests for each composition. According to the data in Figure 5, the yield
strength values of the test specimens were determined as 55.8205 MPa for the MENG
(Sintering) specimen and 89.9069 MPa for the MENG (Sinter + Forging) specimen. Again,
the sinter + forging composite showed high toughness behaviour.
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Fig. 5 “3PB” test results for the sintered specimens and sinter + forging specimens
3.4. Wear and Creep Test Results
For these tests, the creep compliance and the stress exponent were calculated by using
data collection defined in Eq.1 [18]:

𝜀(𝑡) = 𝜎0 𝐽(𝑡)

(1)

Where 𝜎0 is the constant stress applied and J (t) is calculated using Eq.2

𝐽(𝑡) = 𝐴(𝑡)/(1 − 𝜈)𝑃0 𝑡𝑎𝑛 𝜃

(2)

Where; A(t) contact area; P0 constant applied load; is expressed in Equation 2 where the
effective cone angle is 70.3 ° for a Berkovich indentation and the Poisson ratio (ν) is 0.3.
Thanks to this approach, it takes into account the change in the contact area under the
Berkovich tip caused by displacement towards the surface.
The strain versus time behavior during creep is characterized by a high strain rate in the
primary phase of creep. The secondary stage has a constant creep state given the strain
rate given in Equation 3.

𝜀̇ = 𝐾𝜎 𝑛

(3)

Where, K is constant and n is the stress exponent. The strain rate is calculated using
software and n is obtained from a log-log plot of strain rate versus stress in the secondary
phase of creep.
Although the materials investigated within the scope of the study were tried to be created
in a homogeneous structure as much as possible, the microstructure was heterogeneous.
It was observed that the nano-indentation test was performed on a small area / volume,
causing a large scattering in the test result data. In order to come through this situation,
the specimen number was taken as much as possible. Figure 6 shows the displacement
time plots for indents 3 and 12 on the sinter + forging specimen. A picture of the indents
was also presented in Fig 6. These curves are typical for the other indents on both sinter
and sinter + forging specimens in which no significant creep was observed, and hence the
creep exponents were not calculated.
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(a)

(b)
Fig. 6 (a) Typical displacement into surface vs time curves during creep tests and (b)
Micrograph of the indents
The modulus and hardness of the composites as measured during the unloading phase of
the creep tests and their standard deviations are presented in Table 4.
Table 4. Modulus and hardness from unload data
Composition Name
MENG (Sintering)
MENG (Sinter+Forging)

Modulus (GPa)
77.15 ± 14.69
91.78 ± 11.79

Hardness (GPa)
1.81±0.63
1.81±0.86

Figure 7 depicts the maximum wear track deformation measured as the area between the
initial profile and the final (residual) profile of the wear track (using Berkovich TB10157).
These are the means of the 10 wear tests for each type of manufacturing. The sinter +
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forging specimens resulted to be more resistant to wear. Also shown in this figure are 5 of
the wear tracks for a 500 µm long wear path for the sinter + forging specimens.
Maximum Wear Track Deformation (μm²)

1200

MENG (Sintering)

MENG (Sinter+Forging)

1000

800

600

400

200

0

500 micrometer wear track

1000 micrometer wear track

(a)

(b)
Fig. 7 (a) Maximum wear track deformation values obtained for the sintered and sinter
+ forging specimens and (b) Micrograph of 5 of the residual wear tracks for 500 µm
wear tracks for the sinter + forging specimen

3.5. Low Velocity Impact Test Results
The results of the low velocity impact test for specimens manufactured by sintered and
sinter + forging combined methods are shown in Figure 8. During the test, the reactive
maximum forces on the hybrid metal matrix composite specimens were analyzed using the
values obtained from both support data points. In this context, as circumstantiate in the
section 2, a series of impact tests were performed by using a low velocity impact test
(dynamic compression or instrumented drop weight test) device and applying instant
force from the center (under room temperature) to the prepared cylindrical composite
specimens through the impactor tip. The tests were repeated on three or four different
specimens to determine the average values of the results obtained from the tests
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performed to determine the low velocity impact behavior of the hybrid metal matrix
composite composition.
First of all, the results obtained from the tests, the integrated effect of the sinter + forging
process on the impact resistance of hybrid metal matrix composite specimens were
evaluated (Fig. 8). These graphs given in Figure 8 express the higher impact force damping
and / or absorption capacity of sinter+forging specimens than specimens manufactured by
simple sintering process. This indicates that the impact resistance of the composite
specimen is directly related to how much of the energy produced during the test can be
absorbed. All specimens tested with the low velocity impact test under laboratory
conditions show that most of the impact force is used to balance with the inertial force.
Also, only an undersize fraction of the impact force is used to damage through deformation
and / or cause the specimen to break. The energy absorbed by the composite specimen
must be correlated with the production process used during the manufacturing of the
specimens. In this respect, when the specimens were examined, the energy absorbed
increases significantly in the specimens manufactured by the sinter + forging method.
Since these results obtained from the tests are reached at laboratory scales, they need to
be developed and improved with detailed analyzes for industrial applications [8, 16, 18].
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Fig. 8 Force (N)-Time (s) for the sintered specimens and for the sinter + forging
specimens: Low velocity impact test results
4. Conclusions
A new hybrid metal matrix composite material (aluminum based) has been improved
using fresh scrap aluminum with recycled Alumix-431 (50% wt) and AA1050 (50% wt)
chips for aerospace / automotive connection components. These new hybrid composites
have been successfully manufactured by both sintering and combined sinter + forging
methods as low-cost manufacturing and necessary mechanical tests have been carried out.
The addition of copper reinforcement together with -alumina can give a good combination
of high ductility and high strength [5, 9, 13-18]. The sinter+forging process is a
manufacturing process that is defined as a process of forming close to high accuracy for
the manufacturing of parts processed from fresh scrap materials in the literature [6-14].
In the microstructural analysis, it was determined that the hybrid composite specimens
manufactured by the sinter + forging combined process had a better chemical bonding
diffusion at the matrix-reinforcement interface. In the microstructure of these composites,
they showed a tough and complete microstructure feature that does not contain porosity.
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The doping process and good powder mixture preparation conditions must definitely be
improved in order to further improve the microstructure and further increase the wear
resistance and ductility values. That is, a longer time of ball milling is required to contribute
to a finer and more homogeneous dispersion of particles in the matrix.
In this current research, novel composite reinforced with -alumina and copper was
designed for possible use in linkage/connector parts in such an aeronautical application
[7, 11, 16]. This combined manufacturing process (Sinter + Forging) is considered to be a
very safe approach for future studies of manufacturing alternative parts used in
mechanical / electronic-like fastening components used in the aeronautical / automotive
industry, as well as in other tribological applications. Optimization of operational
parameters of production methods requires much more experimental research to make
industrial scale real parts.
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Mathematical models of the drug release have been used in the drug delivery
(DD) field for more than 50 years by the scientists in the drug development
process. These models not only help scientists to learn the dynamics of the drugs
release, but also help them to save money and time by helping to design more
effective experiments. There is no model in the literature that covers all drug
release scenarios. Also, some system-specific models have complex
mathematical equations and these models are not suitable for general use. Zero
Order Model, First Order Model, Higuchi Model, Peppas Model and Hixon Crowell
Model are used in 85% of drug release studies in total. The popularity of these
models comes from their simplicity, easy mathematical expressions and
implementation. In this review, mathematical derivations of these five models
are shown in detail. The points to be considered during the derivation and the
problems that may be encountered are carefully explained along with their
solutions. In addition, the application of the models to drug release data and the
points to be considered were obtained by writing from the scratch without using
any ready software while obtaining the fit function. In this way, many problems
are better understood, and their solutions are explained. Finally, the obtained fit
functions are interpreted.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
In the field of DD, deriving a mathematical model has been a challenging subject for
scientists who want to predict drug release. A strong mathematical model can reduce the
number of required experiments thanks to its prediction ability. And, these estimates
prevent waste of time and money by helping to prepare more efficient experiments.
Up to date, there have been many attempts to describe drug release mathematically [1-4].
However, these models either failed to cover the entire DD area, or designed for very rare
special systems and were not suitable for general use. Therefore, they cannot give accurate
results, and some of them are too complex to apply to release data. In 1961, legendary
professor Takeru Higuchi published his famous work on mathematical modelling of drug
delivery [5]. And his equation becomes famous because it was theoretically stable, easy to
apply, and has wide range of use which makes him called as a “father” of mathematical
modelling of drug delivery. His surprisingly simple description of drug release from an
ointment base was the beginning of the quantitative treatment of drug release. After
Higuchi, there has been modifications of his model for describing porous systems and
different geometries [1].
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A mathematical framework has been developed for studying to drug release from
hydroxypropyl methyl cellulose (HPMC) tablets [6, 7]. A comprehensive model has been
developed to describe dissolution and swelling behaviors from cylindrical HPMC tablets
[8-10]. And an extension of this study has been developed for different coordinates [1113]. This model was the most advanced one for the polymers undergoing erosion and
swelling. For dissolving polymer system, first model has been developed in 1988 [14] and
modified for macromolecular movements [15]. To overcome the blood-brain barrier, a
finite element model was developed for central nervous system in 1997 [16]. Then,
doxorubicin supported models developed for breast cancer [17]. Most of these models are
based on the Fick’s diffusion equation [18] and solutions for different variations [19].
Unfortunately, none of these models yield perfect solution. In drug delivery studies, there
is no model covers all the problems. When developing a model, the following issues should
be carefully considered.
•

Only dominant features should be added to the model. Otherwise the
equation would be too complex.

•

Theory should be supported by the experiments.

•

There is no mathematical theory that can be applied to all DD systems.

•

Theory should be abandoned when it fails, even if it is compatible with the
experiment.

The purpose of this article is to provide information about popular mathematical models.
Since it is rarely encountered in the field of DD, the mathematics in deriving models is
clearly explained and possible problems are shown with their solutions. Finally, it is shown
that fitting procedure of the models into a release data. In the meantime, a program was
written from scratch and the places that need attention are highlighted without using
existing software. According to the work of Caccavo, some models are dominating the DD
field [20]. They are, Zero Order model 18.9%, First Order model 15.6%, Higuchi model
19.4%, Peppas model 30% and Hixon-Crowell model 7.8% of usage frequency. It is also
focused on these models in this work.
2. Derivation of the Models
For models that require long calculation, intermediate steps have been neglected. This
neglect could mislead scientists because there may be some important points that guide
calculations. Also jumping directly to the model result, makes harder to understand the
theoretical concept of the model derivations.
The drug begins to dissolve in a special solvent such as water, blood, or gastric liquid.
However, the dissolved molecules are not immediately dispersed into all the solvent called
“bulk liquid”. An imaginary layer occurs on the surface of the drug called “stagnant liquid”.
In sink conditions, concentration of the drug molecules is always considered zero for the
simplification of the diffusion calculations. Because simplification assumes constant
diffusion and gradient. The drug molecules will diffuse from higher concentration to the
lesser concentration through stagnant liquid by the lead of Fick’s law of diffusion [18].

𝐽 = −𝐷𝑓
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Where 𝐽 is the amount of substance passing perpendicularly through a unit surface area
per time known as “flux”. 𝐷𝑓 is the diffusion coefficient and 𝑑𝑐 ⁄𝑑𝑥 is the concentration
gradient. The reason for the negative sign is, the gradient operator has the negative slope
while concentration decreases with position. But the flux is a direction independent
absolute quantity. Which means, there is flux or there is no flux. So, there shouldn’t be a
negative flux, that’s why negative sign is added in the equation.
2.1. Zero Order Model
Zero Order model based on the reaction kinetics of the chemistry. According to these
kinetics, speed of the reaction can be described as,
(2)

𝑅 = 𝐾0 [𝐴]0

Where 𝑅 is the reaction speed, [𝐴]0 represents the concentration of 𝐴 which entering the
raction with zero degree, and 𝐾0 is the zero order rate constant. Also, reaction speed can
be written as,

𝑅=−

𝛥[𝐴]
𝛥𝑡

(3)

Where 𝑡 is time. If reaction speed can be represented with two different equations, one can
substitute equations (2) and (3).
𝑑[𝐴]
= −𝐾0
𝑑𝑡
Or according to experimental conditions, one can write 𝐶 in stead of [𝐴] to represent the
concentration.
𝑑𝐶
= −𝐾0
𝑑𝑡
Then, applying simple mathematics,
𝐶𝑡

𝑑𝐶 = −𝐾0 𝑑𝑡

∫ 𝑑𝐶 = −𝐾0 ∫ 𝑑𝑡

→

𝐶0

(𝐶)|

𝐶𝑡
= −𝐾0 𝑡
𝐶0

𝐶𝑡 = 𝐶0 − 𝐾0 𝑡

→

𝐶𝑡 − 𝐶0 = −𝐾0 𝑡

(4)
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Here in eqn. (4) we have a linear representation of drug release as a Zero Order model.
Advantages and disadvantages of this linearity will be discussed in experimental analysis
part.
2.2. First Order Model
For the derivation of the First Order model, mathematical theory is same as the Zero Order
model. Eqn. (3) remains same but eqn. (2) becomes first degree of concentration of
substance 𝐴 which enters the reaction.
(5)

𝑅 = 𝐾1 [𝐴]1
Same as Zero Order model, one can substitute eqns. (3) and (5).
𝑑𝐶
= −𝐾1 𝐶
𝑑𝑡

→

𝑑𝐶
= −𝐾1 𝑑𝑡
𝐶

𝐶

1
∫ 𝑑𝐶 = −𝐾1 ∫ 𝑑𝑡
𝐶

→

ln (𝐶)|

𝐶0

𝐶
= −𝐾1 𝑡
𝐶0

𝑙𝑛(𝐶) − 𝑙𝑛(𝐶0 ) = −𝐾1 𝑡

𝐶
𝑙𝑛 ( ) = −𝐾1 𝑡
𝐶0

(6)

Here one should remember the rule which is 𝑙𝑜𝑔(𝑥) = 𝑙𝑛(𝑥)⁄𝑙𝑛(10). So,
(7)

𝑙𝑛(10) 𝑙𝑜𝑔(𝑥) = ln(𝑥)
By, substituting eqns. (6) and (7) one can get,
𝐶
𝑙𝑛(10) 𝑙𝑜𝑔 ( ) = −𝐾1 𝑡
𝐶0

→

𝐶
−𝐾1 𝑡
𝑙𝑜𝑔 ( ) =
𝐶0
2.303

→

𝑙𝑜𝑔(𝐶) = 𝑙𝑜𝑔(𝐶0 ) −

−𝐾1 𝑡
2.303
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𝑙𝑛(10) = 2.303

𝑙𝑜𝑔(𝐶) − 𝑙𝑜𝑔(𝐶0 ) =

−𝐾1 𝑡
2.303

(8)
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Eqn. (8) can be considered the final representation of First Order model. This model also
shows similarities with Zero Order model by linearity but thanks to logarithmic
representation of the equation, there should be some important point to focus on while
fitting procedure, which will be discussed in experimental analysis chapter.
2.3. Higuchi Model
Fifty years ago professor Takeru Higuchi created his famous equation that allows
prediction of drug release from thin ointment films [5]. Before his derivation, he made
some assumptions to overcome same problems. These assumptions are should be taken
into account otherwise it might cause to misuse of the model.
•

Transfer of the drug inside the ointment is slow, but inside the skin is fast.
In these conditions one could observe stable diffusion.

•

Skin acts like a perfect sink, which means the concentration of the drug is
ignored. So, it is assumed the concentration in the skin is never increase.

•

Concentration in the film is much more than the solubility of the drug at
the ointment base.

•

Drug separated to the ointment base uniformly and size of the drug
particles much less than the ointment layer thickness.

•

Speed of the drug solubility in the ointment base faster than the diffusion
speed of the dissolved drug particles there. This assumption is important
because diffused particle is immediately replaced by the new one.

•

Diffusion coefficient in the ointment base is stable and not dependent
neither time nor position of the layer.

•

Edge effects are ignored. Skin surface area is much bigger than the
thickness of the ointment film, so one can say the diffusion occurs in one
dimension.

•

Ointment base neither dissolves nor swells.

In the frame of these assumptions Higuchi made his derivations from graphic below
(Figure 1).
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h
Cin
i

ointment

dh
Perfect
sink

A

Cs

Direction of drug release
Fig. 1 Drug diffusion from ointment, where Cini is the initial drug concentration, Cs is
the drug solubility, horizontal axis is the diffusion direction of the molecules and the
vertical axis is the drug concentration.
Here we can think that the perfect sink is the human skin and the grey area is soluted drugs
membrane. If it is donated 𝑄 is the amount of absorbed at time 𝑡 per unit area of exposure,
and 𝐴 is the concentration of drug expressed in units/cm 3, surface area of the grey
trapezoid in Figure 1 (right hand side of the eqn. (9)) corresponds to 𝑄.

𝑄 = ℎ (𝐴 −

𝐶𝑠
)
2

(9)

Here, ℎ is an unknown parameter which should be fund. Rearranging Eqn. (9)

𝑄 = ℎ (𝐴 −

𝐶𝑠
)
2

→

𝑄 = 𝐴ℎ −

𝐶𝑠
ℎ
2

1
𝑑𝑄 = 𝐴𝑑ℎ − 𝐶𝑠 𝑑ℎ
2

(10)

Also professor Higuchi foresaw that Fick’s law [18] can be written as,
𝑑𝑄
= 𝐷𝐶𝑠 ⁄ℎ
𝑑𝑡

→

𝑑𝑄 = 𝐷

𝐶𝑠
𝑑𝑡
ℎ

Where 𝐷 is the diffusion constant. Substituting eqns. (10) and (11) we can get,
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1
𝐶𝑠
𝐴𝑑ℎ − 𝐶𝑠 𝑑ℎ = 𝐷 𝑑𝑡
2
ℎ
Dividing both sides by 𝑑𝑡 we get,

𝐴

𝑑ℎ 1 𝑑ℎ 𝐷𝐶𝑠 𝑑𝑡
− 𝐶
=
𝑑𝑡 2 𝑠 𝑑𝑡
ℎ 𝑑𝑡

𝑑ℎ
1
𝐷𝐶𝑠
(𝐴 − 𝐶𝑠 ) =
𝑑𝑡
2
ℎ

→

→

𝐴

𝑑ℎ 1 𝑑ℎ 𝐷𝐶𝑠
− 𝐶
=
𝑑𝑡 2 𝑠 𝑑𝑡
ℎ

𝑑ℎ
1
(𝐴 − 𝐶𝑠 ) ℎ = 𝐷𝐶𝑠
𝑑𝑡
2
1

1
𝑑ℎ (𝐴 − 𝐶𝑠 ) ℎ = 𝐷𝐶𝑠 𝑑𝑡
2

(𝐴 − 𝐶𝑠 )
2

→

𝐷𝐶𝑠

ℎ𝑑ℎ = 𝑑𝑡

Both multiplying and dividing by 2 will simplify the calculations,
1

2 (𝐴 − 2 𝐶𝑠 )
ℎ𝑑ℎ = 𝑑𝑡
2 𝐷𝐶𝑠
(2𝐴 − 𝐶𝑠 )
∫ ℎ𝑑ℎ = ∫ 𝑑𝑡
2𝐷𝐶𝑠
(2𝐴 − 𝐶𝑠 ) 2
ℎ =𝑡
4𝐷𝐶𝑠

ℎ = 2√

(2𝐴 − 𝐶𝑠 )
ℎ𝑑ℎ = 𝑑𝑡
2𝐷𝐶𝑠

→

→

(2𝐴 − 𝐶𝑠 ) ℎ2
( )=𝑡
2𝐷𝐶𝑠
2

→

ℎ2 =

4𝐷𝐶𝑠 𝑡
2𝐴 − 𝐶𝑠

𝐷𝐶𝑠 𝑡
2𝐴 − 𝐶𝑠

(12)

Now, ℎ can be represented by eqn (12). Substituting into Eqn. (9),

𝑄 = 𝐴ℎ −

𝑄=√

𝐶𝑠
ℎ
2

→

𝑄 = 2𝐴√

𝐷𝐶𝑠 𝑡
(2𝐴 − 𝐶𝑠 )
2𝐴 − 𝐶𝑠

→

𝐷𝐶𝑠 𝑡
𝐶𝑠
𝐷𝐶𝑠 𝑡
− 2√
2𝐴 − 𝐶𝑠 2
2𝐴 − 𝐶𝑠
𝐷𝐶𝑠 𝑡(2𝐴 − 𝐶𝑠 )2
𝑄=√
(2𝐴 − 𝐶𝑠 )

𝑄 = √𝐷𝐶𝑠 𝑡(2𝐴 − 𝐶𝑠 )
According to Higuchi, if 𝐶𝑠 ≪ 𝐴, then (2𝐴 − 𝐶𝑠 ) ≈ 2𝐴. So 𝑄 becomes
333
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𝑄 = √2𝐴𝐷𝐶𝑠 𝑡
Here 𝐴, 𝐷 and 𝐶𝑠 are constant. If they merge into one sinle constant like 𝑘 final equation
becomes popular Higuchi model form as,
(13)

𝑄 = 𝑘 √𝑡

As it seen from the Eqn. (13) Higuchi model is very simple equation. Zero Order and First
Order models were linear representations of the drug release but, Higuchi model defines
the release with square root of time which makes sense and strong relationship with the
experiments.
2.4. Peppas Model
Peppas model also based on diffusion mechanics[19-21]. For the starting point, one may
think the diffusion occurs in one dimension which is not real but simplifies the calculations.
Figure 2

C0

C1

C0

Sheet

-L

0

+L

x

Fig. 2 Diffusion from a plane sheet. C, L and x represents concentration, length and
direction respectively.
Defining boundary conditions as,

𝑡=0

334

,

−𝐿<𝑥 <𝐿

,

𝐶 = 𝐶𝑖𝑛

(14)
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𝑡>0

,

𝑥∓𝐿

,

𝑡≥0

,

𝑑𝐶
=0
𝑑𝑥

𝐶 = 𝐶0

,

𝑥=0

(15)

(16)

Where 𝐶𝑖𝑛 represents the initial concentration and,
(17)

𝐶0 = 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐶𝑒𝑥𝑡

Where 𝐶0 is the concentration at ∓𝐿, 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the surface contentration of the plane sheet
and 𝐶𝑒𝑥𝑡 is the external concentration. After defining boundary conditions, one may focus
on the Fick’s second diffusion equation [18].
𝑑𝐶
𝑑2𝐶
=𝐷 2
𝑑𝑡
𝑑𝑥

