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tarama niteliklerinde makaleler yayimlamay:
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dergidir. Dergi, belirtilen miithendislik
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This journal publishes original theoretical and
empirical research papers as well as review
papers and case studies related to these areas of
engineering. High quality submissions are
welcome from academics, researchers, and
practitioners.

The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University was
first launched in 1986. After the name of the
journal changed in both 1993 and 2005,
consequently, the name is "The Journal of
Engineering and Architecture Faculty of
Eskisehir Osmangazi University” (ISSN: 1301-
045x). The journal was published as 2 issues per
year until the end of 2012, then publication of
the journal is suspended between 2012-2017.

It has resumed its publication life as an online
journal in 2018.

Additional information for the journal is given at
web page :
https://dergipark.org.tr/tr/pub/ogummf

The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University is
published as 3 issues per year.

In addition to the regular issues, proceedings of
the conferences which are organized by our
university are published as special issues
depending upon the decision of the Editorial
Board.
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This study considers the one-dimensional variable-sized bin packing problem
(VSBPP) which is an NP-Hard problem. In this study, the objective is to find an
efficient solution that minimizes both the total capacity of the bins used and
the number of bins required, thereby optimizing the company's storage policy
and saving space within the warehouse. Three algorithms are employed to
solve a real warehouse’s VSBPP: i) First Fit Decreasing (FFD), ii) Best Fit
Decreasing (BFD), and iii) Next Fit Decreasing (NFD). The warehouse dataset
includes items of various sizes, and the goal is to allocate these items into bins
most efficiently. Experimental results demonstrate that the FFD and BFD
algorithms outperform the NFD algorithm. Furthermore, all three algorithms
significantly reduce storage space usage and improve space utilization
compared to the warehouse's current practices.

BiR DEPO iCIN ENVANTER TUTMA VE ALAN KULLANIMI POLITiKASININ ENiYiLEMESI

Anahtar Kelimeler

0z

Depo,

Degisken Boyutlu Kutulama Problemi,
[k Buldugun Boslugu Doldur,

En lyi Boslugu Doldur,

Sonraki Boslugu Doldur

Bu ¢alismada NP-Zor bir problem olan tek boyutlu degisken dlgekli kutulama
problemi ele alinmaktadir. Bu ¢alismada amag, kullanilan kutularin
kapasitelerinin toplamini ve kullanilan kutu sayisini en aza indiren verimli bir
coziim bulmak, béylece sirketin depolama politikasini optimize etmek ve
depoda yer tasarrufu saglamaktir. Gergek bir deponun problemini ¢cé6zmek igin
lic farkli yéntem: i) Ik Buldugun Bogslugu Doldur (IBBD), ii) En lyi Boslugu
Doldur (EIBD) ve iii) Sonraki Boslugu Doldur (SBD) algoritmalari
kullamlmistir. Deponun veri seti, farkli boyutlarda cesitli 6gelerden olusmakta
olup amag bu égeleri en verimli sekilde kutulara tahsis etmektir. Deneylerden
elde edilen sonuclara gére, IBBD ve EIBD algoritmalari SBD algoritmasindan
daha iyi olmakla beraber, her li¢ algoritmanin da mevcut depo uygulamasina
kiyasla depolama alani kullanimini azaltmada ve alandan yararlanmayi
arttirmada basarili oldugu gosterilmistir.
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1. Introduction

into bins. Finding a reasonable solution to the BPP is a

The management of warehouses is an essential function
for any company that trades in tangible commodities. It
should be a priority since it gives companies the ability
to retain competitiveness. Warehouse management
entails several processes, such as optimizing space and
maintaining inventory records. Proper warehousing
management is usually faced with several widely known
problems. Hemmelmayr, Schmid, and Blum (2012)
stated that a common optimization problem called the
Bin Packing Problem (BPP) consists of packing items

(0 @

way of saving resources such as storage space.
Therefore, it is essential to find solutions by determining
the most effective method for packing different items
into bins.

This research provides a way of effectively storing items
in bins of a particular warehouse. Finding an effective
way to store leads to saving space inside a particular
warehouse, which can be utilized for other warehousing
activities, and dismissing the option of renting new
storage spaces to store all the items at hand. This study
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can be used as a reference amongst other industries that
face the redundant problem of effectively storing their
Stock Keeping Units (SKUs) within bins.