(18)

Where 𝐷 is the diffusion constant. In the Eqn. (18) concentration is both function of time
and position. This differential equation is called partial differential equation and could be
solved by separation of variables technique as,
(19)

𝐶(𝑥, 𝑡) = 𝐶𝑥 𝐶𝑡
If it is substituted Eqn. (19) into Eqn. (18),
𝑑𝐶𝑡
𝑑 2 𝐶𝑥
𝐶𝑥 = 𝐷𝐶𝑡
𝑑𝑡
𝑑𝑥 2
Rearranged as,
1 𝑑𝐶𝑡
𝐶
⏟𝑡 𝑑𝑡
𝑜𝑛𝑙𝑦 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑡

=

𝐷 𝑑 2 𝐶𝑥
𝐶
⏟𝑥 𝑑𝑥 2

(20)

𝑜𝑛𝑙𝑦 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑥

Here in Eqn. (20) two different differential equations depending different variables equal
each other. So, both equations should be equal same constant. That constant could be
chosen anything. In this part it is chosen −𝜆2 𝐷 for the convenience of the further
calculations. By focusing left hand side of the Eqn. (20)
1 𝑑𝐶𝑡
= −𝜆2 𝐷
𝐶𝑡 𝑑𝑡

(21)

We get the first ordinary differential equation. And the right hand side of the Eqn. (20)
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𝐷 𝑑 2 𝐶𝑥
= −𝜆2 𝐷
𝐶𝑥 𝑑𝑥 2

(22)

Becomes the second ordinary differential equation. Solutions of the Eqns. (21) and (22)
are known well by the calculus. These solutions are,
𝐶𝑡 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 × 𝐸𝑥𝑝(−𝜆2 𝐷𝑡)

(23)

𝐶𝑥 = 𝐴 × Sin (λx) + B × Cos(λx)

(24)

Respectively. So the Eqn. (19) should be the multiplication of Eqns. (23) and (24).
𝐶(𝑥, 𝑡) = 𝐶𝑥 𝐶𝑡 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 × (𝐴𝑆𝑖𝑛(𝜆𝑥) + 𝐵𝐶𝑜𝑠(𝜆𝑥))𝐸𝑥𝑝(−𝜆2 𝐷𝑡)

(25)

For all states, general solution of Eqn. (25),
∞

(26)

𝐶 = ∑(𝐴𝑛 𝑆𝑖𝑛(𝜆𝑛 𝑥) + 𝐵𝑛 𝐶𝑜𝑠(𝜆𝑛 𝑥))𝐸𝑥𝑝(−𝜆2𝑛 𝐷𝑡)
𝑛=0

Eqn. (26) will be the general solution but there are three unknown parameters like 𝐴𝑛 , 𝐵𝑛
and 𝜆𝑛 . To find these parameters one should apply the boundary conditions. But first Eqn.
(17) should be understood well. From the Figure 2 if 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝐶𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 are equal, 𝐶0 =
𝐶𝑠𝑢𝑟𝑓. − 𝐶𝑒𝑥𝑡. becomes zero. That is why there is no obstacle to write concentration like 𝐶 −
𝐶0 and 𝐶0 is constant.
∞

𝐶 − 𝐶0 = ∑(𝐴𝑛 𝑆𝑖𝑛(𝜆𝑛 𝑥) + 𝐵𝑛 𝐶𝑜𝑠(𝜆𝑛 𝑥))𝐸𝑥𝑝(−𝜆2𝑛 𝐷𝑡)

(27)

𝑛=0

Now, let’s focus on the boundary conditions. According to Eqn. (16) while ≥ 0 , 𝑑𝐶 ⁄𝑑𝑥 = 0
, at 𝑥 = 0 mid plane. Taking derivative of Eqn. (27) according to 𝑥, at 𝑥 = 0 one get,
∞

𝑑𝐶
=0=∑
𝑑𝑥

𝜆
⏟𝑛

2
[𝐴
⏟𝑛 𝐶𝑜𝑠(𝜆𝑛 0) + 𝐵𝑛 𝑆𝑖𝑛(𝜆𝑛 0)] 𝐸𝑥𝑝[−𝜆
⏟
𝑛 𝐷𝑡]

𝑛=0 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝐴
+𝐵
=0
⏟
⏟
⏟𝑛 𝐶𝑜𝑠(0)
⏟𝑛 𝑆𝑖𝑛(0)
=0

=1

≠0

=0

→

𝐴𝑛 = 0

(28)

≠0 , 𝑡≥0

,

𝐵𝑛 ≠ 0

=0

∞

𝐶 − 𝐶0 = ∑[𝐵𝑛 𝐶𝑜𝑠(𝜆𝑛 𝑥)]𝐸𝑥𝑝[−𝜆2𝑛 𝐷𝑡]
𝑛=0
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The parameter 𝐴𝑛 has been known and 𝐵𝑛 is not equal zero. To keep searching the
parameters lets apply another boundary condition form Eqn. (15) as, > 0 , 𝑥 = ∓𝐿, 𝐶 =
𝐶0 → 𝐶 − 𝐶0 = 0.
∞

𝑎𝑡 𝑥 = 𝐿

→

2
𝐶 − 𝐶0 = 0 = ∑ [𝐵
⏟𝑛 𝐶𝑜𝑠(𝜆𝑛 𝐿)] 𝐸𝑥𝑝[−𝜆
⏟
𝑛 𝐷𝑡]
𝑛=0

𝐵
⏟𝑛 𝐶𝑜𝑠(𝜆
⏟
𝑛 𝐿) = 0
≠0

𝜆𝑛 =

→

𝐶𝑜𝑠(𝜆𝑛 𝐿) = 0

=0

→

≠0 , 𝑡>0

𝜆𝑛 𝐿 = (2𝑛 + 1)

=0

𝜋
2

(2𝑛 + 1)𝜋
2𝐿

(30)

By substituting Eqn. (30) into Eqn. (29) we get,
∞

(2𝑛 + 1)𝜋𝑥
(2𝑛 + 1)2 𝜋 2
𝐶 − 𝐶0 = ∑ [𝐵𝑛 𝐶𝑜𝑠 (
)] 𝐸𝑥𝑝 [−
𝑡𝐷]
2𝐿
4𝐿2

(31)

𝑛=0

With Eqn. (31) there is only one parameter remains unknown which is 𝐵𝑛 . To find that
parameter the first boundary condition could be applied in Eqn. (14). After applying the
first boundary condition, exponential part of the Eqn. (31) equals 1. Considering the
concentration as, 𝐶 = 𝐶1 we get,
∞

(2𝑛 + 1)𝜋𝑥
𝐶1 − 𝐶0 = ∑ 𝐵𝑛 𝐶𝑜𝑠 (
)
2𝐿

(32)

𝑛=0

To solve the Eqn. (32) superposition theorem should be applied. Both sides of the equation
should be multiplied by 𝐶𝑜𝑠((2𝑃 + 1)𝜋𝑥/2𝐿) and, should be integrated from −𝐿 to 𝐿. 𝑃 is
an arbitrary parameter which will be eliminated in further steps of the calculations.
𝐿

(2𝑃 + 1)𝜋𝑥
(𝐶1 − 𝐶0 ) ∫ 𝐶𝑜𝑠 (
) 𝑑𝑥
2𝐿
−𝐿

∞

𝐿

(2𝑃 + 1)𝜋𝑥
(2𝑛 + 1)𝜋𝑥
= ∑ 𝐵𝑛 ∫ 𝐶𝑜𝑠 (
) 𝐶𝑜𝑠 (
) 𝑑𝑥
2𝐿
2𝐿
𝑛=0

−𝐿

According to superposition theorem,
𝐿

(2𝑃 + 1)𝜋𝑥
(2𝑛 + 1)𝜋𝑥
0
∫ 𝐶𝑜𝑠 (
) 𝐶𝑜𝑠 (
) 𝑑𝑥 = {
𝐿
2𝐿
2𝐿

,
,

𝑃≠𝑛
𝑃=𝑛

−𝐿

Equality of zero will not be physical because it is known that there is a concentration of
substance. So, it is chosen 𝑃 = 𝑛.
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𝐿

∞

(2𝑛 + 1)𝜋𝑥
(𝐶1 − 𝐶0 ) ∫ 𝐶𝑜𝑠 (
) 𝑑𝑥 = ∑ 𝐵𝑛 𝐿
2𝐿

(33)

𝑛=0

−𝐿

To solve the Eqn. (33), change of variables technique is applied as,

𝑈=

(2𝑛 + 1)𝜋𝑥
2𝐿

𝑥 = −𝐿

→

,

𝑑𝑈 =

𝑈=−

(2𝑛 + 1)𝜋𝑥
𝑑𝑥
2𝐿

(2𝑛 + 1)𝜋
2

,

,

𝑑𝑥 =

𝑥=𝐿

→

2𝐿
𝑑𝑈
(2𝑛 + 1)𝜋

𝑈=

(2𝑛 + 2)𝜋
2

Then the Eqn. (33) becomes,
(2𝑛+1)𝜋
2

(𝐶1 − 𝐶0 ) ×

∫
(2𝑛+1)𝜋
−
2

∞

2𝐿
𝐶𝑜𝑠(𝑈) ×
𝑑𝑈 = ∑ 𝐵𝑛 𝐿
(2𝑛 + 1)𝜋
𝑛=0

Rearranging,

(𝐶1 − 𝐶0 ) ×

2𝐿
(2𝑛 + 1)𝜋

(2𝑛+1)𝜋
2

∫

∞

𝐶𝑜𝑠(𝑈)𝑑𝑈 = ∑ 𝐵𝑛 𝐿
𝑛=0

(2𝑛+1)𝜋
2

−

(2𝑛+1)𝜋

∞

2𝐿
2
(𝐶1 − 𝐶0 ) ×
(sin (𝑈)) | (2𝑛+1)𝜋
= ∑ 𝐵𝑛 𝐿
(2𝑛 + 1)𝜋
−
2

𝑛=0

∞

(2𝑛 + 1)𝜋
4𝐿
(𝐶1 − 𝐶0 ) ×
𝑆𝑖𝑛 (
) = ∑ 𝐵𝑛 𝐿
(2𝑛 + 1)𝜋
2

(34)

𝑛=0

To simplify the Eqn. (34) it is observed the behavior of the trigonometric part by assigning
numbers for 𝑛.
𝑛=0

→
𝑛=1

(2𝑛+1)𝜋
𝜋
)=𝑆𝑖𝑛( )=1
2
2
3𝜋
→ 𝑆𝑖𝑛( )=−1
2

𝑆𝑖𝑛(

𝑛=2 → 1
𝑛=3 → −1

=

1 𝑖𝑓 𝑛 = 𝑒𝑣𝑒𝑛
−1 𝑖𝑓 𝑛 = 𝑜𝑑𝑑

}

Then,
(2𝑛 + 1)𝜋
𝑆𝑖𝑛 (
) = (−1)𝑛
2

(35)

Substituting Eqn. (35) into Eqn. (34) and canceling 𝐿’s from both side, 𝐵𝑛 can be found as,
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𝐵𝑛 =

(𝐶1 − 𝐶0 )4(−1)𝑛
(2𝑛 + 1)𝜋

(36)

Substituting Eqn. (36) into Eqn. (31),
∞

𝐶 − 𝐶0 = ∑
𝑛=0

(𝐶1 − 𝐶0 )4(−1)𝑛
(2𝑛 + 1)𝜋𝑥
(2𝑛 + 1)2 𝜋 2
𝐶𝑜𝑠 (
) 𝐸𝑥𝑝 [−
𝑡𝐷]
(2𝑛 + 1)𝜋
2𝐿
4𝐿2

(37)

At time 𝑡 amount of substance which is transferring inside or ourside the sheet is 𝑀𝑡 can
𝑑𝐶
be found by the integration of the flux (𝑓𝑙𝑢𝑥 = 𝐷 | |) at the surface.
𝑑𝑥

𝑡

𝑡

𝑡

𝑑𝐶
𝑑𝐶
𝑑𝐶
𝑀𝑡 = ∫ 𝐷 | |
𝑑𝑡 + ∫ 𝐷 | |
𝑑𝑡 = 2 ∫ 𝐷 | |
𝑑𝑡
𝑑𝑥 𝑥=−𝐿
𝑑𝑥 𝑥=−𝐿
𝑑𝑥 𝑥=∓𝐿
0

0

0

Concentration 𝐶 is known by Eqn. (37), 𝑀𝑡 will be searched.
𝑑𝐶
| |
𝑑𝑥

∞

=∑
𝑛=0

(𝐶1 − 𝐶0 )4(−1)𝑛 (−1)(2𝑛 + 1)𝜋
(2𝑛 + 1)𝜋𝑥
(2𝑛 + 1)2 𝜋 2
|
𝑆𝑖𝑛 (
)| 𝐸𝑥𝑝 [−
𝑡𝐷]
(2𝑛 + 1)𝜋
2𝐿
2𝐿
4𝐿2
∞

(2𝑛 + 1)𝜋𝑥
(2𝑛 + 1)2 𝜋 2
𝑑𝐶
2(𝐶1 − 𝐶0 )
| |
=
∑(−1)𝑛 𝑆𝑖𝑛 (
) 𝐸𝑥𝑝 [−
𝑡𝐷]
𝑑𝑥 𝑥=∓𝐿
𝐿
2𝐿
4𝐿2
⏟
𝑛=0

𝑡

𝑀𝑡 = 2𝐷 ∫ |
0

𝑥=∓𝐿 → (−1)𝑛

𝑑𝐶
|
𝑑𝑡
𝑑𝑥 𝑥=∓𝐿
𝑡

= 2𝐷 ∫
0

∞

(2𝑛 + 1)2 𝜋 2
2(𝐶1 − 𝐶0 )
∑(−1)2𝑛 𝐸𝑥𝑝 [−
𝑡𝐷]
𝐿
4𝐿2
𝑛=0

𝑡 ∞

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
4𝐷(𝐶1 − 𝐶0 )
∫ ∑ 𝐸𝑥𝑝 [−
𝑀𝑡 =
] 𝑑𝑡
𝐿
4𝐿2

(38)

0 𝑛=0

Integration in Eqn. (38) can be solved by change of variables technique as,

𝑈=−

𝑡=0

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
(2𝑛 + 1)2 𝜋 2 𝐷
4𝐿2
, 𝑑𝑈 = −
𝑑𝑡 , 𝑑𝑡 = −
2
2
(2𝑛 + 1)2 𝜋 2 𝐷
4𝐿
4𝐿

→

𝑈=−

(2𝑛 + 1)2 𝜋 2 𝐷0
=0
4𝐿2
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𝑡=𝑡

→

𝑈=−

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
4𝐿2

Substituting into Eqn. (38)
−

𝑀𝑡 =

4𝐷(𝐶1 − 𝐶0 )
𝐿

(2𝑛+1)2 𝜋2 𝐷𝑡
4𝐿2

∫

𝐸𝑥𝑝[𝑈] ×

0

−4𝐿2
𝑑𝑈
(2𝑛 + 1)2 𝜋 2 𝐷

Rearranging,
−

𝑀𝑡 =

4𝐷(𝐶1 − 𝐶0 )(−4𝐿2 )
𝐿(2𝑛 + 1)2 𝜋 2 𝐷

(2𝑛+1)2 𝜋2 𝐷𝑡
4𝐿2

∫

𝐸𝑥𝑝[𝑈]𝑑𝑈

0

2 2 𝐷𝑡

𝑀𝑡 =

(2𝑛+1) 𝜋
4(𝐶1 − 𝐶0 )(−4)𝐿
4𝐿2
(𝐸𝑥𝑝(𝑈))|
0
(2𝑛 + 1)2 𝜋 2

𝑀𝑡 = −

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
16(𝐶1 − 𝐶0 )𝐿
[𝐸𝑥𝑝
(−
) − 1]
(2𝑛 + 1)2 𝜋 2
4𝐿2
∞

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
16(𝐶1 − 𝐶0 )𝐿
1
𝑀𝑡 =
∑
[1
−
𝐸𝑥𝑝
(−
)]
(2𝑛 + 1)2
𝜋2
4𝐿2

(39)

𝑛=0

For the infinite time the amount of substance entered or left the sheet can be defined as
[21],
(40)

𝑀∞ = 2|𝐶1 − 𝐶0 |𝐿

And the total amount of diffusing substance which has entered or left the sheet of thickness
2𝐿 (from −𝐿 to 𝐿) at time 𝑡, 𝑀𝑡 is expressed as a fraction of the corresponding quantity
after infinite time 𝑀∞ as,
𝑀𝑡
𝑀∞

(41)

Then substituting Eqns. (39) and (40) into Eqn. (41) we get,
𝑀𝑡
=
𝑀∞
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16(𝐶1 −𝐶0 )𝐿
𝜋2

∑∞
𝑛=0

1
(2𝑛+1)2

[1 − 𝐸𝑥𝑝 (−

2|𝐶1 − 𝐶0 |𝐿

(2𝑛+1)2 𝜋2 𝐷𝑡
4𝐿2

)]
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∞

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
𝑀𝑡
8
1
= 2∑
[1 − 𝐸𝑥𝑝 (−
)]
2
(2𝑛 + 1)
𝑀∞ 𝜋
4𝐿2
𝑛=0

∞

∞

𝑛=0

𝑛=0

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
𝑀𝑡
8
1
1
= 2 [∑
−
∑
𝐸𝑥𝑝
[−
]]
(2𝑛 + 1)2
(2𝑛 + 1)2
𝑀∞ 𝜋
4𝐿2
From the series rule,
∞

∑
𝑛=0

1
𝜋2
=
(2𝑛 + 1)2
8

Then,
∞

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
𝑀𝑡
8 𝜋2
1
= 2[ −∑
𝐸𝑥𝑝 [−
]]
2
(2𝑛 + 1)
𝑀∞ 𝜋 8
4𝐿2
𝑛=0

Rearranging
∞

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
𝑀𝑡
8𝜋 2 8
1
= 2 − 2∑
𝐸𝑥𝑝
[−
]
(2𝑛 + 1)2
𝑀∞ 𝜋 8 𝜋
4𝐿2
𝑛=0

∞

(2𝑛 + 1)2 𝜋 2 𝐷𝑡
𝑀𝑡
8
=1−∑
𝐸𝑥𝑝 [−
]
2
2
(2𝑛 + 1) 𝜋
𝑀∞
4𝐿2

(42)

𝑛=0

For the alternating solution Laplace transformation will result [21]
∞

𝑀𝑡
𝐷𝑡 1/2 1
𝑛𝑙
= 4 [ 2 ] [ 1 + 2 ∑(−1)𝑛 𝑖𝑒𝑟𝑓𝑐
]
𝑀∞
𝑙
2√𝐷𝑡
𝜋2

(43)

𝑛=1

For the small times short time behavior sum part, has no effect to the summation after first
few terms. So ∑ ≈ 1/√𝜋.
𝑀𝑡
𝐷𝑡 1/2
= 4 [ 2]
𝑀∞
𝜋𝑙

(44)

In Eqn. (44), constants 𝐷, 𝜋, and 𝑙 can be collected under a new constant 𝑘.
𝑀𝑡
= 𝑘𝑡 1/2
𝑀∞

(45)

For a second limiting case, according to kinetics of zero order, the drug release rate is
independent of time. Such situation is described by a general equation of the form
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𝑀𝑡
= 𝑘𝑡
𝑀∞

(46)

Most of the release falls between the Eqns. (45) and (46). So, both equations could be
summed.
𝑀𝑡
= 𝑘1 √𝑡 + 𝑘2 𝑡
𝑀∞

(47)

Eqn. (47) can be generalized as,
𝑀𝑡
= 𝑘𝑡 𝑛
𝑀∞

(48)

Eqn. (48) is the Peppas model which is very similar to the Higuchi model. One should focus
on the exponential part of the time which is not constant. Fitting model to the experimental
data with variable data will be slightly different from the routine process. Which will be
discussed in further chapters.
2.5. Hixon Crowell Model
Hixon Crowell model is another popular model in the field [22]. It is not as popular as
Higuchi and Peppas model but, considering its derivation, it is worth to mention. In Hixon
Crowell model the basic concept can be specified as,
𝑑𝐶(𝑡)
⏟𝑑𝑡

= 𝑘(𝐶𝑠 − 𝐶(𝑡))

𝑟𝑎𝑡𝑒 𝑜𝑓
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑐ℎ𝑎𝑛𝑔𝑒

(49)

Where 𝐶(𝑡) is the concentration depends on time, 𝑘 is constant, 𝐶𝑠 is the concentration of
the saturated solution. Rate of change of weight described as,
𝑑𝑤
= 𝑘2 𝑆(𝐶𝑠 − 𝐶)
𝑑𝑡

(50)

Where 𝑤, 𝑘2 and 𝑆 are wieght, constant and surface of substance at time 𝑡
respectively. If weight of the substance dissolved at time𝑡,

𝑤0 − 𝑤

(51)

Then the mass in a specific volume is,
(𝑤0 − 𝑤)
=𝐶
𝑉
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Where 𝑉 is volume, and,
𝑤𝑠
= 𝐶𝑠
𝑉

(53)

If Eqns. (52) and (53) substituted into Eqn. (50)
𝑑𝑤
𝑤𝑠 𝑤0 − 𝑤
= −𝑘2 𝑆 ( −
)
𝑑𝑡
𝑉
𝑉

→

𝑉(

𝑑𝑤
) = −𝑘2 𝑆(𝑤𝑠 − 𝑤0 + 𝑤)
𝑑𝑡

(54)

Surface varies 2/3 power of its volume.
𝑆 = 𝑉 2/3 ,

𝑉=

𝑤
𝑑

→

𝑆=

1
𝑤 2/3
⏟
𝑑 2/3

(55)

𝑘

Where 𝑑 is density and 𝑘 is constant which represents density. Then 𝑆 is substituded into
Eqn. (54).
𝑑𝑤
𝑉 ( ) = −𝑘2 𝑘𝑤 2/3 (𝑤𝑠 − 𝑤0 + 𝑤)
𝑑𝑡

(56)

Collecting constants 𝑘2 and 𝑘 into a new constant as 𝑘1 , defining 𝑤𝑠 − 𝑤0 = 𝑔 and
rearranging Eqn. (56)
𝑑𝑤
𝑉 ( ) = −𝑘1 𝑤 2/3 (𝑔 + 𝑤)
𝑑𝑡

𝑉×

→

𝑑𝑤
𝑉 ( ) = −𝑘1 (𝑔𝑤 2/3 + 𝑤 5/3 )
𝑑𝑡

1
𝑑𝑤 = −𝑘1 𝑑𝑡
(𝑔𝑤 2/3 + 𝑤 5/3 )

Integrating both parts
𝑉∫

(𝑔𝑤 2/3

𝑔1/3 = 𝑎

1
𝑑𝑤 = −𝑘1 ∫ 𝑑𝑡
+ 𝑤 5/3 )

,

1/3

𝑤0

=𝑏

,

𝑤 1/3 = 𝑥

𝑉 (2√3 tan
3𝑥 2
𝑉∫ 3 2
𝑑𝑥 =
5
(𝑎 𝑥 + 𝑥 )

,

𝑤 = 𝑥3

−1 (−𝑎+2𝑥)
[
]
√3𝑎

,

𝑑𝑤 = 3𝑥 2 𝑑𝑥

+ 2 ln[𝑎 + 𝑥] − ln[𝑎2 − 𝑎𝑥 + 𝑥 2 ])
2𝑎2
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𝑎 = 𝑔1/3

→

𝑔 = (𝑤𝑠 − 𝑤0 ) ,

𝑥 = 𝑤 1/3

While concentration change of a substance is negligible. So 𝐶 is constant then 𝐶𝑠 − 𝐶 is
constant. The rate is proportional to the surface alone, which is,
𝑑𝑤
= −𝑘3 𝑤 2/3
𝑑𝑡

(57)

Integrating both parts,
𝑡

∫
0

1
𝑑𝑤 = −𝑘3 ∫ 𝑑𝑡
𝑤 2/3

→

1/3

𝑤0

− 𝑤 1/3 = 𝑘4 𝑡

(58)

Eqn. (58) could be considered as Hixon Crowell model [22].
3. Experimental Analysis
For the experimental analysis part, public data table “Cumulative % drug release data of
all the formulations” [23] is used from the work of Madhavi [24], under the creative
commons license by, CC BY-NC-SA 3.0 [25]. The work corresponds the dissolution
enhancement of efavirenz by solid dispersion and PEGylation techniques. In related work,
PEGylated compound 2 is released with time by (5,10,15,20,25,30,45,60,80,100) minutes
with (17,22,32,34,39,42,48,50,54,57) percentage which is sufficient for fitting and testing
the models.
For the simplicity and linearity of the Zero Order model as seen in Eqn. (4), the fit of it does
not require modification of axes to get a suitable representation. All the data collected in a
suitable matrix and fitted to the function. In this article the Wolfram Mathematica 10
software is used to perform fitting, graphing and strength test.
For the Zero Order model it could be observed that fit does not look good enough because
of the fit function is missing most of the data points. But when it is coming to compare
many models visual comments might start debate. To test the strength of the models
quantitatively it is chosen Watson’s U Square Method [26] because of the convenience of
the data set. This test yields two results. One statistic and other P-Value. For the perfect fit
statistic value should be equal to zero and P-Value should be equal to one. Then it could be
commented on the strength test results comparison. Which model is strong or weak and
which model is better? For the Figure 3 fit results, strength test yield statistic 0.0605 and
P-Value 0.615658.
Fitting the First Order model is slightly different from the Zero Order model, because of the
model functions logarithmic nature as seen in Eqn. (8). For this kind of equation, it is not
possible to draw a graph as drug release versus time, because the function represents
logarithm of the remaining drug. To overcome this axes problem, data matrix should be
converted to the suitable form by first, converting release data into remaining data. Second,
convert it into a logarithmic value. Then, fitting the function will be possible.
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Fig. 3 Fit of Zero Order model function to the drug release data.

Fig. 4 Fit of First Order model function to the drug release data.
As seen from the Figure 4, vertical axes is different from the Figure 3. And function behaves
linear with negative slope thanks to nature of the function. Strength test results as statistic
0.403509 and P-Value 0.000565739.
As it seen, every model needs specific data set arrangements for fitting. For Higuchi model,
drug release remains same but time varies with the power of ½ so it will not appropriate
to use same horizontal axes with Zero and First Order models. Time part of the data matrix
also should be converted into suitable form by adding the power of ½ to it as,
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Fig. 5 Fit of Higuchi model function to the drug release data.
As it seen from the Figure 5vertical axis is similar with the Zero Order model, but
horizontal axis is converted into Higuchi form. Higuchi Eqn. (13) predicts fast diffusion for
short term first, then release starts to get slower with time thanks to the ½ power of time.
That makes sense for most diffusion-based release, and that is why it stands one of the
strongest and popular model of all time. For the fit in Figure 5, Higuchi model strength test
results 0.0445 for statistic and 0.808438 for P-Value.
In Peppas model time varies with the power of a parameter 𝑛 as seen in Eqn. (48). In this
case it will not be possible to generate graph for an unknown axis. But fitting procedure
still will generate the parameters. So, data matrix could be converted into Peppas form
with the unknown parameter 𝑛 than fitting is applied. In that way software will generate
the most possible parameters for both 𝑘 and 𝑛 values which makes it possiple to visualize.
As seen from the Figure 6 fit function gets close to the dataset and horizontal axes is
converted into the Peppas form with the generated parameter. Strength test of the Peppas
model yields, statistic 0.033 and P-Value 0.933232.
For another popular model Hixon Crowell model to arranging data matrix is follows the
same procedure. As seen in Eqn. (58) function represents difference between cube roots
of the initial amount and remaining amount. Applying this difference into the data matrix,
it easily could be getting the vertical axes.
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Fig. 6 Fit of Peppas model function to the drug release data.

Fig. 7 Fit of Hixon Crowell model function to the drug release data.
It could easily be observed that the vertical axis has transformed the model suitable form
from the Figure 7. Strength test of Hixon Crowell model results the statistic 0.425 and PValue 0.00039154 which is far from a good fit because the model function is stacked to the
origin.

347

Elmas et al. / Research on Engineering Structures & Materials 6(4) (2020) 327-350

Table 1 Model fit parameters.
Models
Zero Order Model
First Order Model
Higuchi Model
Peppas Model
Hixon Crowell
Model

C
24.5908
78.3375
-

Parameters
K
22.9373
0.4555
47.8268
49.8155

n
0.5968

-

0.8965

-

Table 2 Comparison of the strength of the fits.
Models
Zero Order Model
First Order Model
Higuchi Model
Peppas Model
Hixon Crowell
Model

Statistic
0.060500
0.403509
0.044500
0.033000

P-Value
0.615658
0.000565
0.808438
0.933232

0.425000

0.000391

As seen from the
Table 2, Higuchi and Peppas models are able to generate strong fits to the drug release
data.
Finally it is seen from the experimental analysis, Zero Order model and First Order model
can be applied for the 50% of the drug release approximately for the related data. However
Higuchi and Peppas model can generate fit function up to 60% of drug release which is end
of the release data. But the curvature of the fit functions foreseen that, the function is able
to produce higher percentage representation. Also Hixon model is not as good as Higuchi
and Peppas model because of its origin dependent nature. This behavior of the models is
obviously occurred by the experimental details. In the related data set, drug is released up
to 57%. In many experiments sink conditions is not satisfied and due to the saturation drug
release is slowed, or in some scenarios there are some drug carriers that prevents the fast
release. All the related parameters should be added into the models carefully if needed
4. Conclusions
In the DD field, there is no comprehensive resource describing the derivation of
mathematical models explicitly. Existing works either focus on single model or jump into
direct result of model functions. The purpose of this review is showing explicit derivation
of the most popular models and collecting them under one single paper. At the same time,
the problems encountered during calculation and fitting are also discussed in detail. These
problems are not clarified in the literature.
The first of the two major problems is choosing the correct expression for release when
applying boundary conditions (Eqn. (27)). There is no guide in the literature to the
selecting boundary conditions correctly and to obtain parameters. This study might fill that
gap by the explicit applications of the boundaries without non-dimensionalization. Second
problem is the representation of the fitting functions in proper axes. In most of the studies,
fitting is represented by build-in ready computer software and the obtained results are
shown directly. Almost every specialist uses that way because it is faster and easier. But
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there is still no guide to align the axes for the relevant model. This review also overcome
that problem (Figure 4-Figure 7))
As a result, in this study it is focused on guiding the new researchers who interests to
understand drug delivery mechanism by collecting all necessary subjects under one single
source. Derivation, calculation, application and testing of the models have been explained
carefully which might help scientists to take their works further in related area. Also, it is
underlined the importance of the models that give predictions to the scientists for
preventing waste of time and money for their experiments. In the future it will be focused
on the relation between the reaction rate constant and activation energy by Arrhenius
equation, which leads to the calculations to the thermodynamic studies. Thus, it is planned
to investigate whether there is a relationship between entropy and enthalpy and the
activation energy of the reaction.
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Abstract
The 2-dimensional steady state boundary layer flow of nanofluids over an
impermeable semi-infinite moving flat plate is studied. It is assumed that the flat
plate moves with a constant velocity. Utilizing similarity transformation, the
nonlinear governing equations are transformed to ordinary differential
equations and then the resulting ODE is solved using the homotopy perturbation
method. The strength of HPM solutions were verified by comparing with
numerical results obtained using Runge-Kutta Gill method with shooting
technique. Two types of nanoparticles gold and thorium in the water based fluid
are considered. The Dimensionless velocity profiles are addressed for various
nanoparticles and for different values of the nanoparticle volume fraction. The
outcome of the nanoparticle volume fraction on the flow characteristics and
mainly on the velocity gradient 𝑓 ′′ (0) is investigated. It is finding that thorium
nanoparticles have the highest velocity compared to Gold nanoparticles, that is
the Thorium nanoparticle density is low compared to Gold nanoparticle density.
The enhancing values nanoparticle volume fraction slowdown the fluid velocity
and velocity gradientis high for Gold compared to Thorium.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
Gold nanoparticles have advantages over other metal nanoparticles due to their
biocompatibility and non-cytotoxicity. Gold is utilized internally in human from last fifty
years due to their chemical inertness. The size of Gold nanoparticles can be minimized
during their synthesis and function alization with various groups. Gold nanoparticles
accumulate in the tumor cells and illustrate optical scattering. So these can act as the probe
for the microscopic study of cancer cells. These are also used in chemotherapy and
diagnosis of cancer cell. Gold-water nanoﬂuids using molecular dynamics nanoﬂuids
belong to a new class of ﬂuids with enhanced thermo physical properties and heat transfer
performance.
Nanofluid is a considerable factor affecting the next major industrial revolution of the
recent century. Many researchers have focused on modeling the thermal conductivity and
obtained different viscosities of nanofluid. Ultra high- performance cooling is one of the
most vital needs of many industrial technologies. Choi et al. [1] further a little quantity of
nanoparticles to conventional heat transfer fluids and scrutinized the increase of thermal
conductivity. Das [2] studied the effect of nanofluid flow past a permeable stretching sheet
with slip, thermal buoyancy and heat Source/sink by numerically. Makinde and Aziz [3]
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offered a numerical study on the boundary layer flow induced in a nanofluid due to a
linearly stretching sheet with a convective boundary condition. Thiagarajan and Selvaraj
[4] investigated nanofluid MHD stagnation point flow over a flat plate with heat transfer.
Sobamowo et al. [5-8] presented the various types of nanofluid boundary layer flow
problems. Anwar et al. [9] investigated the effect of free convection boundary layer
nanofluid flow through a non-linear stretching surface. Bachok et al. [10] presented
boundary-layer flow nanofluid past a moving semi-infinite flat plate in unvarying free
stream, and establish that dual solutions exist when the plate and the free stream shift in
the opposite directions. Bachok et al. [11] presented the problem of the identical free
stream of nanofluid parallel to a fixed or moving flat plate by numerically. Presently,
number of researchers studied numerical investigation of nanofluid flow over various
types of plate problems [Hayate et al. [12, 13], Sheikholeslami [14, 15], Ahmad et al. [16]].
He [17-20] expanded the homotopy perturbation method for solving linear, nonlinear and
initial and boundary value problems by combining the standard homotopy and the
perturbation methods. Recently, Sobamowo et al. [21-24] studied the homotopy
perturbation method for different type of fluids with boundary value problems. Oguntala
et al. [25] investigated the homotopy perturbation method for heat transfer process on
inclination with porous fin heat sink. By making use of above research work, the plan of
the current investigation to study the effect of Gold – Thorium water based nanofluid
through a semi-infinite moving plate. The similarity transformations are used and solved
by both HPM method and Runge-Kutta Gill method; the solutions are compared with the
help of graphs.
2.Mathematical formulation
Consider the 2-dimensional laminar flow through a continuously moving flat horizontal
plate embedded in Gold – Thorium water-based nanofluid. The nanofluid can contain each
of six types of nanoparticles including gold and thorium. It is considered that the plate has
a constant velocity. A uniform spherical size and shape is assumed for the nanoparticles.
It is also assumed that the base fluid and the nanoparticles are in the thermal equilibrium,
and no velocity slip occurs between the base fluid and the nanoparticles Raftari et al. [26].
Considering these assumptions the laminar boundary layer equations are as follows.

u v
+
=0
x y

u

(1)

u
u  nf  2 u
+v
=
x
y  nf y 2

(2)

The principal boundary conditions are as follows:

u = U w , v = 0 , at y = 0

u →0

as

y →

(3)

In which U w is the plate velocity which is constant, and 𝑥 and 𝑦 directions with
corresponding velocity components are 𝑢 and 𝑣 respectively. Where the viscosity of the
nanofluid 𝜇𝑛𝑓 , the density of the nanofluid 𝜌𝑛𝑓 .

 nf =
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Where 𝜇𝑓 is the viscosity of the fluid, 𝜌𝑓 and 𝜌𝑠 are the reference density of the fluid
fraction and solid fraction respectively, and  is the nanoparticle volume fraction.
The similarity variable and stream functions are defined as follows,

=

1
y
 ( x, y )
Re x 2 , f ( ) =
1
x
2

(5)

(U  x )
w

f

Where the local Reynolds number is 𝑅𝑒𝑥 = 𝑈𝑤 𝑥 ∕ 𝑣𝑓 , in whichthe kinematic viscosity of
the base fluid (water ) is 𝑣𝑓 . The stream function is 𝜓(𝑥, 𝑦) which identically satisfies Eq.(1)
and is defined as 𝑢 =

𝜕𝛹
𝜕𝑦

,𝑣 = −

𝜕𝜓
𝜕𝑥

.

The dimensionless momentum and boundary conditions are as follows;

f  +


1
(1 −  )2.5 1 −  +   s
2
f



 ff  = 0



(6)

with the boundary conditions

f (0 ) = 0 , f (0 ) = 1 , f ' ( ) = 0

(7)

The significant quantity is the local skin friction coefficient 𝐶𝑓,𝑥 defined as 𝑐𝑥,𝑓 = 𝜏𝑤 ∕ 𝜌𝑓 𝑈𝑤2
in which the plate surface shear stress is given as 𝜏𝑤 = 𝜇𝑛𝑓 (ⅆ𝑢 ∕ ⅆ𝑦)𝑦=0 Use of the
similarity parameters (5) gives [27].

C f , x Re x

0.5

=

f (0)
(1 −  )2.5

(8)

3. Solution by homotopy perturbation method (HPM)
Using HPM [17, 18, 19 and 20], the original nonlinear ODE (which cannot be solved easily)
is divided into some linear ODEs.
At first, the governing ODE (6) and the boundary conditions (7) are written as:

u ''' +



1
(1 −  )2.5 1 −  +   s uu '' = 0;
2
f 


u (0) = 0, u ' (0) = 1, u ' ( ) = 0

(9)

(10)

Then, a homotopy is constructed in the following form:

1


 
2.5
u ''' −  2 u ' + p  (1 −  ) 1 −  +  s  uu '' +  2 u '  = 0.

2

 f 




(11)

According to HPM, the following serious in terms of powers of 𝜌is substituted in Eq. (11):
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u = u 0 + pu1 + p 2 u 2 + ...

(12)

After some algebraic manipulation, equating the identical powers of𝜌to zero gives:

p 0 : u0''' −  2u0' = 0; u0 (0) = 0, u0' (0) = 1, u0' () = 0;

(13)




1
(1 −  )2.5 1 −  +   s  u0u0'' +  2 u0' = 0;
2
f 



'
'
u1 (0) = 0, u1 (0 ) = 0, u1 ( ) = 0;


(14)

p1 : u1''' −  2 u1' +



 
1
(1 −  )2.5 1 −  +  s   u 0 u1'' + u1u 0'' +  2 u1' = 0;
2
f 



'
'
u 2 (0 ) = 0, u 2 (0 ) = 0, u 2 ( ) = 0


(

p 2 : u 2''' −  2 u 2' +

)

(15)

Eq. (13) for𝜌 0 has the following solution:

u 0 ( ) =

1



(16)

(1 − exp (−  )).

Here𝑎is a constant which is further to be determined. If solution (16) for 𝑢0 is substituted
in the equation for𝜌1 , Eq. (14), it will become as:

u1''' −  2 u1' =
1



 
 
1
2.5
2.5
 (1 −  ) 1 −  +  s  −  2   exp (−  ) − (1 −  ) 1 −  +  s   exp (− 2 )
f 
2
f 
 2




(17)

Eq. (17) for u1 can be solved in an unbounded domain under the boundary conditions
𝑢1 (0) = 0, 𝑢1′ (0) = 0, 𝑢1′ (∞) = 0 (as it is shown in the Appendix) [17],
which gives𝑢1 as:

 

 
 1
 1
u1 ( ) = 
−
+
exp (− 2 ) +  −
+
 exp (−  ).
3
3 
3
 2 6  12
 2 12 

(18)

0,5
𝜌
in which𝑎 = (𝛺⁄2) and 𝛺 = (1 − 𝜑)2,5 [1 − 𝜑 + 𝜑 ( 𝑆⁄𝜌𝑓 )] it should be noted that
𝛺 2.5

can be 𝛼 = ± ( ) , but here as
2

 is



demanded to be positive (𝑎 > 0),therefore𝑎 =

2,5
(𝛺⁄2) . Thus the first order approximate semi analytical solution 𝑓(𝜂) = 𝑢(𝜂) +
𝑢1 (𝜂)becomes as:

 

 
 3
 3
f ( ) = 
−
+
exp(− 2 ) +  −
+
exp(−  ).
3 
3
3 
 2 6  12
 2 12 
According to Eq. (19), the dimensionless plate surface shear stress is as:
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3
5
f '' (0) = −  +
2
12

(20)

4. Numerical Analysis
The equations (6) with boundary conditions are solved numerically using the Runge-Kutta
Gill method algorithm with a systematic governing of 𝑓 ′′ (0) by the shooting technique
until the boundary conditions are satisfied. The step size is taken as 𝛥𝜂 = 0.01. The
process is repeated until the results are correct up to the desired accuracy of 10−5 level.
Numerical results are found for several values of the nanoparticle volume fraction 𝜙 on
velocity𝑓 ′ (𝜂) and velocity gradient𝑓 ′′ (0). Table 1 compares the HPM solution and
numerical solution values of the dimensionless fluid velocity gradient at the surface 𝑓 ′′ (0)
for gold and thorium water nanofluids for various values of the nanoparticle volume
fraction𝜙.
Table 1. Values of velocity gradient 𝑓 ′′ (0) for some values 𝜙 for thorium and gold water
nanofluids.



Thorium
(HPM)

Thorium
(Numerical)

Gold
(HPM)

Gold
(Numerical)

0

-0.471404

-0.44411

-0.471404

-0.44411

0.1

-0.594801

-0.55999

-0.695050

-0.65412

0.2

-0.632370

-0.59599

-0.769766

-0.72461

Table 2. Thermophysical properties of base fluid and the nanoparticles at 288K
Water

Thorium

Gold

 (kg / m 3 )

1000.5

11724

19300

C P ( j / kgK )

4181.8

118

126

k (W / mK )

0.59

54

318

5. Results and Discussion
In this study, boundary layer flow of nanofluids over a semi-infinite moving flat plate
embedded in the water-based nanofluid is investigated analytically utilizing homotopy
perturbation method. Also, comparison between the numerical results and HPM solution
of velocity including different values of active parameters is shown in this figure. In table.
2 the density of water and nanopaticles used in the present study are given.
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Figure 1 and 2 display the effect of nanoparticle volume fraction on the velocity profiles
of the thorium and gold water nanofluids. It is clear that an increase in the nanoparticle
volume fraction decreases the velocity profiles. This phenomenon occurs because
presence of the nanoparticles leads to further thinning of boundary layer thickness. The
physical meaning is the increasing value of nanoparticle volume fraction means the fluid
density is increased, so fluid velocity is reduced [6].
From Figure 3 it is observed that the thorium nanoparticles have the highest value of
velocity profile compared to gold nanoparticles. The velocity profile of a nanofluid is based
on the density of the nanofluids. The reason is thorium nanoparticle have low density
compared to gold nanoparticle.
Thorium water nanofluids
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Fig. 1 Velocity profiles 𝑓 ′ (𝜂) for different nanoparticle volume fractions for thorium
water nanofluid.
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Gold water nanofluids
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Fig. 2 Velocity profiles 𝑓 ′ (𝜂) for different nanoparticle volume fractions for gold water
nanofluid.
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Fig. 4 Effect of the nanoparticle volume fraction on the fluid velocity gradient for
different types of nanofluids.
Figure 4 presents the variations of 𝑓 ′′ (0)with 𝜙for various nanoparticles (Gold and
Thorium) using HPM solution from Table 1. It is seen that with the increase of 𝜙 the
magnitude of 𝑓 ′′ (0)increases for thorium-water and gold-water working fluids.
Comparison of Figure 4 with the nanoparticles densities in table 2 makes it clear that the
nanoparticles with higher density result in higher magnitudes of 𝑓 ′′ (0).
6. Conclusion
In this work was to examined the effect of convective boundary layer flow of a Gold –
Thorium water based nanofluid through a moving flat plate by both analytically and
numerically. Analytically by HPM method and numerically by Runge-Kutta Gill method.
The effects of different nanofluids on Skin friction and velocity profiles are discussed with
the help graph. The main concluding observations can be summarized as follows:
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•

The two dimensional boundary layer flows of nanofluids over an impermeable
consciously moving horizontal plate is studied. The results show that the present
HPM solution with only two terms agrees within 3% error with numerical
solutions for the velocity gradient at the plate surface.

•

Thorium nanoparticles have the highest value of velocity profile compared to
gold nanoparticles.