The warehouse under consideration is a maintenance,
repair, and overhaul (MRO) warehouse and faces
challenges in effectively utilizing its space. MRO covers
preventive maintenance, component repair,
replacement, deep maintenance, structural repairs, etc.
In practice, the warehouse's space is being wasted due
to incorrect storage techniques. This indicates an
underlying lack of organization, which must be
addressed to maximize efficiency and eliminate wasted
space. This leads to requiring expensive external storage
solutions. To overcome this, the warehouse
management desires to optimize existing space usage
through better storage techniques, aiming to store more
parts without acquiring or renting additional
warehouses.

The rest of the paper is organized as follows. Literature
review is given in Section 2. In Section 3, the problem is
defined. The solution approach is explained in Section 4.
Computational results are reported in Section 5. The
conclusion is given in Section 6.

2. Literature Review

BPP is one of the combinatorial optimization problems
that has been well studied for many years because of its
economic benefits on different sectors and the high
number of industrial applications. BPP involves a set of
items or boxes (small objects) of various dimensions
that must be assigned to containers or bins (large
objects) with capacity constraints to minimize the
number of required bins to pack all items. Several
variants of BPP differ in terms of dimensionality, type of
bins (identical, variable size), and static/dynamic
nature. One classification was introduced by Dyckhoff
(1990), and another improved typology was proposed
by Wascher, Hauf3ner, and Schumann (2007).

In the classical one-dimensional BPP (1DBPP), only a
single dimension of the item is taken into consideration
(usually width), and all bins are identical with the same
capacity, where the objective is to minimize the total
number of used bins. In the two-dimensional BPP
(2DBPP), the aim is to pack items while only considering
two-dimensional (usually width and height) rectangular
items into identical two-dimensional bins. Lodi,
Martello, Monaci, and Vigo (2013) stated that 2DBPP has
many industrial applications, such as wood and glass
cutting, in addition to packing in transportation and
warehousing. The strip packing problem is a variation of
the 2DBPP where bins of width and infinite height
(therefore, this is referred to as strip) and a set of
rectangular items are given, and the objective is to
determine the way to pack the items within the strip
such that the height of the strip is minimized. Wascher
et al. (2007) have classified this problem in their
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typology as an open dimension problem, one of the
applications of strip packing in manufacturing where
rectangular pieces must be cut from a roll of cloth or
paper with a fixed width and infinite height. According
to Jin, Ito, and Ohno (2003), a three-dimensional BPP
(3DBPP) is a generalization of the one and two-
dimensional BPPs in which the three dimensions (width,
length, and height) of both the items and bins are taken
into consideration. 3DBPP has the most practical
applications, such as in transportation, where it is used
to determine the most efficient way to load boxes onto a
transportation vehicle or containers, minimizing the
amount of space wasted. 3DBPP appears in a range of
contexts, such as in the distribution and storage of
goods, manufacturing, the packaging of items, and the
use of space in various settings.

A variant of bin packing is variable-sized BPP (VSBPP),
where bins or containers have different capacities, and
each item must be packed in turn. The objective is to
minimize the sum of the capacities of the bins. VSBPP
adds a layer of complexity to the problems because of
the variable size of the bins. The VSBPP has practical
applications in areas such as packing, transportation
planning, and cutting, but according to Hemmelmayr et
al. (2012), there is not a lot of published research on the
VSBPP. Furthermore, the bin packing problem can be
classified as either online or offline. The main difference
between online and offline bin packing problems is that
in online bin packing, items arrive one at a time, and a
decision must be made about which bin to place each
item in as soon as the bin becomes available without
knowing the complete set of items in advance (Boyar,
Kamali, Larsen, and Lépez-Ortiz, 2013). This contrasts
with the offline bin packing problem, where the
complete set of items is known, and the bins can be
optimized for the entire set of items at once.

Offline algorithms perform better than online
algorithms on the bin packing problem because they
receive the sequence of items in advance (Karp, 1992).
However, online algorithms have the advantage of being
able to start packing items right away without having to
wait for the entire set of items to become available.
Online algorithms can be useful in situations where the
items are arriving continuously and must be packed
immediately as opposed to being available all at once.