•

Velocity gradient decreases with increasing values of nanoparticle volume
fraction for both of thorium water nanofluid and gold water nanofluid

•

Increasing values nanoparticle volume fraction decreases the velocity profile.
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Nomenclature
(u, v)

velocity of the fluid in the x, y directions respectively(m/s)

Cfx

skin friction coefficient

Rex

local Reynolds number

x

distance along the surface (m)

y

distance normal to the surface (m)

f

dimensionless stream functions

Greek Symbols
η

similarity variable

ρ

density of the fluid (kg/m3)

f
f
s
f
 nf

kinematic viscosity of the base fluid (water)

 nf

the density of the nanofluid



density of the fluid fraction
density of solid fraction
the viscosity of the fluid
viscosity of the nanofluid

the nanoparticle volume fraction

References
[1] Choi SUS, Zhang ZG, Yu W, Lockwood FE, Grulke EA. Anomalously thermal conductivity
enhancement in nanotube suspensions, Appl. Phys. Lett., 2001; 2252-2254.
https://doi.org/10.1063/1.1408272
[2] Das K. Slip flow and convective heat transfer of nanofluids over a permeable
stretchingsurface,
Computers&
Fluids.,
2012;64;34-42.
https://doi.org/10.1016/j.compfluid.2012.04.026
[3] Makinde OD, Aziz A. Boundary layer flow of a nanofluid past a stretching sheet with a
convective boundary condition, Int. J. Thermal Sci. 2011; 50; 1326-1332.
https://doi.org/10.1016/j.ijthermalsci.2011.02.019
[4] Thiagarajan M, Selvaraj M. Nanofluid MHD stagnation point flow over a flat with heat
transfer,
Journal
of
Nanofluids,
2015;
4;
328-334.
https://doi.org/10.1166/jon.2015.1165
[5] Sobamowo G.M, Akinshilo A, Yinusa A.A., Two-dimensional flow analysis of nanofluid
through a porous channel with suction/injection at slowly expanding/contracting
walls
using
variation
of
parameter
method,
Trans.
Phenom.Nano.Micro.Scales,2019;7(2);120-129.
[6] Sobamowo G.M, Yinusa A.A., Insight into the Boundary layer flows of free convection
and heat transfer of nanofluids over a vertical plate using multi-step differential
transformation method., Iranian Journal of Mechanical Engineering., 2019;20;5-45.
[7] Sobamowo G.M, Adeleye O.A., Yinusa A.A., Heat Transfer And Flow Analysis of
Magnetohydrodynamic Dissipative Carreau Nanofluid Over A Stretching Sheet with
359

Govindaraju and Selvaraj / Research on Engineering Structures & Materials 6(4) (2020) 351-361

Internal Heat Generation, Journal of Computational and Engineering Mathematics,
2019;6; 3-26. https://doi.org/10.14529/jcem190101
[8] Sobamowo M.G, Yinusa A.A, Oluwo A.A, Alozie S.I., Finite element analysis of flow and
heat transfer of dissipative Casson-Carreau nanofluid over a stretching sheet
embedded in a porous medium, Aeron Aero Open Access J. 2018;2(5);294-308.
https://doi.org/10.15406/aaoaj.2018.02.00064
[9] Anwar MI, Khan I, Sharidan S, Salleh MZ. Conjugate effects of heat and mass transfer of
nanofluids over a nonlinear stretching sheet, Int. J.Physical Sciences, 2012;7; 40814092. https://doi.org/10.5897/IJPS12.358
[10] Bachok N, Ishak A, Pop I. Boundary-layer flow of nanofluids over a moving surface in
a
flowing
fluid,
Int.
J.
Thermal
Sci.
2010;49;
1663-1668.
https://doi.org/10.1016/j.ijthermalsci.2010.01.026
[11] Bachok N, Ishak A, Pop I. Flow and heat transfer characteristics on a moving plate in
a
nanofluid,
Int.
J.
Heat
Mass
Transfer,
2012;55;
642-648.
https://doi.org/10.1016/j.ijheatmasstransfer.2011.10.047
[12] Hayat T, Rashid M, Alsaedi A, Ahmad B. Flow of nanofluid by nonlinear stretching
velocity,
Results
in
Physics,
2018;
8;
1104-1109.
https://doi.org/10.1016/j.rinp.2017.12.014
[13] Hayat T, Rashid M, Alsaedi A. Three dimensional radiative flow of magnetitenanofluid
with homogeneous-heterogeneous reactions, Results in Physics, 2018; 8; 268-275.
https://doi.org/10.1016/j.rinp.2017.11.038
[14] Sheikholeslami M, Shehzad SA. Simulation of water based nanofluid convective flow
inside a porous enclosure via non-equilibrium model, Int. J. Heat. Mass. Transfer, 2018;
120; 1200-1212. https://doi.org/10.1016/j.ijheatmasstransfer.2017.12.132
[15] Sheikholeslami M, Jafaryar M, Zhixiong Li. Second law analysis for nanofluid turbulent
flow inside a circular duct in presence of twisted tape turbulators, Journal of Molecular
liquids., 2018; 263; 489-500. https://doi.org/10.1016/j.molliq.2018.04.147
[16] Ahmad S, Rohani AM, Pop I. Blasius and Sakiadis problems in nanofluids, Acta Mech.
2011;218;195-204. https://doi.org/10.1007/s00707-010-0414-6
[17] He JH. Homotopy perturbation technique for solving boundary value problems,
PhysicsLettersA.,2006;350;87-88. https://doi.org/10.1016/j.physleta.2005.10.005
[18] He JH. Homotopy perturbation technique, Computer Methodsin Applied Mechanics
and
Engineering.,1999;178;
257-262.
https://doi.org/10.1016/S00457825(99)00018-3
[19] He J.H., A Coupling method of a homotopy technique and a perturbation technique for
non-linear problems, International Journal of Non-Linear Mechanics. 2000; 35; 37-43.
https://doi.org/10.1016/S0020-7462(98)00085-7
[20] He J.H., Periodic solutions and bifurcations of delay-differential equations, Physics
Letters A. 2005; 347; 228-230. https://doi.org/10.1016/j.physleta.2005.08.014
[21] Sobamowo M.G, Akinshilo A.T, Yinusa A.A., Thermo-Magneto-Solutal Squeezing flow
of nanofluid between two parallel disks embedded in a porous medium: Effects of
nanoparticle geometry, slip and temperature jump conditions, Modelling and
Simulation
in
Engineering,
2018;1-18;
7364634.
https://doi.org/10.1155/2018/7364634
[22] Sobamowo M.G, Yinusa A.A., Thermo-fluidic parameters effects on nonlinear
vibration of fluid-conveying nanotube resting on elastic foundations using homotopy
perturbation method, Journal of Thermal Engineering, 2018; 4(8); 2211-2233.
https://doi.org/10.18186/journal
of
thermal
engineering.434043.
https://doi.org/10.18186/journal-of-thermal-engineering.434043
[23] Sobamowo M.G, Adeleye O, Yinusa A.A., Analysis of convective-radiative porous fin
with temperature-dependent internal heat generation and magnetic field using
homotopy perturbation method, Journal of Computational and Applied Mechanics,
2017; 12(2);127-145. https://doi.org/10.32973/jcam.2017.009
360

Govindaraju and Selvaraj / Research on Engineering Structures & Materials 6(4) (2020) 351-361

[24] Sobamowo G, Alaribe K.C, Yinusa A. Homotopy perturbation method for analysis of
squeezing axisymmetric flow of first-grade fluid under the effects of slip and magnetic
field, Journal of Computational and Applied Mechanics, 2018;13(1) 51-65.
https://doi.org/10.32973/jcam.2018.004
[25] Oguntala G, Sobamowo G, Yinusa A, Abd-Alhameed R. Application of Approximate
Analytical Technique Using the Homotopy Perturbation Method to Study the
Inclination Effect on the Thermal Behavior of Porous Fin Heat Sink, Math. Comput.
Appl. 2018;23(62);1-12. https://doi.org/10.3390/mca23040062
[26] Raftari B, Mohyud-din ST, Yildirim A. Solution to the MHD flow over a non-linear
stretching sheet by homotopy perturbation method, Science China Physics Mechanics
& Astronomy, 2011;54; 342-345. https://doi.org/10.1007/s11433-010-4180-1
[27] Noghrehabadi A, Pourrajab R, Ghalambaz M. Effect of partial slip boundary condition
on the flow and heat transfer of nanofluids past stretching sheet prescribed constant
wall
temperature,
Int.
J.
Thermal
Science.,
2012;
54;
253-261.
https://doi.org/10.1016/j.ijthermalsci.2011.11.017

361

Research Article

Evaluation of annual performance of a photovoltaic thermal
system integrated with natural zeolites
Canan Kandilli*,a, Mert Uzel
Department of Mechanical Engineering, Usak University, Usak, Turkey

Article Info
Article history:
Received 18 Jun 2020
Revised 02 Aug 2020
Accepted 20 Aug 2020
Keywords:
Photovoltaic Thermal
Systems;
Natural Zeolites;
Thermal management;
Annual performance

Abstract
Photovoltaic thermal systems (PVT) produces both electricity and thermal
energy by the same module. However, solar energy exhibits non-continuous
character, and causes some problems for obtaining stabile energy due to its
unsteady regime. Thermal energy storage systems could be employed as a
solution the mentioned problems. There are no studies in the literature
regarding evaluation of the annual performance of PVT systems integrated with
natural zeolites. It is the motivation behind of the present study. Natural zeolites
could be utilized for thermal storage and management with PVT systems. In this
study, it is aimed to performed annual performance of the PVT system integrated
with natural zeolite as a thermal storage material to manage the excessive heat
on PV. Average overall energy efficiency values were found as 0.56; 0.54; 0.49;
0.49; 0.48; 0.46; 0.45; 0.46; 0.50; 0.53; 0.54 and 0.56 from January to December,
respectively. Annual total overall energy produced by the PVT system integrated
with natural zeolite was found as 1294.88 kWh/year per module. Annual saving
per module is reached as 117.83 € per module. With the acceptance of the system
cost of 942.8 €, simple payback period is approximately 8 years. This payback
time, which is found on a single module, will surely decrease at higher installed
powers.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
For crystalline silicon photovoltaic (PV) cells, a drop in the electrical power output of about
0.2–0.5% was reported for every 1°C rise in the PV module temperature principally due to
the temperature dependence of the open-circuit voltage of the cell depending on the PV
technology [1]. Photovoltaic Thermal System (PVT) presents a useful solution to overcome
the excessive heat on PV surface [2]. During the melting or solidification processes, a Phase
Change Material (PCM) can store or release a large amount of latent heat. The temperature
of the PCM can be maintained during the latent heat transfer process. Therefore, PCM is a
very promising material for energy storage and for controlling the thermal environment.
In the last decades, there are numerous studies on PVT systems integrated with PCM have
been carried out in the literature [3-10].
However, PCMs have many disadvantages in practice and natural zeolite for PVT system
as a heat storage material to manage excessive heat has been newly proposed [11]. As
known, PCMs are the first material that comes to mind to provide more thermal energy in
PVTs. However, it is a critical advantage that natural zeolite has almost free, very affordable
cost. On the other hand, PCMs significantly increases PVT costs. Another issue is ease of
application. Natural zeolite can be easily integrated into PVTs than PCMs. In order to use
paraffin, it is necessary to melt, split or apply as microcapsules. It is also necessary to
*Corresponding author: canan.kandilli@usak.edu.tr
aorcid.org/0000-0001-7159-4174
DOI: http://dx.doi.org/10.17515/resm2020.200en0618
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quickly remove paraffin from the PVT system when it is hot. High cost, harmful to health
and risk of leakage make PCMs disadvantageous. On the other hand, natural zeolites are
superior to PCMs in terms of human health in terms of both antibacterial structure and
lack of harmful chemicals.
Zeolite is a porous crystalline hydrated aluminosilicate with a cage-like structure. Its
framework structure encloses cavities occupied by water molecules and cations which can
move freely permitting reversible dehydration and ion exchange. There are more than 40
types natural zeolites while synthesized zeolites have more than 150 types [12]. 75% of
natural zeolite reserve takes place in Turkey, half of the reserved in Turkey are in Gordes.
Other significant zeolite deposits in Turkey Ankara, Kütahya, Manisa, İzmir, Balıkesir and
is located in Cappadocia. The main physical and chemical properties of zeolites are; the
ability to make ion exchanges, adsorption and molecular sieve structure, silica content, as
well as being light colored in sedimentary zeolites, lightness, pore structure of small
crystals caused zeolites to be used in a wide variety of industrial areas. Usage areas of one
or more of these properties of natural zeolites which have become an important industrial
raw material in recent years are Pollution Control; Mining and Metallurgy; paper, building,
health and chemistry sectors [13] In the literature, PVTs have been integrated with PCMs
so far. Natural zeolites have many advantages over PCMs. In this study, natural zeolites are
recommended for thermal management and heat storage of PVTs. Moreover, in the
efficiency calculations in the study, the stored thermal energy that the zeolite will provide
to the system after the sunset is not taken into consideration. Considering the stored
temperature, the integration of zeolites with PVT is a remarkable alternative.
In this study, annual performance of the PVT system integrated with natural zeolite to
control the excessive heat on PV module has been evaluated. There is no study on the
annual performance of the natural zeolite based PVT system in the literature. It is the
motivation of the present study. However, some studies on annual performance of PVT
systems could be found in the literature. Brottier and Bennacer performed a statistical
study was realized to analyze in-field performances of twenty-eight hybrid solar domestic
hot water installations equipped with innovative non-overglazed PVT collectors in
Western Europe. They showed that PVT technology, more than PV production, is
particularly relevant on domestic hot water preheating, with a monthly average of daily
maximal temperature in the panels reaching above 45°C during 5 months in the year [14].
Ji et al. established a mathematical model, verified by experimentally, evaluated annual
performance and investigated aspect ratio of a building integrated PV system (BIPV) to
analyze seasonal energy demand of four cities of China [15]. Gholami and Røstvik
presented BIPV as a building envelope material for the whole building skins, performed
economic analyses of a BIPV system in 30 countries. They emphasized that even the north
facade is economically feasible in some countries in Europe if all the environmental and
societal benefits of the BIPV system are being taken into consideration [16].
In the present study, it is aimed to performed annual performance of the PVT system
integrated with natural zeolite as a thermal storage material to manage the excessive heat
on PV. There are no studies in the literature regarding evaluation of the annual
performance of PVT systems integrated with natural zeolites. It is the motivation behind
of the present study. Firstly, mathematical models were derived by experimental data and
solar irradiance values. These models were employed to estimate monthly average hourly
values of overall energy efficiency, produced electrical power, overall produced energy and
savings by PVT system based on natural zeolites. Estimated parameters were calculated
depending on solar irradiance data that found by taking the average of 8-year hourly data.
Evaluation of annual performance of the PVT integrated with natural zeolites is firstly
presented in the open literature.
364

Kandilli and Uzel / Research on Engineering Structures & Materials 6(4) (2020) 363-374

2. System Description
It is very important to analyze the energy systems thermodynamically to determine system
efficiency. For this aim, the following assumptions have been considered:
•
•
•
•
•
•
•

PV surface temperature is assumed as a constant through the PV module.
The system is assumed as steady-state open system.
Inner surface of fluid channel is smooth.
The thermal resistance of the fluid channel and radiation losses is ignored.
Atmospheric pressure is assumed as P0 = 1 atm.
The heat losses for the bottom and the edge surface of the PVT could be ignored due
to the insulation layer.
The dead state temperature is assumed as equal to the ambient temperature.

Fig 1. Diagram of the layers of PVT-Zeolite system.
The layers of PVT system integrated with natural zeolite are shown in Fig.1 for the present
study. Solar radiation, which cannot be converted into electricity by solar cells, creates an
excessive heat on PV. This excessive heat is removed by the working fluid and is stored as
sensible heat in the zeolite layer. Thus, the stored heat energy will continue to provide
thermal energy at times when solar energy is not sufficient or after the sun goes down.
Furthermore, the heat load on the PV will also be removed and the electrical efficiency will
be reduced. Energy analysis of the PVT systems based on natural zeolite has been reported
in detail before [11]. For this reason, a short reminder about the parameters used in this
study will be made.
Q̇ thermal = ṁCP (Tout − Tin )

(1)

In the above equation, Q̇ thermal is the useful power (W), ṁ is mass flow rate of working
fluid, Tin and Tout are inlet and outlet temperatures and CP is specific heat respectively.
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The thermal (ηthermal ) and electrical efficiency (ηPV ) of the PVT system could be defined as
below, respectively:
ηthermal =
ηPV =

Q̇𝑡ℎ𝑒𝑟𝑚𝑎𝑙
Ι×AC

ẆPV
Ι × AC

ẆPV = 𝐼. 𝑉

(2)
(3)
(4)

Electrical power is the product of voltage and current obtained from PV. Overall power is
the sum of thermal and electrical power:
Q̇ 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = Q̇ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + ẆPV

(5)

3. Results
The aim of this study is to reveal the annual performance evaluation in the light of the data
obtained from PVT systems based on natural zeolite. First of all, the statistical
relationships between solar irradiance and electrical power, overall energy efficiency and
produced overall energy have been presented. The mathematical models were derived
from these relationships to estimate annual values by using solar irradiance data in hourly
basis. Electrical power, overall system energy efficiency and produced overall power
values were hourly calculated by these models for whole year. Then, for all these
parameters, monthly average hourly values were reached. Monthly savings from the PVT
systems integrated with natural zeolite has been calculated.
In the present study, global solar irradiance, ambient temperature and wind speed data
have been obtained by the meteorology station (Davis Vantage Pro2) established on the
terrace of the building of Department of Mechanical Engineering. These meteorological
data has been recorded since 2011. Usak, as a small Anatolian province, is located at a
latitude of 38.41 °N, longitude of 29.25 °E and altitude of 906 m. Usak, located in the
transition region from Mediterranean climate belt to continental climate condition, has hot
and dry summers and long cold winters.
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Fig 2. PVT test system based on natural zeolites and measuring devices.

Overall Energy Effiency

PVT test system based on natural zeolites and measuring devices are presented by Fig.2.
The PVT experiments were carried out on the roof of the Usak University Mechanical
Engineering Building on April, May and June 2016 under different meteorological
conditions. In natural zeolite PVT system experiments operating naturally under a flow of
18 l/h, inlet and outlet temperatures, surface temperatures and surface solar radiation,
flow and meteorological data were measured, uncertainties and theoretical analysis were
presented in previous studies [11]. Figures 3-5 present the statistical relationships
between overall energy efficiency, electrical power (W) and overall power (W) that is sum
of thermal and electrical power produced by PVT system and solar irradiance on PVT
surface. Determination coefficients were found as 0.9543; 0.9294 and 0.9254 for the
relations between overall energy efficiency, electrical power and overall power and solar
radiation on PVT surface. Derived models by these statistical relationships were employed
to calculate the monthly average of hourly values of overall energy efficiency, electrical
power, and overall power for a whole year. Hourly solar radiation data required to make
calculations. By using these parameters models were calculated using 8-year solar
radiation data obtained from the weather station. As it is known, weather station measures
the global solar radiation on horizontal surface. However, the PVT system in this study was
directed to the south and a 38ᵒ tilt angle was given. The hourly solar radiation data
received from the meteorology station was directed to the south and the solar radiation
coming to the 38ᵒ inclined panel was calculated hourly. Detailed information on the
calculation of solar radiation on the inclined surface is available in the basic literature [15].
As a result, based on the experimental models, annual total energy efficiency, electrical
power and total power calculations were made for PVT with solar radiation data on an
hourly basis. The results for these calculations are presented below.
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Fig 3. Statistical relationship between overall energy efficiency of the PVT system and
solar irradiation (W/m2)
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Fig 4. Statistical relationship between electrical power produced by the PVT system
and solar irradiation (W/m2)
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Months
Fig 6. Monthly variation of average daily solar irradiance (kW/m 2day) and sunshine
duration (h)

Variation of monthly variation of average daily solar irradiance (kW/m2day) and sunshine
duration (h) were plotted in Fig. 6. To calculate monthly variation of average daily solar
irradiance, for all days of the month in question, the average of the data at a certain hour is
taken. For example, for all days of January (Jan 1-31), all irradiation values in each hour
are summed and divided by 31, the number of days per month. Thus, hourly values that
characterize the relevant month were obtained. For each calculation, 8760 solar radiation
data were used. Monthly variation of average daily solar irradiance values were found as
2.11; 3.38; 4.73; 5.22; 5.98; 7.20; 7.53; 6.44; 5.11; 3.44; 2.85; 2.13 from January to
December, respectively. One of the important data in energy calculations produced from
photovoltaic panels is sunshine duration. Monthly average sunshine duration values for
Usak Province were also given by Fig.6. That is listed as 3.7; 4.4; 5.4; 6.6; 8.6; 10.7; 11.5;
11.1; 9.4; 7.1; 5.1 and 3.6 hours for January to December, respectively [18]. Yearly average
sunshine duration is 7.3 hours/day for the study location. As expected, the total solar
radiation increases as the sunshine duration increases. Surely, the main purpose in
providing this information is to show under which solar radiation conditions performance
evaluations are obtained.

369

8

0,6

Solar Irradiance
(kW/m2day)

7

0,5

6
0,4

5
4

0,3

3

0,2

2

Solar Irradiance

1

Overall Energy Efficiency

0,1

0

Overall Energy Efficiency

Kandilli and Uzel / Research on Engineering Structures & Materials 6(4) (2020) 363-374

0

Months
Fig 7. Monthly variation of overall energy efficiency against average daily solar
irradiance (kW/m2day)
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Fig 7 gives monthly variation of overall energy efficiency against average daily solar
irradiance (kW/m2day). Average overall energy efficiency values were found as 0.56; 0.54;
0.49;0.49;0.48; 0.46; 0.45; 0.46; 0.50; 0.53; 0.54 and 0.56 from January to December,
respectively. As with all thermal collectors, the efficiency of the system decreases as the
solar radiation increases.

Months
Fig 8. Monthly variation of produced electrical power (W) against average daily solar
irradiance (kW/m2day)

Monthly variation of produced electrical power and monthly variation of overall produced
energy (kWh) by solar irradiance are given by Fig.8 and Fig.9. As the solar radiation
increases, the electrical power produced and the overall energy increase. Monthly average
hourly produced electrical power values per module were calculated as 106.8; 126.7;
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143.4; 148.5; 145.2; 168.6; 161.9; 158.9; 148.2; 123.0; 121.4 and 105.9 W from January to
December, respectively. Similarly, monthly average overall produced energy values (kWh)
were determined as 73.93; 85.39; 105.59; 117.66; 131.15; 148.04; 151.35; 131.67; 117.50;
87.12; 79.90 and 65.59 from January to December, respectively. After calculating the
hourly average values representing all the days of that month for each month, the daily
total values were found, multiplied by the number of days in the relevant month, so the
monthly average total produced energy was calculated. Annual total overall energy
produced by the PVT system integrated with natural zeolite was found as 1294.88
kWh/year per module.
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Fig 9. Monthly variation of overall produced energy (kWh) against average daily solar
irradiance (kW/m2day)

Months
Fig 10. Monthly variation of savings (€) by average daily solar irradiance (kW/m2day)
Regarding the savings from the system, total monthly savings and monthly average solar
irradiance were plotted by Fig.10. Total monthly savings (€) were calculated as 6.73;
7.77;9.61; 10.71; 11.93;13.4; 13.77; 11.98; 10.69; 7.93; 7.27 and 5.97 from January to
December, respectively. Annual saving per module is reached as 117.83 €.
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4. Conclusions
In the present study, annual performance covering electrical, overall energy and savings of
PVT system integrated with natural zeolite was evaluated. Performance parameters were
calculated hourly and averaged. In hourly calculations, correlations obtained from the
experiments were used and real meteorological data and annual values on an hourly basis
were estimated. Monthly average hourly values of energy efficiency, electrical power,
overall produced energy and the savings were estimated. Remarkable results of the study
could be listed as below:
•

Average daily solar irradiance values were found as 2.11; 3.38; 4.73; 5.22; 5.98;
7.20; 7.53; 6.44; 5.11; 3.44; 2.85; 2.13 from January to December, respectively for
Usak province where the experiments were carried out.
• Average overall energy efficiency values were found as 0.56; 0.54; 0.49; 0.49; 0.48;
0.46; 0.45; 0.46; 0.50; 0.53; 0.54 and 0.56 from January to December, respectively
for natural zeolite based PVT systems. Considering that the laboratory efficiency of
the PV module in the PVT system is 15%, the thermal efficiency of the natural zeolite
PVT is remarkable.
• Monthly average hourly produced electrical power values per module were
calculated as 106.8; 126.7; 143.4; 148.5; 145.2; 168.6; 161.9; 158.9; 148.2; 123.0;
121.4 and 105.9 W from January to December, respectively.
• Monthly average overall produced energy values (kWh) were determined as 73.93;
85.39; 105.59; 117.66; 131.15; 148.04; 151.35; 131.67; 117.50; 87.12; 79.90 and
65.59 from January to December, respectively.
• Annual total overall energy produced by the PVT system integrated with natural
zeolite was found as 1294.88 kWh/year per module.
• Annual saving per module is reached as 117.83 € per module. With the acceptance
of the system cost of 942.8 €, simple payback period is approximately 8 years. This
payback time, which is found on a single module, will surely decrease at higher
installed powers.
Considering the industry, transportation and housing sectors, the highest share in energy
consumption belongs to the buildings. According to research by the International Energy
Agency (IEA), it has been revealed that in many IEA member countries, energy use in
buildings accounts for over 40% of primary energy consumption [19, 20]. Energy use in
buildings has increased significantly over the past few decades due to population growth,
economic growth and an increase in quality of life. However, as of 2019, the Covid-19
pandemic, quarantine processes and remote work applications, which have been on the
agenda of the world, increase the energy consumed in the buildings far above these values.
Increasing demand for energy supply has led to even faster development of low energy
technologies for building applications, with global warming due to CO2 emissions from the
use of non-renewable energy sources.
PVT systems based on natural zeolites could offer a very promising option to supply
electrical and thermal energy demand of the building. It is hoped that this study could help
to understand the performance of natural zeolite based PVT systems for building
applications.
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Abstract
In this study, the performance of a modified PAN based graphite felt, an
alternative electrode for cathode, was investigated for hydrogen/bromine flow
battery. In these experiments, carbon paper was used as porous transport layer
in the anode and graphite felt (GF) was used as the catalytically active electrode
in the cathode. Graphite felt electrode used for cathode is also used in industry
as thermal insulation material. The cathode kinetics of this relatively low-cost
material was increased by acidic modification and used in flow battery cathode
electrodes. To create functional groups on the cathode electrode, acidic surface
modification of the graphite felt was carried out with H2SO4 and HNO3 acid pairs
with a volumetric ratio of VH2SO4 / VHNO3 = 3:1. XRD and SEM analyzes were used
for physical characterization of the modified graphite felt electrodes. Single cell
potentiostatic polarization and power curves of the hydrogen/bromine flow
battery were obtained to elucidate the effect of cathode graphite felt surface
modification. In this study, comparison tests were performed for pristine
graphite felt and modified graphite felt. The maximum powers detected from the
single cell flow battery formed by pristine graphite felt and modified graphite
felt cathode electrodes are 0.32 W/cm2 (0.65V) and 0.40 W/cm2 (0.65V),
respectively. In flow battery tests, this 25% power increase in similar voltage
values may be attributed to the improvement of the weak electrochemical
properties of the graphite felt electrode by acidic modification.
© 2020MIM Research Group. All rights reserved.

1. Introduction
Energy storage technologies are vital for the practical use of renewable energy. Among the
renewable energy resources, wind and solar powers are widely used energy sources and
they are considered as intermittent systems [1]. In order to increase the energy efficiency,
these renewable energy sources must be coupled with a suitable energy storage system.
One such promising technology for the electrical energy storage is flow batteries. Flow
batteries can store electrical energy with high efficiency and for a longer period. Among all
flow batteries, H2/Br2 flow batteries are considered as a promising battery technology due
to their rapid cathode kinetics. In a typical low temperature H2/Br2 flow battery system
operating on discharge mode, hydrogen gas (anolyte) is fed to the anode side and protons
are formed by hydrogen oxidation reaction in the catalytic region. Then, protons are
transported through the solid polymer membrane to the cathode. In the cathode side,
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liquid bromine solution (catholyte) is reduced to bromide ions at the cathode and form
hydrobromic acid. The half-cell reactions for the H2/Br2 2 flow battery system are
(discharge mode):
Anode:
Cathode:
Overall:

H2 → 2H+ + 2eBr2 + 2e- → 2BrH2 + Br2 → 2HBr

Eo= 0.00V
Eo= 1.09V
Eo= 1.09V

One of the major advantages of this battery is that hydrogen and bromine are relatively
inexpensive chemicals. Since the system contains bromine with its toxic and corrosive
structure, overall flow battery design should be bromine and hydrobromic acid tolerant.
Although the hydrogen-bromine flow battery has higher electrode kinetics compared to
other popular flow battery systems, Br-, Br3- or Br5- ions in the cathode can pass through
the anode and poison the platinum-containing catalyst in the anode (crossover), thus
reducing the flow battery performance [2] .Bromine-based ions which pass through the
membrane to the anode catalyst also hinder efficient operation of the battery at 0.6 V and
below. Therefore, Preventing/reducing the passage of bromine based ions as a result of
crossover through the conventional membrane (Nafion® 212) is an important problem to
be solved for the hydrogen-bromine flow battery. In addition, expensive catalysts and
electrodes that can be used on the cathode side increase the cost considerably. Costeffective catalysts and porous transport layers may be used to reduce overall cost of the
cell. For the Hydrogen/Bromine flow battery reactions precious metallic or bimetallic
catalysts such as Pt/C and Pt-Ru/C or RhxSy and RhxSy/C may be used [3-6]. In addition, the
bromine reduction reaction (BRR) can also be catalyzed by only carbon structures. Besides
its role as porous transport layer (PTL), it is well documented in the literature that carbon
paper, carbon cloth, carbon felt, and graphite felt also act as active catalyst for BRR.
Graphite felt (GF) can be produced from polyacrylonitrile (PAN) by high temperature
carbonization and graphitization process. Graphite felt is widely used as PTL in redox flow
batteries due to its low cost (ca. $70/m2), good electrical conductivity, high surface area
with a porous structure (470-600 m2g-1), and stable mechanical and chemical properties
[7-9]. The performance of the hydrogen-bromine redox flow battery can be improved by
applying surface modification processes to low-cost carbon-based electrodes.
The graphite felt used in this study is a low cost material generally used for thermal
insulation at high temperature. On the other hand, poor electrochemical properties of the
graphite felt limit the performance of the hydrogen-bromine flow battery system [10]. To
enhance H2/Br2 flow battery system performance, one strategy may be to increase
electrochemical catalytic activity. One way to achieve this goal is to increase functional
oxygen groups within the electrode structure. Supply of functional oxygen groups over the
surface of graphite felt leads to an increase in surface wettability and this results in an
improved electrical conductivity. There are various effective techniques for surface
modification in the literature such as thermal modification [11], acidic modification [12],
electrochemical oxidation [10], nitrogen modification [13],metal modification [14],
thermo-chemical modification oxygen plasma treatment and gamma-ray irradiation [15].
Among these methods, the acidic modification process increases the electrochemical
activity by increasing the oxygen-containing functional groups on the graphite felt surface,
as well as increasing the active reaction area due to acid corrosion. In a study by W. Zang
et al. for vanadium redox flow batteries, it was observed that acid treatment applied to the
graphite felt for VO2+/VO2+ reaction increased the wettability of the graphite felt and
decreased the resistance during charge transfer [16].
In this study, it was aimed to improve the kinetics of bromine reduction reaction in cathode
by modifying the surface of low-cost graphite felt by acidic treatment. The effect of
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modified graphite felt electrodes and carbon loading on H2/Br2 redox flow battery
performance were investigated and compared with pristine graphite felt electrodes.
2. Materials and method
In this study, the electrode surface of graphite felt was modified with sulfuric acid and
nitric acid. Then, anode and cathode catalysts were prepared. The catalysts were loaded
over the electrodes in the specified proportions and pressed with a hot press by inserting
a commercial membrane between them. Finally, steady state potentiostatic performance
tests were performed with an electronic load in a single-cell (5 cm2, interdigitated flow
field) hydrogen bromine flow battery system.
2.1. Acidic modification
5 mm thick graphite felt (SGL® Carbon, Sigratherm GFA5) was cut to obtain an electro
active area of about 5 cm2 (2.2cm x 2.2cm). The graphite felt electrode was sonicated in
anhydrous ethanol (%99, Sigma-Aldrich®) for 30 min. to remove impurities. Then, GF
electrode was washed with de-ionized water. GF electrode was dried in an oven at 100 oC
for 5 h. Sulfuric acid (%98, Sigma-Aldrich®) and nitric acid (%69, Merck®) pairs were used
for acidic oxidation. 2M sulfuric acid and 2M nitric acid were used in the acidic treatment
process. The acid mixture was prepared so that the volumetric ratio was kept at about
VH2SO4/VHNO3= 3. GF electrode was oxidized in a sealed 100 mL Teflon-lined flask
containing 40 mL of mixed acid solution at 80oC. The oxidized electrode was first washed
with deionized water, and then sonicated with deionized water for 30 min. Electrode was
dried in oven at 100oC for 5h.
2.2 MEA Preparation
Anode electrode was prepared by using commercial Pt/C catalyst (67 wt% from Tanaka
Kikinzoku Kogyo) onto the porous transport layer (PTL) with a loading amount of 0.4 mg
Pt/cm2. On the cathode side, commercial carbon black (Vulcan XC-72, Cabot®) was used
as catalyst. The electrode was prepared by loading the catalyst in an amount of 0.4 mg
C/cm2 onto PTL. In the anode and cathode catalyst loading process, the catalyst solution
was prepared using catalyst (Pt/C or C), Nafion solution (15%, Ion Power ®), deionized
water and 2-propanol (Sigma-Aldrich®). The ratio of catalyst to Nafion solution was kept
at around 7: 3 by weight. After the catalyst solution was homogenized using an ultrasonic
bath, the catalyst ink was loaded onto the PTL by conventional brushing method. The
membrane electrode assembly (MEA) structure is formed by placing a solid polymer
membrane between the anode and cathode electrodes. Nafion-212 (DuPont®), a
commercial solid polymer electrolyte membrane, was used without pretreatment for the
proton exchange. Electrodes were prepared using porous carbon paper (SGL® Carbon, GDL
25BC) in the anode and graphite felt (SGL® Carbon, Sigratherm GFA5) in the cathode as the
porous transport layer. MEA structure was prepared with a hot press at 135 oC and 5 bar
for about 4 min.
2.3 Physical characterization
Surface morphology analyses of the samples were performed using scanning electron
microscopy (SEM) with an acceleration voltage of 10kV (JEOL, JSM-7001F). The X-Ray
diffraction (Rigaku, SmartLab) analysis of the samples was conducted using the Cu-Kα1
source with a screening angle of 2-90o, and scanning speed of 2o min-1. X-ray photoelectron
spectroscopy (XPS) (Specs-Flex XPS) was used to examine the functional groups over the
surface of the electrodes.
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2.4 Single cell performance tests of hydrogen-bromine redox flow battery
Hydrogen/Bromine redox flow battery polarization tests were performed using a single
cell test system with an active area of 5 cm2. Bipolar plates produced from graphite have
interdigitated flow field design. Gold-plated electrolytic copper current collectors are used
to record the potential and current. 200 micron thick Teflon gaskets are used at the anode
and cathode to seal the cell. A torque wrench is used to compress the cell with a torque of
4 N.m per bolt. In the electrode preparation stage, SGL GDL 25BC and Sigratherm GFA5
graphite felt were used as porous transport layer at the anode and cathode respectively.
For all anode electrodes, 0.4 mg/cm2 (67% Pt/C) catalyst was loaded onto the SGL 25BC
gas diffusion layer. In this study, no humidification was performed on the anode side.
Hydrogen flow rate was set to 0.1L min-1.
At the cathode, a mixture of 1 M HBr (500 mL) and 1 M (500 mL) Br 2 was circulated at a
volumetric rate of 50 mL/min with a peristaltic pump (Watson Marlow E323). All
experiments were conducted at room temperature (~25 oC). Under the same conditions,
25BC/Nafion-212/Pristine GF, 25BC/Nafion-212/Modified GF, and 25BC/Nafion212/Modified GF + Vulcan XC-72 MEAs were used in the cell and single cell hydrogenbromine flow battery performance tests were performed. While the battery was operated
in discharge mode, current values were recorded at the potentiostatic steady-state
potentials at 0.05 V intervals starting from the open circuit voltage with an electronic load
(Maynuo® M9714).
3. Result and Discussion
XRD patterns of pristine graphite felt and graphite felt after acidic modification are shown
in Fig. 1. The most prominent peaks in all pristine and modified graphite felt samples are
the peaks corresponding to planes (002) (JCPDS: No. 75‐1261) and (100) at 26.4o and 44.6o
respectively [17,18].

Fig. 1 XRD patterns of electrodes
The characteristic diffraction of the graphite felt in the (002) and (100) planes indicates
that the graphite felt is partially oxidized. When the diffraction densities of pristine GF and
modified GF were compared, it was found that the diffraction density decreased after
oxidation due to acidic treatment. This reduction in diffraction intensity is generally
attributed to defects formed in the structure after oxidation process. These structural
defects may also be seen from the SEM micrographs given in Fig. 2. Diffraction peaks
weaken as these defects in the structure cause partial irregularity of the reflection planes
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in the crystal plane [17,19]. Type and content of the functional groups are validated by XPS
analyis and this may explain and confirm the reduced diffraction intensity observed in XRD
patterns. Pristine GF and modified GF surface morphologies are given in Figure 2. When
SEM micrographs are analyzed, it is seen that acidic modification causes a change in the
surface of graphite felt fibers. The fibers in the structure of the graphite felt are about 10µm
thick.

Fig. 2 SEM micrographs of cathode electrodes for a-b) Pristine graphite felt, and c-d)
Modified graphite felt
When the SEM micrograph is examined, it is seen that there are micro changes due to
oxidation on the graphite felt surface. Acidic modification caused roughness on the surface
of graphite felt fibers. Surface oxygen groups and roughness can be controlled by altering
the concentration of the acid pair to values higher than 2M used in this study. These defects
caused by modification especially created small cavities on the fiber structure and
increased the surface area of the graphite felt.
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Fig.3 XPS surveys of pristine and modified graphite felts
XPS survey spectra given in Fig. 3, indicates C1s and O1s binding energy values were
centered at 284.7 eV and 532.0 eV respectively. Considering XPS results, no significant
impurities were found on the graphite felt surface. In addition, oxygen containing
functional groups were detected with the XPS analysis. XPS data were used to fit a curve
by peak deconvolution method to get C1s and O1s spectra of the pristine and modified
graphite felt samples. C1s and O1s spectrums of the graphite felt samples are given in Fig.
4. Spectra are calibrated according to the binding energy of the carbon at 284.7 eV. The
functional group contents on the surface of the samples are listed in Table 1. Table 1
confirmed the increase of oxygen-containing functional groups on the electrode surface
after modification.
Table 1. XPS curve fit data for the surface functional groups
Sample
Pristine GF
Modified GF

C1s
C=C
33.70
31.21

C-C
16.31
18.78

C-O
14.93
18.20

O1s
C=O
18.54
31.81

C-OH
16.52

As it can be seen from Fig. 4, C1s peak positions and binding energies were attributed to CC (287.7 eV), C=C (283.75 eV, 285.1 eV) functional groups [20]. Considering oxygen
containing carbon bonds, C-O (532.0 eV, 533.4 eV, 533.4 eV), C=O (530.0 eV, 531.2 eV,
531.4 eV, 531.7 eV), -OH (532.7 eV) functional groups are detected for O1s peak [21-23].
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Fig. 4 XPS curve-fit for C1s and O1s spectra of cathode electrodes, pristine GF (a and
b), modified GF (c and d)
The hydrogen/bromine redox flow battery performances of pristine GF and modified GF
were performed by an electronic load using a single cell with an active area of 5 cm2 and
bipolar plates having interdigitated flow channel architecture. Polarization and power
curve data of the flow battery system for different cathode electrodes are presented in
Figure 5. Table 2 lists the maximum current and power density for the tested electrodes.
As Fig. 5 and Table 2 are examined, the increase in cell performance due to acidic
modification is clearly observed. It may be suggested to use more concentrated acid pair
solution to modify the surface electrodes to get even better performance results. On the
other hand, a slight increase in hydrogen/bromine redox flow battery performance was
detected when a typical carbon black (Vulcan XC72) was loaded (0.4 mg C/cm 2) into the
cathode electrode, especially when the fuel cell is operated at higher current densities.
Optimal cathode carbon black loading values over the surface of the modified graphite felt
will be reported in a future study.
The maximum power densities obtained from Pristine GF, modified GF and modified GF +
Vulcan XC-72 cathode electrodes are 0.32Wcm2, 0.38 W cm2, and 0.40 Wcm2, for the
potentials of 0.65 V, 0.75V, and 0.65 V respectively.
As the flow battery is operated at lower potentials (< 0.6 V), considerable performance loss
is observed. This phenomenon may result from the crossover of species such as Br - Br3-[8].
This performance loss may be prevented with a proper electrolyte to minimize crossover
and as well as with a better anode catalyst (bromine tolerant HOR catalyst).
Considering the low current density region, it is observed that the performance of pristine
GF is low. Losses in this region can be attributed to catalytic activation. Relatively higher
performance of the modified GF in the low current density region may result from the
increased kinetics of bromine reduction after acidic modification and consequently to an
increase in catalytic activity.
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Fig. 5 Single cell H2/Br2 redox flow battery performance for different cathode
electrodes at 25 oC a) polarization curve and b) power curve
Table 2. Current and maximum power densities for the prepared cathode electrodes

0.65
0.75

Current Density
(A/cm2)
0.49
0.50

Power Density
(W/cm2)
0.32
0.38

0.65

0.61

0.40

Anode

Cathode

Cell Voltage (V)