Additionally, the bin packing problem can be studied in
a dynamic setting, where items can be added or
removed from the bins during the execution of an
algorithm (Gupta, Guruganesh, Kumar, and Wajc, 2018).
To achieve the best possible space utilization, the
algorithm must be able to adapt to changes in the input
data and rearrange the items in the bins. On the
contrary, in a static bin packing setting, items are known
beforehand when they are assigned to the bins.

Most existing work focuses on static bin packing in the
sense that items do not depart. In some potential
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applications like warehouse storage, a more realistic
model takes into consideration the dynamic arrival and
departure of items. In dynamic bin packing, items arrive
over time, reside for some time, and may depart at an
arbitrary time. The BPP is strongly NP-Hard and very
complex to solve in practice (Martello and Vigo, 1998).
Hence, many different methods have been developed to
solve this problem.

Exact algorithms, such as integer programming,
dynamic programming, and branch and bound,
guarantee finding the optimal solution to bin packing
problems. However, their high computational
complexity often renders them impractical for large-
scale instances, as highlighted by Coffman, Garey, and
Johnson (1984). On the other hand, heuristic and meta-
heuristic algorithms are primarily employed to provide
high-quality solutions when optimality cannot be
reached within a reasonable running time. Meta-
heuristic algorithms, including simulated annealing,
genetic algorithms, variable neighborhood search, and
tabu search, have been widely applied in solving
combinatorial optimization problems (Aarts and Korst,
2003; Hemmelmayr et al., 2012).

In this study, we tackle an NP-hard problem by adopting
a mathematical model and tracking the running time for
different problem sizes. Afterward, three heuristic
algorithms, which are developed for identical-size bin
packing problems, are adapted for variable-sized bin
packing problems, and their performance measures are
reported.

3. Problem Definition

Proper warehouse management is one of the most
impactful aspects that can affect a company’s success. In
today’s world, warehouse performance measurements
can be the deciding factor in determining companies’
global rankings (Tompkins and Smith, 1998). There are
several criteria to consider for a warehouse to be
classified as properly managed. These criteria include
picking systems, optimizing space, maintaining
inventory records, following safety standards, and
controlling labor expenses. Optimizing picking systems
plays a critical role in enhancing both customer
satisfaction and the overall efficiency of warehouse
operations (Pinto, Nagano, and Boz, 2023). Also,
optimizing space utilization includes multiple criteria,
such as fitting as many SKUs into their desired storage
containers and fitting the storage containers in an
organized manner to minimize unutilized space. With
every criterion having its own contribution weight to
optimizing space utilization, this study focuses on fitting
as many SKUs into their desired storage containers
inside warehouses as the key factor for increasing
warehouse efficiency. The handled problem is called the
one-dimensional variable-sized bin-packing problem
(VSBPP). The objective of the VSBPP is to minimize the
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sum of the used bin capacities which will lead to more
space in the warehouse without the need to rent any
additional warehouse.

A lack of coordination emerges between the planning
department and the warehousing department inside the
company. The planning department presumes a
storage-containing unit can no longer store more SKUs,
while in reality, the containers can store almost double
the amount of the currently available items. To prevent
the costly option of renting new warehousing spaces,
this study focuses on storing more items within each bin
to use fewer bins and generate more space for storing
even more items if needed.

In the first phase, an ABC analysis is conducted to split
the inventory into three main categories. A-items have
the highest importance with respect to the value
contribution, B-items have lower importance and value,
and C-items have the least importance. It is one of the
methods that help companies control warehouses by
allowing the management to stay focused on the most
important items. In addition to that, it aids in achieving
effective stock management of resources and stock level
optimization. ABC analysis is based on the Pareto
principle, which assumes that 20% of the items generate
80% of the total value.

Grondys (2009) stated that ABC analysis allows
companies to focus on the most expensive items.
However, classifying the items in the company depends
on different aspects, so analyzing and filtering data is the
first step before applying the ABC analysis. The goal is to
work on every aspect that the company considers
important, then combine all the results together so a
decision can be made in terms of which item should be
classified to which category. Two different criteria were
considered for the ABC analysis. The first criterion is
based on the distinct count of the picklist, which is the
number of orders for each item throughout the year. The
second criterion is based on priority.