SGL 25BC
SGL 25BC

Pristine GF
Modified GF
Modified
GF+Vulcan XC72

SGL 25BC

4. Conclusion
In this study, it was aimed to increase the performance and decrease the cost of the
hydrogen-bromine flow cell system. For this purpose, low-cost modification processes
were applied to the graphite felt electrode used in the cathode. The surface of the graphite
felt used as an electrode in the cathode can be modified by methods such as thermal,
electrochemical or acidic treatment. Acidic treatment, which is fast and low cost, provided
the desired improvement in this work. Compared with the modified and carbon loaded
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cathode electrodes, pristine graphite felt performance was observed to be lower. Selected
graphite felt is generally used for insulation purposes (e.g. high temperature oven
applications) and this felt has a relatively lower surface area. As a result of the surface
modification of cathode graphite felt with acidic treatment, flow battery performance
increased with the increase in electrodics for bromine reduction reaction. The use of
graphite felt electrode as a bromine cathode electrode in the hydrogen-bromine flow
battery system significantly reduces the cost of the battery. XPS results indicate the
presence of oxygen-containing functional groups on the electrode surface and confirm the
increase of these groups after acidic modification. The electrochemical activity of the
electrode has been significantly improved by increasing the defects created on the graphite
felt electrode surface and the active functional groups containing oxygen. The electroactive
reaction area provided by the functional groups enhanced the hydrogen/bromine flow
battery performance by accelerating the electrode kinetics of the reduction reaction at the
cathode. In addition, functional groups on the surface reduced resistance on the cathode
electrode formed during charge transfer, and accordingly, single cell flow battery
performance was improved. In order to further improve the electrodics of cathode
electrode, it is recommended to determine the appropriate carbon types (e.g. carbon
blacks, ordered mesoporous carbons, CNTs, etc.) and the optimum carbon loading amounts
for graphite felt electrodes modified with concentrated acid pairs.
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Deformation of most pavements is practically inelastic. Thus, the exact
calculation of pavement deformation often requires use of a damage evaluation
law to characterize the stress-strain relationship mathematically. Asphalt,
polymer, and reinforced concrete are all examples of such pavements. However,
concrete pavements without reinforcement are generally assumed to behave
linear elastic. Concrete pavements without reinforcement are used sometimes as
permanent pavements with dowels such as airport apron pavement, but
sometimes they are used as temporary pavements during the mobilization or
initial phases of new construction projects as well. When used as permanent
pavements, their design is performed similar to rigid pavements, which has
international acceptance by highway engineers, or by finite element analysis.
When used as temporary works during the mobilization phase, or when a road
is urgently required on a construction site, their design is often problematic,
because advanced highway design or finite element analysis might be momently
unavailable. A rapid, conservative, and reliable hand calculation method for
temporary concrete pavements without reinforcement is therefore required. In
this study, design charts are provided to allow hand calculations of temporary
concrete pavements. In addition, a numerical example is solved to illustrate the
use of derived charts. The effects of certain parameters on the stress behavior of
concrete pavements are also investigated.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
In this study, some hand calculation charts are derived to enable quick and conservative design
of linear elastic rigid pavements, such as temporary concrete pavements without
reinforcement, of the type frequently used at the mobilization phase of construction. The design
of a linear elastic rigid pavement is based on the maximum stress developed in the pavement
itself and in its base. The source of these stresses relates of course to the heaviest wheel load on
the top of the pavement. As a result, the maximum stress develops in the contact zone between
the wheel and the pavement. The first stage is therefore the calculation of this maximum (or
peak) stress, which is necessary to determine the required strength of pavement. At the same
time, the stresses induced by the wheel load are dispersed through the thickness of the
pavement, and a reduced, dispersed stress is then obtained at the base of the pavement. The
maximum value of these vertical stresses must be less than the bearing capacity of the soil. This
leads to the second consideration, which is the calculation of the maximum stress at the
pavement base in order to determine the pavement thickness required. Starting from the
beginning, Groenendijk (1998), Pottinger (1992), Tielking (1994), De Beer (1996), and Jong
(2007) [1-5] investigated the contact stress developed between the wheel and the pavement.
Of all, Groenendijk [1] derived formulas to determine the maximum stress between the wheel
and the pavement, also referred to as the “Footprint pressure” in the literature. This subject is
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discussed in the first section after the introduction. The issue of the second maximum stress at
the base of the pavement is evaluated in the subsequent sections. A 45° stress dispersal in the
direction of pavement thickness is generally assumed to calculate that second stress. This
assumption is applied in many engineering calculations, and is also supported in the literature
[6]. However, it is still unclear whether this proposed 45° stress dispersion and the uniform
vertical stress distribution is appropriate. Unfortunately, stress dispersal through pavement
thickness is less investigated by the researchers. Among that less data available in the literature,
Li et al. [7] investigated the stresses in the pavement for the safety of underground pipelines.
They studied a range of parameters in an attempt to reduce the stress in the base of the
pavement and in the top of the infrastructure pipe and revealed that the burial depth of the
pipes should be increased to provide acceptable levels of stress above the pipes. Therefore, the
aim of the present study is to investigate the magnitude and shape of the dispersed wheel load
in the pavement base. First, a finite element (FE) model of the pavement and wheel model is
developed using ANSYS [8]. Second, pavement is assumed to be linear elastic and wheel is
assumed conservatively to be a static load rather than a moving load. Third, the possible
parameters that could affect the value and shape of the dispersed load at the pavement base are
selected. Fourth, the shape and value of the dispersed load at the pavement base is determined
by means of FE analysis. Fifth, verification of the FE model is undertaken using Boussinesq
equation. Sixth, the effects of the parameters on the dispersed stress are assessed, and finally
design charts are derived to estimate the magnitude and shape of the dispersed stress at the
pavement base.
2. Determination of the Contact Stress (First Maximum Stress) between the Wheel and
Pavement
Groenendijk [1] performed extensive research on the contact stresses between tyre and
pavement. He measured the footprint pressure using the Vehicle-Road Surface Pressure
Transducer Array (VRSPTA) system. VRSPTA measures the stresses between relatively slow
moving free-rolling tyres and the road surface. It measures the vertical stresses, as well as
longitudinal and lateral shear stresses. Groenendijk [1] also performed tests for various
combinations of wheel load, tyre inflation pressure, and wheel speed for two wide-base single
tyres (type C) [6]. With the VRSPTA system, it is possible to measure stress patterns at the
interface between tyre and pavement. Fig. 1 shows an example of a measured 3D stress pattern
for a 425/65 R22.5 tyre [6] for an inflation pressure of 0.7 MPa, loaded at 100 kN, moving at 0.3
m/s [5].

Fig. 1 Example of measuring contact stress using VRSPTA [5].
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Groenendijk formulated the following conclusions from his research [5]:
1.

The wheel load mainly governs the stresses at the tyre edges, while the tyre pressure
governs the stresses at the center of the tyre.

2.

The tyre/pavement contact area can be modeled as a rectangle as wide as the tyre tread
area, and with a length that depends on the load and inflation pressure. For stress modeling,
this area should be divided into three zones in the transverse direction: Two edge zones
each 20% of the tyre width, and one middle zone covering the remaining 60%.

3.

The vertical contact stresses may be treated as uniformly distributed loads, but generally
with different values for the middle and edge zones.

Groenendijk derived equations for the footprint (contact) stress:
σz;ave;middle = 422 – 1.20∙F + 4.60∙10-3∙F∙p + 0.322∙p + 8.60∙ v

(1)

σz;ave;edge = 85.5 + 9.25∙F + 0.290∙p + 1.29∙v

(2)

where:
F = Wheel load (kN)
p = Tyre inflation pressure (kPa)
v = Wheel speed (m/s)
σz;ave;middle = Average vertical contact stress over the middle 60% of the tyre width (breadth) and
the full tyre footprint length (kPa)
σz;ave;edge = Average vertical contact stress over the edges 2 x 20% of the tyre width and the full
tyre footprint length (kPa).
Using the load, the inflation pressure, and the velocity, contact stresses can be calculated. The
equations derived by Groenendijk are based on measurements for wide-base tyres (type C). It
may be assumed that these equations are also valid for the single (type A) and the double (type
B) tyres, because these tyre types differ only slightly from the super single (type C) [5].
Fortunately, Jong [5] proved in his thesis that the wheel contact areas given in EC3 [6] are
acceptable by means of the Lintrack measurement system used by Jong [5].
If the velocity and tyre pressure in Eq.1 and Eq.2 are conservatively replaced with 0 m/s and
0.9 kPa respectively, Eq.3 and Eq.4 are obtained as follows:
σz;ave;middle = 422.3 – 1.2042∙F

(3)

σz;ave;edge = 85.761 + 9.25∙F

(4)

The variation of contact stresses on edge and middle zones depending on wheel load (N) are
given in Fig. 2 using Eq.3 and Eq.4.
Because the method derived here is aimed for the design of temporary concrete pavements, the
lowest strength of the pavement can be conservatively taken as 10 MPa (lean concrete). In this
case a wheel load or a set of adjacent wheel loads must be 1000 kN to overcome the strength of
the concrete and crack the pavement, which is almost impossible in practice. As a result, there
is no need to consider the contact stress between the pavement and the wheel in the design of
temporary concrete pavements without reinforcement.
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Fig. 2 Variation of edge and middle zone contact stresses according to
Eq.3 and Eq.4.
3. Determination of the Dispersed Stress (Second Maximum Stress) at the Pavement Base
The second maximum stress depends on the dispersed stresses at the pavement base, because
the wheel-induced stresses might not just be due to a single wheel, but instead, due to a set of
wheels. Therefore, it is considered here both the distribution and the maximum of the vertical
stress value at the pavement base. If the pavement design is to be performed for more than one
wheel, where the wheels are adjacent and interact with each other, the maximum vertical stress
can be determined from the superposition of both of the dispersed stresses at the pavement
base. To determine the distribution of the dispersed stress at the pavement base, it is first
necessary to select the potential parameters influencing the dispersed stress. The effect of these
parameters on this distribution is then analyzed separately. Finally, charts are derived for the
calculation of the single-wheel load-induced dispersed stress.
3.1. Definition of Parameters
The intended parameters shown in Fig. 3 are wheel load (WL), wheel breadth (WB), elasticity
modulus (EP), Poisson ratio (P), width (WP) and thickness of pavement (TP). All parameters and
their default values are shown in Fig. 3. Finite element (FE) analysis, termed “reference”
analysis, is performed using the default (or initial) parameter values. Then, a single parameter
is changed, while keeping the others constant. In this way, the effect of this single parameter on
the magnitude and distribution of the dispersed stresses is evaluated.

Fig. 3 Default (or initial) values of parameters
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3.2. FE Model
The reference FE analysis is used to find the distribution of the dispersed stress at the base of
the pavement and additionally in the intermediate layers. The FE model employed in this study
is fully restrained against translation and rotation on the pavement base. The number of
elements and nodes used in the FE model are 8748 and 9100 respectively. A four-node FE,
referred to as SHELL181 in the ANSYS [8] documentation, is used to generate the FE model.
Results of the reference FE-analysis, depending on the default values of the parameters are
shown in Fig. 4, in which the dispersed stresses (See Fig. 3 for the definitions of the x and y-axes)
are given for the top, intermediate, and base layers of pavement. The intermediate layers are
selected for various elevations (Values of y in Fig. 4 relate to the y-axis shown in Fig. 3, not the
depths of pavement layers).

Fig. 4 Dispersed stresses at the top, intermediate layers, and base of pavement.
3.3. Comparison of FE-Analysis with Boussinesq Equation
A comparison of FE-analysis with the Boussinesq equation [9] is performed to determine the
dispersed stress at intermediate depths in a semi-infinite continuum (semi-space), as shown in
Fig. 5.

Figure 5. Semi-space with uniform load

The Boussinesq equation for dispersed stress (σy) provided by Timoshenko and Goodier [9] is
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given below.
𝑦3

𝜎𝑦 = 𝑞 ∙ [−1 + (𝑎2+𝑦 2)1.5]

(5)

Using Eq.5 in conjunction with FE results allows comparison between the FE and Boussinesq
solutions as shown in Figs. 6a and b.

Fig. 6. a) Comparison of FE solution with Boussinesq solution b) Difference (%) between FE
solution and Boussinesq solution
The difference between the two solutions is less than 1% up to a depth of 10 mm measured
from the top of the pavement. Between 10 mm and almost 20 mm depth, the difference is not
more than 5%. The maximum difference is approximately 9.5% at the base of the pavement (25
mm depth). Because the Boussinesq solution is developed for semi-space and results provided
by it are more appropriate for small depths, the FE approach used is assumed satisfactory for
the intended parameter study.
3.4. Assumed Distribution of Dispersed Load
As seen from Fig. 4 and Fig. 7, the distribution of the dispersed stress at the base of the pavement
can be assumed to be trapezoidal, characterized using the dimensions f, e1 and e2 given in Fig. 7.

Fig. 7 Distribution of dispersed stress at the pavement base
Here f, e1 and e2 are clearly functions of wheel load, wheel breadth, elasticity modulus, Poisson
ratio, width, and thickness of pavement. Using the default values of parameters f, e1 and e2 results
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in -2 N/mm (-1.9979 ≈ -2), 69 mm, and 134 mm respectively, which are derived from Fig. 7
using the Fortran code provided in Appendix 1. The measured value of  is 3.52°. However, f, e1
and e2 are not totally independent and the area of the trapezoid must be equal to the wheel load
as per Eq.6.

𝑊ℎ𝑒𝑒𝑙 𝑙𝑜𝑎𝑑 = −𝑓 ∙ (

𝑒1 +𝑒2
2

)

(6)

If Eq.6 is not satisfied, it is advisable to keep f and e1 the same and justify the value of e2, such
that Eq.6 holds. In the subsequent sections, f, e1 and e2 are obtained as functions of the intended
research parameters.
3.5. Effect of Parameters on f, e1 and e2
3.5.1 Effect of Elasticity Modulus on f, e1 and e2
The elasticity modulus of the pavement (EP) is varied from 1 GPa to 100 GPa, while other
parameter values are kept constant. From the results shown in Fig. 8, it is apparent that f, e1 and
e2 are independent on the elasticity modulus of the pavement. The values of dispersed stress in
Fig. 8 in all scenarios are so same, that all three curves for E = 1, 10 and 100 GPa are overlapped.

Fig. 8 Dispersed stress at the base of pavement for varying elasticity modulus
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3.5.2 Effect of Poisson’s Ratio on f, e1 and e2
As seen in Fig. 9, the effect of Poisson’s ratio on f, e1 and e2 is very slight, that it can readily be
ignored as a parameter affecting on f, e1 or e2.

Fig. 9 Dispersed stress at the base of pavement for varying Poisson’s ratio.
3.5.3 Effect of Pavement Width on f, e1 and e2
The effect of pavement width on f, e1 and e2 is shown in Fig. 10. It is clear that widths less than
150 mm lead to stress concentrations at the two edges of the pavement. At the same time,
varying the width from 150 mm to 400 mm has almost no effect on the magnitude and
distribution of the dispersed stress. Two conclusions may be drawn from Fig. 10: First, the
width of the pavement should be at least one and a half times the wheel breadth (Pavement width
≥ 1.5·Wheel breadth). Second, varying the width above this value has no effect on f, e1 and e2.

Fig. 10 Dispersed stress depending on the pavement width.
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3.5.4 Effect of Wheel Load on f, e1 and e2
The variation of the dispersed load depending on wheel load is given in Fig. 11. e1 and e2 derived
from the curves are all the same, meaning that the wheel load has no effect on them.

Fig. 11 Dispersed stress depending on the value of wheel load.
Nonetheless, f is directly proportional to the wheel load as given in Fig. 12, if the effect of the
remaining parameters (wheel breadth and pavement thickness) are ignored.

Fig. 12 Variation of f depending on wheel load.
According to Fig. 12, the relationship between f and wheel load is linear and may be described
as follows:
f = -0.01·wheel load

(7a)

Here, it is apparent that the coefficient (0.01) comes from the ratio, Wheel Load / Wheel Breadth
for all the cases. For instance, for WL = 700 kN, f derived from Fig. 12 is 7 N/mm, which is equal
to 700 N/100 mm = 7 N/mm. As a result, f is described using Eq.7b below.
f = -(WL/WB)·g(WB,TP)

(7b)

where g is a function of wheel breadth and pavement thickness.
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3.5.5 Effect of Pavement Thickness on f, e1 and e2
As seen in Fig.13, f, e1 and e2, all vary depending on thickness of pavement (TP).

Figure 13. Dispersed stress depending on pavement thickness.
Fig. 13 indicates that starting from a thickness of 75 mm and up to 150 mm, some stress
concentrations develop at the edges, but in sufficiently small numbers to allow them to be
ignored. However, above a thickness of 150 mm the number of stress concentrations becomes
critical, making an applied methodology to derive f, e1 and e2 extremely difficult.
3.5.6 Effect of Wheel Breadth on f, e1 and e2
Effect of wheel breadth on f, e1 and e2 is shown in Fig. 14, from which it is deduced that they are
all functions of the parameter wheel breadth as in the case of pavement thickness.

Fig. 14 Dispersed stress depending on wheel breadth.
3.5.7 Widening Width of Pavement to Eliminate Stress Concentrations
If the width of pavement is increased to 2 m, the stress concentrations are reduced significantly,
however they cannot be completely eliminated especially at extreme pavement thicknesses
such as 1000 mm, as observed from Fig. 15. Therefore, the pavement width of 2 m is taken as
the default value of the parameter pavement width in the FE analyses hereafter. Since the
shoulder width in highways is at least 1 m, and half the wheel spacing is approximately 1 m, the
default pavement length = 1 m + 1 m = 2 m is seen to be realistic.
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Fig.15 Stress concentrations developed for different pavement thicknesses, when pavement
width is 2 m.
3.6. Assumed Distribution of Dispersed Load

f (N/mm)

Because f depends solely on wheel load, pavement thickness and wheel breadth, the function of f
is derived based on these three variables. It has already been shown that f is directly
proportional to wheel load according to Eq.7a, the variation of f depending on wheel breadth and
pavement thickness for a wheel load of 1 N is shown in the chart given in Fig. 15. Data tables for
Figs. 16, 17 and 18 are given in Appendix 2.

Tp (mm)

Fig. 16 f depending on pavement thickness (TP) and wheel breadth (WB) for wheel load = 1N.
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Tp (mm)

e2 (mm)

Fig. 17 Recommended values of e1.

Tp (mm)

Fig. 18 Recommended values of e2.

4. A Numerical Example
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The method derived here is a simple hand calculation method for designing concrete (or linear
elastic) pavements under axle loads. The method allows rapid and easy calculation of pavement
stresses and is especially recommended for engineers unable to perform a FE-analysis due to a
lack of time and software. In this section, a truck load is first selected complying with EC 3 [6]
and then the magnitude and distribution of stresses developed at the bottom of the pavement
are calculated using the charts derived in this study. Finally, results obtained are compared with
the results obtained from an FE-analysis.
4.1. Problem Description
According to EC 3 [6] heavy truck vehicles are defined by,
1. Axle number and distance between axles (Table 1, column 1 and 2),
2. Frequently used axle load (Table 1, column 3),
3. Wheel load area and transverse distance between wheel loads (Column 4 of Table 1 and
Table 2).

Table 1 Group of frequently used heavy truck vehicles [6].
1
View of heavy truck
vehicle

2
Axle distance (m)
4.50
4.20
1.30
3.20
5.20
1.30
1.30
3.40
6.00
1.80
4.80
3.60
4.40
1.30

3
Frequently used axle
load (kN)
90
190

4
Tyre type

80
140
140
90
180
120
120
120
90
190
140
140
90
180
120
110
110

A
B
B
A
B
C
C
C
A
B
B
B
A
B
C
C
C

A
B
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Table 2 Wheel contact areas [6].

C

220
mm

220 mm 220 mm 220 mm
2.00 m
2.00 m

320 mm

B

320 mm

540 mm

220 mm

320 mm

220 mm

320 mm

2.00 m

320 mm

A

Geometry

270 mm

320 mm

Type of wheel area and axle

270 mm

From Table 1, the heavy vehicle in the second row is selected as the truck design load. A C10
concrete pavement without reinforcement is selected. The soil strength is taken as 300 kPa.
The thickness of the concrete pavement must be justified to keep the maximum stress at the
pavement base lower than the soil strength.
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4.2. Solution
The truck loads in the longitudinal and transverse directions are given in Figs. 19, 20, and 21.

Fig. 19 Truck loading in longitudinal direction.

Fig. 20 Truck loading in transverse (1st axle) direction.

Fig. 21 Truck loading in transverse (2nd or 3rd axle) direction.
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4.2.1 Solution of Worst Condition 1
Because the worst condition 1 is composed of a single wheel load, only the maximum stress at
the pavement base (f) is calculated, and the shape of dispersed stress (e1 and e2) is not required.
From Fig. 16, f is determined as follows:
125∙f (wheel breadth = 220 mm, pavement thickness = ?) ≤ soil strength = 0.30 MPa
f (wheel breadth = 220 mm, pavement thickness = ?) ≤ 0.0024 MPa
From Figure 16, f = 0.0022 MPa → TP= 320 mm = 32 cm
4.2.2 Solution of Worst Condition 2
Because the worst condition 2 is composed of two wheel loads, two maximum stresses at the
bottom of the pavement (f) are calculated together with their corresponding distributions (e1
and e2 for both). However, since the two wheels are similar, this problem reduces to finding one
set of f, e1 and e2 and the maximum stress in the interaction zone. From Fig. 16, f is determined
as follows:
109.38∙f (wheel breadth = 220mm, pavement thickness = ?) ≤ soil strength = 0.30 MPa
f ≤ 0.0027 MPa
From Fig. 16 f = 0.0023MPa → TP = 240 mm = 24 cm and
109.38∙f = 109.38∙0.0023 = 0.25 MPa ≤ soil strength = 0.30 MPa
From Fig. 17, e1 is determined as follows:
e1 (wheel breadth = 220mm, pavement thickness = 240 mm) = 95 mm
From Fig. 18, e2 is determined as follows:
e2 (wheel breadth = 220mm, pavement thickness = 240 mm) = 550 mm
According to these values Fig. 22 is drawn and the maximum stress in the interaction zone is
calculated. Using Fig. 22 and the affinity between triangles, this maximum stress is calculated
as:
2∙0.0012 MPa = 0.0024 MPa
Since
Max. stress for 1 N = 0.0024 MPa < 0.0027 MPa or,
Max. stress for two adjacent wheel load (Worst condition 2) =
= 109.38∙0.0024 = 0.26 MPa < 0.30 MPa = Soil strength,
24 cm pavement thickness is enough under selected truck loading.
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0.25 MPa

f=

0.25 MPa

Fig. 22 Interacted dispersed stresses for pavement thickness = 24 cm and wheel breadth =
220 mm.
5. Conclusion
It is seen that the distribution of dispersed stress can be assumed to be trapezoidal, provided
that stress concentrations that may develop at the edges are ignored. The generally assumed
45° angle for stress dispersal is not correct and moreover yields to unsafe pavement thickness
values, because the dispersed stress does not remain uniform, but approximately trapezoidal.
Thus, the maximum stress developed at the pavement base is aligned with the mid-point of the
wheel breadth. The elasticity modulus and Poisson’s ratio of the linear elastic pavement have no
effect on the stress dispersal. If the width of the linear elastic pavement is greater than 1.5 times
wheel breadth, then the width of the linear elastic pavement has also no effect on the stress
dispersal. In summary, f is a function of wheel load, wheel breadth, and thickness of pavement,
while e1 and e2 are functions of only wheel breadth and pavement thickness. Charts and tables
derived using FE analysis have been verified, and the application of the proposed design method
for linear elastic rigid (temporary or permanent concrete) pavements without reinforcement
has been explained by means of a numerical example.
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Appendices
Appendix 1
The Fortran code is given below.
IMPLICIT REAL*8 (A-H,O-Z)
CHARACTER*20 DAT,out1
CHARACTER*1 DA(20)
parameter(imax=80000,nmax=2600000)
double precision dp(nmax)
dimension fslp(3)
integer in(imax),nslope
WRITE(*,*)'Name of The Data File'
READ(*,550) DA
OPEN(4,FILE='DNAME')
K=0
DO 1 I=1,20
IF(DA(I).EQ.' ')GO TO 2
1 K=K+1
2 WRITE(4,*)'''',(DA(I),I=1,K),''''
WRITE(4,*)'''',(DA(I),I=1,K),'.OUT'''
REWIND 4
READ(4,*)DAT
READ(4,*)out1
CLOSE(4,STATUS='DELETE')
550 FORMAT(20A1)
OPEN(5,FILE=DAT)
OPEN(10,FILE=out1)
C**********************
read(5,*) numdata ! number of data at the curve
c

data1=dp(1)
i1=1+numdata*2
call data_read(numdata,dp(1))

c

slope_x=dp(i1)
i2=i1+3
c slope_x=dp(i2)
i3=i2+3
c islope_p=in(1)
n1=1+3
call max_min(numdata,dp(1),dp(i1),dp(i2),in(1))
nslope=1
call slope_cal(numdata,dp(1),dp(i1),dp(i2),in(1),fslp(1))
call calc_a_b(numdata,dp(1),dp(i1),dp(i2),in(1),fslp(1))
aa=1.
stop
end
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subroutine calc_a_b(numdata,data1,slope_x,slope_y,islope_p,fslp)
IMPLICIT REAL*8 (A-H,O-Z)
Dimension data1(numdata,2),slope_x(3),slope_y(3),fslp(3)
Integer islope_p(3)
w=slope_y(1)
a=w/atan(fslp(1))
aA=slope_x(1)-a
aB=slope_x(1)+a
x=slope_y(2)
b=w/atan(fslp(2))
bA=slope_x(2)+b
bB=slope_x(2)-b
e1=bA-aB
e2=bB-aA
f=slope_y(3)
write(*,*) "e1=",e1
write(*,*) "e2=",e2
write(*,*) "f=",f
write(10,*) "e1=",e1
write(10,*) "e2=",e2
write(10,*) "f=",f
return
end
subroutine slope_cal(numdata,data1,slope_x,slope_y,islope_p,fslp)
IMPLICIT REAL*8 (A-H,O-Z)
Dimension data1(numdata,2),slope_x(3),slope_y(3),fslp(3)
Integer islope_p(3),htype
htype=2

! "1" for h, "2" for 2h

if (htype.EQ.1) then
do j=1,3
i=islope_p(j)
h=data1(i,1)-data1(i-1,1)
fx_ip2=data1(i+2,2)
fx_ip1=data1(i+1,2)
fx_im1=data1(i-1,2)
fx_im2=data1(i-2,2)
fslp(j)=(-fx_ip2+8*fx_ip1-8*fx_im1+fx_im2)/(12*h)
enddo
else
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do j=1,3
i=islope_p(j)
h=2*(data1(i,1)-data1(i-1,1))
fx_ip2=data1(i+4,2)
fx_ip1=data1(i+2,2)
fx_im1=data1(i-2,2)
fx_im2=data1(i-4,2)
fslp(j)=(-fx_ip2+8*fx_ip1-8*fx_im1+fx_im2)/(12*h)
enddo
endif
return
end
subroutine data_read(numdata,data1)
IMPLICIT REAL*8 (A-H,O-Z)
Dimension data1(numdata,2)
do i=1,numdata
read(5,*) (data1(i,j), j=1,2)
data1(i,2)=data1(i,2)*(-1)
enddo
return
end
subroutine max_min(numdata,data1,slope_x,slope_y,islope_p)
IMPLICIT REAL*8 (A-H,O-Z)
Dimension data1(numdata,2),slope_x(3),slope_y(3)
Integer islope_p(3)
amax=0.0
amin=0.0
do i=1,numdata
if(data1(i,2).GE.amax) then
amax=data1(i,2)
endif
if(data1(i,2).LE.amin) then
amin=data1(i,2)
endif
enddo
slope_point=(amax+amin)/2.
error=abs(amax-slope_point)
slope_x1=0.0
slope_y1=slope_point
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do i=1,numdata/2
adiff=abs(data1(i,2)-slope_point)
if(adiff.lt.error) then
error=adiff
slope_x(1)=data1(i,1)
slope_y(1)=data1(i,2)
islope_p(1)=i
endif
enddo
error=abs(amax-slope_point)
do i=numdata/2,numdata
adiff=abs(data1(i,2)-slope_point)
if(adiff.lt.error) then
error=adiff
slope_x(2)=data1(i,1)
slope_y(2)=data1(i,2)
islope_p(2)=i
endif
enddo
slope_x(3)=data1(numdata/2,1)
slope_y(3)=data1(numdata/2,2)
islope_p(3)=numdata/2
!

write(10,*) "slope_point=",slope_point
write(10,*) "slope_x1=",slope_x(1)," slope_y1=",slope_y(1)
write(10,*) "slope_x2=",slope_x(2)," slope_y2=",slope_y(2)
write(10,*) "slope_x3=",slope_x(3)," slope_y3=",slope_y(3)

!

write(*,*) "slope_point=",slope_point
write(*,*) "slope_x1=",slope_x(1)," slope_y1=",slope_y(1)
write(*,*) "slope_x2=",slope_x(2)," slope_y2=",slope_y(2)
write(*,*) "slope_x3=",slope_x(3)," slope_y3=",slope_y(3)
return
end
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Appendix 2
Data tables for Figs. 16, 17 and 18 are provided below respectively.
Table 3. Data Table (f values) for Fig. 16.
Tp
(mm)

WB=100
mm

wB=150
mm

wB=200
mm

wB=220
mm

wB=250
mm

wB=270
mm

wB=300
mm

wB=320
mm

wB=440
mm

wB=540
mm

10

0.009996

0.006666

0.005000

0.004545

0.004000

0.003704

0.003333

0.003125

0.002273

0.001852

50

0.009446

0.006637

0.004993

0.004537

0.003990

0.003695

0.003326

0.003119

0.002271

0.001851

100

0.006803

0.005707

0.004720

0.004379

0.003927

0.003664

0.003318

0.003117

0.002268

0.001847

200

0.003870

0.003656

0.003399

0.003290

0.003124

0.003014

0.002852

0.002747

0.002189

0.001831

300

0.002649

0.002579

0.002488

0.002447

0.002382

0.002336

0.002265

0.002217

0.001924

0.001697

500

0.001610

0.001594

0.001573

0.001563

0.001546

0.001534

0.001515

0.001501

0.001409

0.001323

750

0.001081

0.001076

0.001070

0.001067

0.001061

0.001058

0.001051

0.001047

0.001015

0.000984

1000

0.000815

0.000813

0.000810

0.000809

0.000806

0.000805

0.000802

0.000800

0.000786

0.000772
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Table 4. Data Table (e1 values) for Fig. 17.
Tp
(mm)

WB=100
mm

wB=150
mm

wB=200
mm

wB=220
mm

wB=250
mm

wB=270
mm

wB=300
mm

wB=320
mm

wB=440
mm

wB=540
mm

10

81.8

131.8

181.8

201.8

231.8

251.8

281.8

301.8

421.8

521.8

50

38.6

88.5

138.5

158.4

188.4

208.5

238.4

258.4

378.4

478.4

100

45.1

65.3

94.8

97.5

127.4

147.4

177.0

197.2

317.2

417.1

200

63.4

62.3

71.1

93.6

99.0

97.5

129.6

131.8

208.6

294.6

300

88.0

93.5

91.8

101.6

106.0

112.3

116.4

120.4

181.2

230.8

500

13.0

12.1

134.6

130.2

138.8

149.0

155.0

148.9

180.9

212.6

750

196.1

206.7

198.4

195.4

208.2

202.7

215.5

209.6

227.8

241.9

1000

265.5

253.9

253.5

262.8

262.2

256.6

264.7

258.7

268.9

261.7

408

Fettahoglu and Genes / Research on Engineering Structures & Materials 6(4) (2020) 385-409

Table 5. Data Table (e2 values) for Fig. 18.
Tp
(mm)

WB=100
mm

wB=150
mm

wB=200
mm

wB=220
mm

wB=250
mm

wB=270
mm

wB=300
mm

wB=320
mm

wB=440
mm

wB=540
mm

10

118.2

16.,2

218.2

238.2

268.2

288.2

318.2

338.2

458.2

558.2

50

161.4

211.5

261.5

281.6

311.6

331.5

361.6

381.6

501.6

601.6

100

234.9

274.7

325.2

342.5

372.6

392.6

423.0

442.8

562.8

662.9

200

416.6

437.7

468.9

486.4

501.0

522.5

550.4

568.2

691.4

785.4

300

612.0

626.5

648.2

658.4

674.0

687.7

703.6

719.6

818.8

909.2

500

100.0

1011.9

1025.4

1029.8

104.2

1051.0

106.0

1071.1

1139.1

1207.4

750

1483.9

1493.3

1501.6

1504.6

151.8

1517.3

1524.5

1530.4

1572.2

1618.1

1000

1954.5

1966.1

1966.5

1977.2

1977.8

1983.4

1995.3

2001.3

2051.1

2098.3
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High - rise buildings strongly influence the wind flow causing discomfort at the
pedestrian level because of the down-draught effect on the building’s facades.
This is the case of the new stadium built in Tirana equipped with a tall building.
Tall buildings influence the wind flow causing discomfort to the players level
because of the down-draught effect on the building’s facades. A CAD software
integrated with the RANS CFD simulation method were used as an integrated
package to better understand and test the wind flow in this complex building
design. This paper tries to predict the aerodynamic performance in the
prescribed geometry and address a problem for the new stadium design in
Tirana. The current stadium generates bigger and stronger vortexes compared
to the hypothetical model suggested by us. This study provides some design
recommendations to avoid players and spectator discomfort. The approach used
in the study can be applied in various buildings typologies.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
Inconsistent winds flow between buildings hence, they are considered fluids that
unexpectedly change their directions [1]. The way the air flows across the urban context is
a complex fluid flow phenomenon [2]. Winds are three-dimensional and multidirectional
with combinations of horizontal and vertical elements even though the vertical component
is much smaller in the boundary level and often not considered. The impossibility of
visualizing the airflow turns into a complex challenge for engineers testing the
environmental performance of their planning choices [3]. Wind speed inside cities is
affected mainly by the topography and the urban context [4]. Near the surface, wind
parameters can differ from the dominant wind flow by cause of artificial and natural
obstacles [5]. Because of friction, wind speed nearly disappears at the bottom of the
boundary layer. If wind speed suddenly increases, some variations can become unexpected
and to greater amplitude similar to “wind gusts” [6].
The issue is important particularly in playing fields where competitors are influenced by
instantaneous wind gusts of high accelerations and unpredictable vortexes. Open - air
environments offer fans the exceptional experience of enjoying games while yet
experiencing the natural climate. Wind conditions in the playing field have a significant
impact on the quality and performance of the game [7]. The open space performance is
determined by architectural design in interaction with environmental conditions [7]. The
existence of strong winds in running fields appears to be interesting, especially while
establishing world records. The advantage of tailwind assistance is known for running
sports [8]. Therefore, limitations are established into how much wind can assist outdoor
athletes if they set a world record. When establishing a world record, the tailwind limit is
set to 2m/s. If stronger than that, the record cannot be validated [9]. This practice is not
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applied in football fields where no running records are registered. Anyway, in most cases,
the football players adopt their abilities and skills also to wind speed and its direction.
High-velocity wind can cause a change in ball acceleration. Also, unexpected wind gusts
may influence the way they direct the ball in the air.
This is the case of the new central stadium built in Tirana. After different attempts to find
financial aid, finally, in May 2016 the very last game at the outdated old stadium took place.
The construction lasted for two years and in 2019 the newly designed stadium was
presented. Inside the new structure, there is no room for a running track giving space to
over 22,000 spectators, all covered by cantilever structures. The stadium was built as a
public-private partnership agreement with a construction company that also built a
multifunctional area. Quite unique was the presentation of a high-rise building included in
the stadium perimeter.
Tall buildings often show captivating elegant profiles, but the higher they are, the stronger
the wind blows on their top [6]. The air in high altitude moves much faster compared to
that on the ground [10]. Many studies emphasize that tall buildings are strongly
influencing the wind flow causing discomfort at the pedestrian level because of the downdraught effect on the building’s facades [11]. The design team also proposed a tall building
of 100meters, attached to the new stadium, with different functions in particular, hotels,
shops, parking spaces, as indicated in (Fig. 1).

Fig. 1 Views outside the stadium. Photo by Elton Hala
The mass of air down-draught from tall buildings can cause unpleasant effects, most times
leading to pedestrians’ discomfort and where the wind is at high velocity, it may direct
even safety issues. A tall building similar to the one attached in this stadium, can be
disadvantageous to football players in the playing field. With the presence of the tall
building, the new stadium might have an area in the playing field exposed to high-velocity
winds and vortexes.
This paper tries to predict the aerodynamic performance in the inner geometry and
discuss a problem related with the stadium design. To direct a possible problem with the
stadium design requires considering different elements, in particular external geometry,
obstacles, orientation, and so on. The prediction is made using computational techniques,
repeatedly been used to assess the wind into the urban environment [12]. Relying solely
upon the designer’s judgement regarding the wind flow has led often to misinterpretation
and confusion of this phenomenon. The urban wind is difficult to be predicted, since every
individual city has distinctive layouts therefore, engineers should control in advance the
wind effect in their planning choices throughout various methods. Computational fluid
dynamics (CFD) mathematical method is frequently applied for wind flow analysis [13].
The CFD simulations help engineers to assess the effects of their planning choices. Much
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research is done to visualize and factor the wind flow, even though it remains a complex
fluid flow phenomenon. The CFD simulation presents many advantages toward the in-field
measurements or the wind tunnel [14]. The CFD is used for the last 50 years as a tool to
study many aspects of the urban environment [12].
The Reynolds-averaged Navier–Stokes (RANS) mathematical model is highlighted by
several researchers, as a reasonable accuracy method for many circumstances [15]. A 3D
steady RANS CFD simulations in cooperation with local criteria, is used to assess
pedestrians’ wind comfort around a huge football stadium in Amsterdam. The RANS model
was also used to determine the wind flow patterns of a stadium architecture [16]. The
steady-state RANS CFD mathematical model can also be used to assess the wind flow
nearby and inside a stadium [17].
2. Method
It was created a 3D model in real scale maintaining the exact stadium geometry using the
CAD software package. In the 3D model, small architectural details were considered
incapable to influence the wind flow, therefore, they were not presented in this model.
Also, the stadium surroundings were not included in the model since the main purpose of
the paper is to investigate what happens inside the playing field and not outside the
specified geometry. The CAD model was exported as a stereolithography (STL) file, ready
to merge in the CFD package.

Fig. 2. Three-dimensional models built in CAD; a) model-A with tall building;
b) hypothetical model-B
The import wasn’t executed directly from the CAD file since they use meshes made by
triangles that repeatedly intersect with triangles of other objects, consequently, they are
considered as topologically incorrect. The CFD software adopts a special “shrinkwrapping” mesh topologically correct and can be therefore used as a model boundary for
the generation of the Stadium Model. The RANS CFD simulations have always been used
for the evaluation of pedestrian wind comfort and safety in urban areas [18]. Hence, it was
considered useful also for this evaluation. The 3D model is shown in the (Fig. 2).
2.1 Wind speed and direction
The area where the stadium was built, and its microclimate were both essential for design
values. The wind climate was provided from the Albanian Geo-Science Institute AGS
database and the Weather Spark. They represent average values for a specific period when
the wind takes effect. Over the course of the year, the mean wind speed for the stadium
area varies from 0 km/h to 20km/h, while the maximum hardly exceeds 35km/h (10m/s)
starting from November to February. The wind speed at this level (10m/s) was chosen as
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the worst-case scenario hence, this parameter was applied in the CFD simulation. It was
chosen a second scenario with the wind speed at a yearly coincidence of 20%. The wind
speed at 4m/s matched our criteria for this simulation. Wind speed lower than 3m/s was
considered acceptable and insignificant.
The northwest wind direction was the only one chosen for the simulation since the tall
building in the stadium perimeter coincided also with this orientation. According to AGS,
the wind is most often from the northwest for 2.8 months, from May 27 to August 22, with
a peak percentage of 36% on June 28.
2.2 The criteria
The criteria to be used for assessment of pedestrian wind conditions have been developed
through analysis and experience. Most of these criteria try to set a boundary wind speed
over a possibility to occur [19]. The wind speed 4-5m/s for more than 5% of the time is
considered a nuisance for most activities according to many studies, [20], [21], [22], and
more recent studies [23], [24], [25], and wind mitigation strategies are typically
recommended for these open areas. Thus, the wind speed at 4-5m/s seems to be the
comfort limit also for individuals engaged in sports activities in particular soccer games.
2.3 Simulation
The first simulation tests the exact stadium geometry two wind speed (10m/s as the worstcase scenario and 4m/s typically windy day). This model was labeled “Model-A” and the
simulations was named A10 and A04. The second simulation addresses a possible problem
with the stadium design. This model was also evaluated in two wind speeds (10m/s and
4m/s). This hypothetical model was labeled “Model-B”. The analysis was taken in three
horizontal plans 5-10-20m, altogether covering the effective playing field area. Hence, it
was observed the wind performance in vertical plans only for Model-A.
2.4 Flow parameters
The result of the calculation is a three-dimensional field of velocity and pressure covering
the entire computational domain. The simulation domain dimensions are automatically set
to fit the model size but can be modified if needed. The simulation parameters were as
follows:
Parameters for Model-A and Model-B running at 10m/s:
•
•
•
•
•
•
•

CFD Domain dimension: X=1,700m; Y=1,000m; Z=450m;
Detailed mesh information: 773,597 cells;
Used nodes: 874,985;
Original model drag force sum: Fx=595.087kN, Fy=46.668kN, Fz=593.101kN;
Simplified model drag force sum: Fx=584.305kN, Fy=54.106kN, Fz=631.64kN;
Wind boundary profile :150m;
Wind tested:10m/s.

Parameters for Model-A and Model-B running at 4m/s:
•
•
•
•
•
•
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CFD Domain dimension: X=1700m; Y=1000m; Z=150m;
Detailed mesh information: 782,385 cells;
Used nodes: 886,952;
Original model drag force sum: Fx=60.533kN, Fy=14.925kN, Fz=93.097kN;
Simplified model drag force sum: Fx=59.125kN, Fy=54.066kN, Fz=96.25kN;
Wind boundary profile: 150m;
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•

Wind tested: 4m/s.

Wind parameters ware as follows:
•
•

•

Viscosity: 0.000015m²/s; This is considered the typical wind viscosity in open
domains. The viscosity however depends on
Air density: 1.250kg/m³; The density in general is directly related to many factors
such as: air temperatures, atmospheric pressure, and humidity. This value
explains the resistance of the air against the deformation. This density value is
equal to the air at around 15ºC.
Convergence Criterion: (P-Residual) =0.001 This parameter indicates the
accuracy of the model from the idealized model in percentage.

Turbulence Model Properties: To predict the turbulence flow so called (DNS) Direct
Numerical Simulation need to have powerful computational availability. The CFD sofware
used for these simulations uses a diverse method where wind parameters are averaged in
mean and fluctuating components. It uses a modified set of air flow equations referred as
RANS equations, mentioned also above.
•

•
•
•

Flow model: The turbulence properties are included as required. The k-ε
turbulence model present two equations in RANS for turbulent flow conditions:
the first one represents the transport equation of the turbulence kinetic energy k,
and the second equation manage the transport of the dissipation rate ε of k. In

these simulations no analytic calculation was provided. This model is popular
among users since it engages less computational amounts to solve the equations.
In our CFD software the equations values are automatically set based in the initial
and the boundary conditions and this is considered to be the simplest turbulence
model. The k-ω model probably would have given different outcome around the
edges, but the used k-ε model has also a credible result for a wide range of
turbulence flows.
The sofware defines automatically the turbulent kinetic energy k and turbulent
dissipation rate ε. The users sets the intensity of the turbulent flow.
Turbulence kinetic energy k: 0.015 J/kg
Dissipation rate: ε: 4.6842E-06
Turbulence intensity i: 10% The typical turbulence air motion ranges between
5% to 20%. This value was set in between these values.

3. Results
3.1 Simulation domain parameters
The first simulation was considered the worst-case scenario running a wind velocity of
10m/s. The wind evaluation in different highs is presented in the (Fig. 3 a, b, c, the current
stadium “Model-A” with the presence of the tall building and d, e, f, the stadium without
the tall building presence, “Model-B”).
Model-A simulation domain parameters: Dimensions: X=1700m; Y=1000m; Z=450m.
Detailed mesh information for this model: 773,597 cells, 874,985 nodes. Original model
drag force sum: Fx=595.087kN, Fy=46.668kN, Fz=593.101kN.
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Fig. 3. Velocity field - simulation 10 m/s; a), b), c) current stadium model; d), e), f)
hypothetical model - no tall building presence
The second simulation tests a lower wind speed of 4m/s and it corresponds to a typical
windy day. Model-B simulation domain parameters: Dimensions: X=1700m; Y=1000m;
Z=150m. Detailed mesh information for this model: 782,385 cells, 886,952 nodes. Original
model drag force sum: Fx=60.533kN, Fy=14.925kN, Fz=93.097kN.
3.2 Velocity field plans
Results obtained in 5, 10, 20 meters high show the maximum wind velocity of 4.23m/s in
the model-A and 73% of the playing area is affected by wind speed at 3-4m/s. Although
Model-B generates a maximum registered velocity of 3.52m/s and 24% of the playing area
is prevailed by wind speed over 3m/s.
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Fig. 4. Velocity field - simulation 4 m/s; a), b), c) current stadium model; d), e), f)
hypothetical model - no tall building presence
Results obtained in the second simulation in 5, 10, 20 meters high show the maximum
registered velocity of 1.67m/s in the model-A and 72% of the playing area is affected by
wind speed at 1-2m/s. Model-B generates a maximum wind velocity of 1.35m/s and 25%
of the playing area is prevailed by wind speed over 1.5m/s. These results were also
confirmed from the streamlines graphs both in plan views and sections (Fig. 4).
There were changes in the wind speed at different altitudes. The area affected mostly from
high-velocity wind was discovered at a high 0-5 meters referring to the playing ground.
This area is loaded on high velocities winds, vortexes, and turbulence air. The higher the
altitude inside the stadium, the more likely the wind reduce its speed.
3.3 Vertical Section
The vertical plans were set to observe particularly the worst-case scenario, primarily
across the tall building. Vertical planes were not set in the second testing speed, since these
results can be used to assert the results discovered in horizontal plans. The results in (Fig.
5) approve that the current stadium can create more vortices to greater wind speed,
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especially in the playing ground. Winds affected an extensive area, over 80% at 0-5m above
the playing ground at 3-4m/s for the test running at 10m/s.

Fig. 5. Velocity field, axonometric views - first simulation 10 m/s; a), b), c) current
stadium model; d), e), f) hypothetical model - no tall building presence
3.4 Tall building
The tall building connected with the stadium in the Model-A is capable of creating vortices
more than 100 meters high. By observing the streamlines, (Fig. 6a), the tall building can
generate turbulence for a wide area of more than 400x100x40m. Several vortexes are
generated especially below the tall building in the north-eastern direction at a speed of
1.0m/s - 1.4m/s especially in a worst-case scenario Model-B (Fig. 6b). The vortexes are
also present in the Model-B even though at a lower speed. These vortexes are not
generated in a typically windy day scenario (Fig. 6b).
3.5 Pressure field
In the pressure field graphs, the playing area is substantially less charged at Model-B. For
tests running at 10m/s, results show the maximum dynamic pressure of 63.0Pa to 32.8Pa
between our models. Hence, the Model-B is emerging in the system a lower number of
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interacting particles, thus a dropped pressure is registered in the graphs (Fig. 7). The
surface pressure in the building facades does not reveal any useful information to be used
for assessing the wind flow inside the stadium.
Model-A is capable of producing more vortices in the playing field to greater wind speed
in both scenarios.

Fig. 6. Streamlines in the first simulation 10 m/s; a) current stadium;
b) hypothetical model

4. Discussions
By comparing these two geometrical models in various wind conditions, important
findings were discovered. Referring to wind engineering, our hypothetical model
(unequipped with a tall building in the stadium proximity) was able to get better results
by offering more comfort in the playing field in contrast with the current stadium
geometry.
Compared to the current stadium design, the hypothetical Model-B, have smaller areas
exposed to high-velocity air. This result was detected in every testing wind speed. For us,
this was a perception of a problem with the current stadium design.
In a windy day blowing from the northeast, not unusual for the area, the current stadium
will generate bigger and stronger vortexes comparing to the hypothetical model offered
from us. Particularly these effects happen 0-5 meters above the playing ground, which is
considered an intense playing area. It was also detected an area in which the vortexes are
generated easily. This area was detected near the tall building base.
Model-B was also responsible for creating a lighter vortices, particularly around the
playing ground. Vortexes were displayed also in the hypothetical model. These effects
probably are found in all open fields which are surrounded by high barriers in particular
stadium stairs. Our hypothetical model has offered tolerated wind speeds also in the stairs
and the surrounding area outside the stadium. The wind circulation in both scenarios was
to a lower speed comparing to the current stadium design.
Based on a general understanding of aerodynamics, the following explanation were found
for the model’s contrasts. The present stadium is equipped with a 100 meters tall building
with a direct connection with the playing field (Fig. 8). The presence of the tall building in
the stadium perimeter was unusual among stadium designs. The tall building can serve
also as a wind catcher hence, it directs more wind at high velocities mostly as a result of
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the down-draught effect [11]. The wind gains a lot of speed because of tall buildings and
opened corridors it passes through [27].
The first simulation tested a scenario running at a velocity of 10m/s and the high-rise
building represented in the Model-A was able to increase the wind speed in the playing
field to a maximum of at 4.23m/s. The wind speed 4-5m/s is considered a nuisance for
most activities, including outdoor sports, according to many studies, [20], [21], [22], and
recent studies like [23], [24], [25]. Thus, the wind speed at 4-5m/s seems to be the limit
also for people involved in sports activities in this stadium. Hence, if the wind coincides
with the tower direction at 10m/s unpleasant effects can be seen with the players and the
soccer ball trajectories. The phenomena mainly emphasize the wind gusts, which is defined
as a short-duration or a maximum of the predominant wind speed [28].

Fig. 7. Pressure field and residual pressure in the first simulation 10 m/s;
a) current stadium; b) hypothetical model
The stairs geometry can also contribute to intensifying the circular air motion. A uniform
flow around a circular shape creates a nonlinear system used to generate vortexes [29].
Particularly this effect is amplified from the gigantic cantilever canopies provided in the
stadium to serve as rain shelters for spectators enjoying outdoor sports activities. Van
[16], pointed out that architects often design stadium shelters with only vertical rainfall in
mind, neglecting the wind effect that can also sweep the rain onto the seats.
5. Conclusions
•
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Computer-Aided Design is yet a valuable approach to design the building shape and
the wind-flow patterns can be determined efficiently by Reynolds-averaged Navier–
Stokes, Computational Fluid Dynamics (CFD) simulation. CAD software integrated
with the RANS CFD simulation method can be used as an integrated package to better
understand and evaluate the wind flow in this complex building design. Since the air

Hala / Research on Engineering Structures & Materials 6(4) (2020) 411-423

molecules are invisible, the CFD is yet a valuable tool to visualize the wind flow in
every environmental domain.
•

The major concern of the present stadium design was related to the tall building
attached to the stadium geometry. Most of the unpleasant effects on the playing field
are addressed to the presence of the tall building and its close distance with the
playing field. This result was shown by simply proposing the same model geometry
unequipped with this 100-meter-tall building. The situation changed efficaciously by
reducing the wind speed up to 2.9m/s in the playing field.

•

Vortexes were present in both models due to the closed shaped stadium. The air is
obstructed and moves in a circular motion around the stairs and with nowhere to go,
it injects in the playing field. Simulation results suggest that there will be a bigger area
of high velocity turbulence. In a strong windy day, the wind speed (4.23m/s)
generated in the playing field will not be acceptable. The close shapes stadium
probably needs mitigation strategies, for instance openings.

Fig. 8. Stadium Interior. Photo by Elton Hala
Further studies
Tall buildings often present fascinating elegant silhouettes, but the higher they are, the
stronger the wind is conveyed in their base. Hence, their effect on the playing ground might
be bigger. The authorities should pay attention to tall buildings co-existence close to the
playing fields. Further studies also can be done to better understand how the vortexes are
generated and how the surroundings can generate or prevent their creations. Future
research might focus on understanding the way the ball bypasses the player’s expected
trajectory on a windy day and how it affects their reactions.
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Recent earthquakes occurred in many parts of the world have shown that
unreinforced masonry [URM] buildings constructed according to older codes
may constitute an important source of risk. It is known that the mechanical
response of the masonry structures depends on several factors including the
compressive and shear strength of its constituents, bricks shape as well as the
volumetric ratio between the wall texture and components. In this study, the
effects of the material choices of a particular type of masonry buildings were
studied. The typology chosen in this study represents a typified masonry
building of the current Albanian building stock; these buildings were mostly built
between 1977-78 and thus were designed without considering the seismic
requirements proposed in today’s modern codes. This template building has
been constructed in different regions of the country with the same architectural
and structural configuration in two versions; red clay bricks and silicate bricks.
The aim of this study is to investigate the influence of these two different
materials on the seismic response of the selected masonry building. The
evaluation is based on the use of nonlinear static analyses, performed by using
TREMURI software. In order to estimate the reliable seismic response for this
typology, extensive research in terms of historical information, structural
characterization and the definition of the inherent material parameters has been
executed. Upon the evaluation of the obtained results, in contrast to the type of
buildings constructed by clay masonry, calcium silicate one showed a stiffer and
slightly stronger response. However, at similar values of in-plane, lateral drift
they exhibited more brittle response yielding unforeseen damage during seismic
excitations.
© 2020 MIM Research Group. All rights reserved.

1. Introduction
Recent damaging earthquakes in eastern Mediterranean countries including Italy (UmbriaMarche; 1997, Abruzzo, 2009), Greece (Grevena-Kozani, 1995, Aigio, 1995, Athens 1999),
Cyprus (Paphos, 1995, Lemesos, 1996), Turkey (Izmit, 1999, Van 2011, Elazığ 2020) and
Albania (Durres, 2019) resulted in great loses of building stock in historical centers . As a
Balkan country in this region, Albania has a building stock dominated by low and mid-rise
unreinforced masonry. Particularly, Bilgin and Huta 2018, [1] have shown that the URM is
the dominant building typology of the country for both public and private buildings during
the socialist era (1944-1990). Most of these current masonry buildings were designed
considering merely gravity loads without any consideration of earthquake resistant design
rules [2]. Furthermore, previous studies [3-11] and earthquake inspection reports have
shown that masonry structures are very susceptible to seismic movements. Consequently,
this typology has high seismic vulnerability over the region. This means that a moderate
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or big earthquake might produce a catastrophic result associated with the masonry
structures in the region.
Recently, masonry structures have been the subject of interest and research with respect
to identifying the seismic capacity of these buildings. It is estimated that more than 75% of
the building stock in Albania is made of masonry material [12-14]. Thus, they form an
important percentage and a typical typology for the country. There are typified buildings
all over the country for residential purposes. Most of these masonry structures were
constructed according to the earlier codes [15-16] by red clay bricks or calcium silicate
bricks. Although this region is generally characterized by low-moderate seismicity hazard,
the problem of the induced seismicity is becoming more and more relevant [7]. Therefore,
the evaluation of the seismic vulnerability of these types of red clay brick and calcium
silicate brick masonry structures is crucial in order to assess the risk generated by the
induced seismicity. Since the region was hit recently by a moderate earthquake (November
26, Durres), the common construction practice showed a lack of earthquake proof details.
This study aims at assessing the seismic response of an existing masonry residential
building constructed by clay and silicate bricks. For this purpose, based on a survey done
on masonry buildings in the capital city of Tirana, a five-story typified masonry building
was selected and modelled by using TREMURI software [17]. Mechanical properties of the
case study building have been determined experimentally and adopted for the nonlinear
analysis. The macroscale structural response of two buildings were then comparatively
evaluated through nonlinear-static analyses. Although nonlinear dynamic analysis is
capable of giving a deep insight on the inelastic response of the buildings, their application
requires more refined and complete approach. Hence, in spite of some inevitable
approximations of structural response, macro-element methodology provides an effective
means of validating the safety of masonry structure and its vulnerability to extensive
damage and collapse. The results of the nonlinear-static analyses performed on two
buildings are discussed. Particular attention is paid to the use of nonlinear static
procedures as a tool of verification.
2. Development of Structural Models
Typical masonry building stock in Albania are template designs of low to moderate rise
buildings. The structure is principally comprised of two parts, namely the load bearing
walls and floor and roof diaphragms. The walls are stiff with several openings and the
diaphragms are usually constructed of RC slabs. For the scope of the study, a typified URM
mid-rise building is selected as a representative in the region. The masonry building, which
has been analyzed, has five stories, brick walls of 38 cm for the load bearing walls in the
first two stories and reduced to 25 cm in the remaining ones with a 12 cm thickness for
other partition walls. It has 1920 cm x 1440 cm dimensions in plan with a story height of
280 cm (Fig. 1). Utilizing this template, two types of structures designed using red clay
brick and calcium silicate brick are analyzed. These two types of buildings were chosen to
have two fundamentally different scenarios in terms of the material characteristics and
lateral deformation mechanisms. For the construction of the mathematical models, solid
red clay (Scenario - A) and calcium silicate bricks (Scenario - B) connected with cement
mortar are used to build the masonry walls for both buildings, respectively. The floors are
in-situ concrete ones with a height of 15 cm and a flat roof. In order to guarantee a better
distribution of horizontal and vertical loads, ring beams were constructed to create a
continuous connection between load bearing walls and slabs.
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Fig. 1 Typical plan view of the selected masonry building, (units in cm)
In order to accurately characterize the strength and structural integrity of the structure,
inherent mechanical characteristics of the masonry material are evaluated from the
experimental tests performed on two buildings constructed by red clay brick and calcium
silicate brick masonry. It consists of strength tests on brick units and mortar samples, as
well as tests on small masonry assemblages, such as compression and shear tests on
triplets. The clay and silicate bricks were tested in compression according to EN 772-1
(2000) [18]. The flexural and compressive strength of the mortar were defined according
to the prescriptions of EN 1015-11 [19]. These tests allowed the determination of the
compressive strength of masonry (fm), as well as the secant modulus of masonry (Em) (Fig.
2).
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a)

b)

c)

d)

Fig. 2 Brick compression and tensile flexural test (a-b); Mortar samples compression
and tensile flexural test (c-d)
Table 1. Clacy and silicate brick properties
Building
5- Story
5- Story

Type
Clay
Silicate

Brick properties
𝑓𝑏 [𝑀𝑃𝑎]
𝑓𝑏𝑡 [𝑀𝑃𝑎]
7.5
1.7
10.0
2.6

Mortar properties
Type
𝑓𝑚 [𝑀𝑃𝑎]
𝑓𝑚𝑡 [𝑀𝑃𝑎]
Lime
4.8
1.1
Cement
5.0
1.0

Six masonry prisms produced by silicate and clay bricks were tested (Fig 3.) in
compression in the direction perpendicular to the horizontal bed-joints, according to EN
1052-1 [20]. Specimens of both types of masonry were also subjected to the shear test for
the determination of the initial shear strength (fv0) and the friction coefficient (μ),
according to the guidelines given by EN 1052-3 [20].
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a)

b)

c)

d)

Fig. 3 Masonry prism tests (a-b); Red clay brick samples under compression and
silicate brick test (c-d)
According to the test results, clay bricks and the mortar inherent characteristics are
tabulated (Table 1-2).
Table 2. masonry wall properties for analysed buildings
Material
Type

Clay
Silicate

𝒇𝒌
[𝑴𝑷𝒂]

2.42
2.97

𝒇𝒗𝒌
[𝑴𝑷𝒂]

0.36
0.4

𝒇𝒗𝒌𝟎
[𝑴𝑷𝒂]

0.2
0.22

𝒇𝒕
[𝑴𝑷𝒂]

0.121
0.149

𝑬
[𝑴𝑷𝒂]

2420
2970

𝑮
[𝑴𝑷𝒂]

605
742

𝝂
0.2
0.2
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3. Modeling Approach
Masonry is a heterogonous material constituted of two components: the masonry bricks
and the mortar. Its mechanical features depend on the inherent properties of its
components. Its behavior can be very complicated under simple static loadings. In order to
simulate the response of URM structures, numerous assumptions are made, and numerical
models are suggested in the literature [21]. The adopted model in this paper is macromodelling technique. According to this approach, each wall is represented by discretized
elements that have equivalent properties. TREMURI [17] software is deployed to conduct
the numerical analysis. This is based on a finite element methodology for modelling
masonry structures. The nonlinear macro-element approach, representative of a whole
masonry panel, proposed by Gambarotta and Lagomarsino [22], permits with a limited
number of degrees of freedom, to represent the two main in-plane masonry failure modes,
shear-sliding mechanism and bending-rocking, on the basis of the assumptions.

The conventional macro-element used for pushover analyses is schematized with the
kinematic model described in Fig 4a. The 3D model of the examined masonry building,
where it is apparent that masonry walls are modelled through a mesh of masonry spandrels
and piers, is depicted in Fig 4b.

(a)

y

x
(b)

Fig. 4 a) The macro-element kinematic model; b) the 3D building model with macro-elements
setup through the TREMURI software.
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Seismic capacity of the URM buildings is obtained by pushover analyses. Member sizes
were used to model the selected building without making any simplifications.
5. Analysis Results
5.1 Capacity Evaluation
The nonlinear static analysis is an analysis method which permits defining the structural
behavior under the seismic and gravity loads exerted on the structures. The behavior of
the structure is represented through the pushover curve which typically gives the relation
between the base shear force and roof displacement. It could be also mapped in ADRS
format together with the demand curve and estimate the top displacement under the
design earthquake to find the performance point of the structure. The scales of the seismic
forces are increased in a stepwise manner in order to monitor the yielding cycles and the
development of the overall capacity curve. A pushover analysis is performed at each step
till the structure loses its stability.
In TREMURI approach are two load patterns applied: first mode shape distribution (static),
based on the fundamental mode shape of the structure, and a uniform load distribution to
all stories. The two are performed in two directions X- and Y- and with positive and
negative values. So, in total eight analysis: +x MF1, +x uniform, -x MF1, -x uniform, +y MF1,
+y uniform, -y MF1, -y uniform. These analyses were done for each combination. Without
eccentricity of gravity load and with eccentricity of two different levels. For both
simulations representing the red clay and silicate brick designed buildings, are computed
24 analyses, for all load combinations, earthquake direction, with and without eccentricity.
The worst cases were chosen as representing the pushover curves for both x- and ydirection of buildings.
Upon completing the analytical modeling process, the pushover curves of the clay and
silicate brick buildings were determined by carrying out nonlinear static analysis in
TREMURI (Fig 5-6.). For the scope of the analyses, lateral load distribution proportional
with the mode shapes were applied to the mass center of each storey considering the
seismic weight. Seismic weight of the masonry buildings was calculated by considering the
combination of Dead (G)and Live (Q) loads (G + 0.3 Q).

a)

x- direction
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b) y- direction
Fig 5. Capacity curves for clay brick masonry buildings

a)

x- direction

b) y- direction
Fig 6. Capacity curves for silicate masonry building
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Subsequently, following the outlined criteria in Eurocode 8, Part 3 damage limit states of
the studied buildings were calculated, and seismic capacities were determined. The
capacity evaluation of the investigated buildings was performed using Part 3 of Eurocode
8 [23]. Three limits states levels, i.e, “Damage Limitation (DL)”, “Significant Damage (SD)”
and “Near Collapse (NC)” are defined for performance evaluation (Fig 7.).

Fig 7. Schematized Calculation of “ag” for different damage limit states levels
(simplified figure)
In the present study, the seismic demand estimations for the seismic performance
evaluation of the considered buildings are done considering the soil Type C with a
moderate seismicity (0.20g) according to Eurocode 8 [23] and its corresponding spectra
considering Soil category II and medium seismicity (0.22g) in KTP-N2-89 [16]. For both
buildings, these limit states were calculated, and maximum “ag” values were compared for
each limit states. Pushover analysis data and criteria of suggested in EC 8 were used to
determine the damage limit states of each building in both directions.
Table 3. Drift capacities and seismic spectral acceleration capacities of the template
masonry buildings obtained from pushover analyses for the considered performance
levels
Building Direction
Clay Brick
Silicate
Brick

x
y
x
y

Global Drift (cm)
DL
SD
NC
0.82
2.26
3.01
0.95
2.45
3.27
0.78
1.9
2.53
1.04
3.18
4.24

Seismic Spectral acceleration “ag”
(m/s2)
DL
SD
NC
1.382
2.235
2.818
1.404
2.219
2.814
1.367
2.001
2.499
1.267
2.281
2.908

The two structures made of clay brick and silicate brick in this study show different levels
of seismic response. As can be seen from Table 3-4, building constructed by clay bricks has
a superior seismic capacity than silicate one. The peak ground acceleration (a g) that can be
sustained for the NC state for the clay building is near 0.24g meanwhile for the silicate
building is near 0.2g. Even though silicate bricks have higher compressive strength than
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clay bricks, bonding between clay brick and mortar is stronger than silicate bricks and
mortar.
Table 4. Performance levels their corresponding PGAs for the studied buildings
Building

0.14g

Clay Brick

DL

0.16g

Silicate Brick

0.18g

0.2g
SD

SD

0.22g

0.24g
NC
NC

5.2 Discussion of the results
Building constructed with silicate bricks has better material characteristics including f b, fm
and fk however, the bonding connection is stronger in clay bricked specimens compared to
silicate one. Due to the higher density of the silicate bricks, this building has 10% more
weight (Table 5). Compared with each other, the silicate building has higher strength
capacities in both directions whereas, the displacement capacity of the clay brick structure
is better. Both buildings have higher displacement capacities in y- direction due to the
distribution of the load bearing walls in this orientation.
Table 5. Comparative assessement of the clay and silicate brick masonry parameters
obtained from experimental tests and pushover analyses

Brick compressive strength, (𝑓𝑏 )
Mortar compressive strength, (𝑓𝑚 )
Masonry compressive strength, (𝑓𝑘 )
Shear strength of masonry, (𝑓𝑣𝑘 )
Total weight, (𝑊)
Max. Force (x- direction), (𝐹𝑦∗ )
∗
Max. Displacement (x-direction), (𝑑𝑚
)
∗
Max. Force (y-direction), (𝐹𝑦 )
∗
Max. Displacement (y-direction), (𝑑𝑚
)
∗
Displacement/Height (x-direction), 𝑑𝑚
/H
∗
Displacement/Height (y-direction), (𝑑𝑚
/H)

Building
Scenario - A
(Clay Bricked)
7.5 MPa
4.8 MPa
2.42 MPa
0.36 MPa
13202 kN
2184.6 kN
3.05 cm
1857 kN
4.62 cm
0.22%
0.33%

Building Scenario –
B
(Silicate Bricked)
10 MPa
5 MPa
2.97 MPa
0.4 MPa
14175 kN
2624 kN
2.53 cm
1961 kN
4.24 cm
0.18%
0.30%

A comparison between the two buildings’ failure mechanism from pushover analysis is
shown below (Fig. 8). From the failure scheme of the two buildings in x- direction, can be
noted that the perimeter walls fail in both buildings in the upper floors from bending
failure.
The clay bricked building shows a more ductile behavior than the silicate one. Failure is
reached when all the right part of the perimeter wall fails in bending and also the wall in
the back part of upper levels, whereas in the silicate model, the failure mechanism is
reached before. The perimeter wall was taken in consideration, since it has the failure
mechanism of both buildings. From the progression of the damage mechanisms, it was
observed that the silicate building reached its ultimate capacity when some parts of the
same wall was undamaged. This shows a brittle failure mode compared with the clay brick
building.
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a)

b)

Fig 8. Comparison of the failure mechanism of both buildings; a) Clay brick; b) Silicate
brick
6. Conclusion
This paper aims at presenting and discussing the results of an analytical study on two URM
structures constructed by calcium silicate bricks and clay bricks. These types of materials
are common in Balkans like in many European countries characterized by low-moderate
seismic hazard. As a result of the recent earthquakes hit the region, the evaluation of the
seismic vulnerability of masonry buildings including clay and calcium silicate bricks
became necessary.
In this research, the influence of the material characteristics on a typical URM building
response has been investigated. The models are investigated using non-linear static
analyses. The seismic capacity of the building was evaluated by a structural model that
uses macro elements for masonry panels. The results of these analyses, expressed in terms
of shear distributions and displacements, are compared with each other. The seismic
demand has been defined by the response spectra proposed by the EC 8 and the
corresponding Albanian seismic codes of practice. The mechanical properties of the
materials used are obtained from experimental tests. Based on the laboratory test results
done on the clay and silicate clay bricks, analytical models of the URM structures were
developed by TREMURI software.
Damage thresholds were determined according to EC 8. The performance points were
obtained and comparatively assessed. According to the analysis results; capacity curves
obtained by non-linear static analysis demonstrate that URM building constructed by the
clay bricks performed better than the silicate bricked one. It does also show a greater
ductile response. This could be expressed by the better bonding between the clay and
mortars.
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Based on the capacity evaluation; in contrast to the type of building constructed by clay
masonry, calcium-silicate one showed a stiffer and slightly stronger response. Yet, at
similar values of in-plane, lateral drift, they exhibited more damage based on the analytical
simulations. This observation was also monitored during the recent earthquake which hit
Albania on November 26, 2019. Since the material is stiffer, the increased damage was not
unforeseen, but the building also displayed a more brittle response during this earthquake.
This appears to suggest that buildings built of calcium-silicate brick are more vulnerable
to damage. Such observations were observed on wall specimens tested in northern Europe,
as well [24].
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