After conducting the ABC analysis, the manager in the
company decided to go with the first criterion and
proceed with only class A and B items since class C items
were not ordered often per year and thus had minimal
impact on the optimization process for storage space
allocation. In addition, the warehouse management
expressed a preference to assign a dedicated storage
area for Class C items, located far from the main
operational zones, without including them in the
optimization process, as their low demand does not
justify the computational effort or complexity of their
inclusion.

The subsequent step was to determine the number of
bins used, which amounted to 762 distinct bins for class
A and B items. Table 1 shows the existing bins in use
derived from three different bin sizes (small, medium,
and large), with a total used capacity of 1,940,472 cm3.
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Table 1. Current Bin Structure and Used Capacity for
Class A and B Items

Bin type Bin size Count Total used
(em?) capacity
(em?)
Small 900 139 125,100
Medium 2,808 587 1,648,296
Large 4,641 36 167,076
Total 762 1,940,472

By evaluating the current used capacity and establishing
a value for benchmark, our primary objective is to
minimize total used capacity. Since then, it would be
reasonable to aim for 100% utilization per bin.
However, including more items per bin increases the
time for the picker to retrieve any desired items from
the bin. It is, therefore, crucial to ensure that every bin
contains some free space or buffer, in other words.
Hence, all maximum bin capacities were decreased by
20% to make sure that some free space remained inside
the bin.

In this study, the items are significantly smaller than the
bins, with none of their dimensions (length, width,
height) exceeding the respective dimensions of the bins.
This allows the problem to focus on optimizing the total
volume within the capacity constraints of the bins,
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effectively treating items as occupying liquid-like
volumes.

4. Solution Methodology

After defining the problem with all the considerations,
the solution approach should cover all the problem’s
aspects. Figure 1 explains the plan and the methods that
the defined problem would be solved with. The initial
goal is to find an optimal solution, but if the problem size
at hand cannot be solved within a reasonable running
time due to NP-Hardness, a feasible and effective
alternative solution method should be implemented.

4.1. Exact Solution

A mathematical model aids in understanding the level of
complexity of a certain problem. Knowing the level of
complexity, henceforth, gives insight into the
appropriate ways to approach the solution. It is proven
that the one-dimensional bin-packing problem is
classified as NP-Hard (Alenezi, Aboelfotoh, Albdaiwi,
and Almulla, 2015). As stated by Haouari and Serairi
(2009), the VSBPP is a generalization of the classical-
dimensional bin-packing problem and therefore also
NP-Hard.

IDENTIFY KEY WAREHOUSE

=

PERFORM ABC ANALYSIS OF ITEMS

DEFINE THE OPTIMIZATION PROBLEM (E.G.VSBPP)

DEVELOP/ADOPT A MATHEMATICAL
MODEL

IS THE PROBLEM
NP-HARD 7

/sn_scv HEURISTIC ALGORITHMS (FFD, BED, NFD)

4 J

|

T

DOES THE MODEL
HAVE A REASONABLE
TIME?

MODIFY ALGORITHMS FOR VARIABLE-SIZED BINS

SOLVE SMALL PROBLEM INSTANCES TO
TEST FEASIBILITY
No

‘ RUN EXPERIMENTS AND COMPARE RESULTS ‘

IMPLEMENT THE BEST-PERFORMING ALGORITHM

Figure 1. Flowchart of Solution Approach
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The following mathematical model is developed by
adapting the model proposed Hemmelmayr et al. (2012)
which considers a general one-dimensional VSBPP.
Some indices, parameters, and decision variables are
modified according to the problem at hand. In addition,
the objective function was revised to minimize the total
utilized bin capacities, to align with the company
warehouse optimization goals. There are three indices
in the model. irepresents the items(i =1,2,:-,n)
where n is the number of items; j represents the bins
(G=12,---,m) where m is the number of bins;
k represents the bin type (k = 1,2,::-,r) where r is the
number of bin types.

In the model, the following parameters are used. C,
represents the capacity of bin type k. V; represents the
volume of item i. These parameters define the storage
limits of bins and the space requirements of items,
respectively.

The decision variables are as follows. x;; is a binary
variable and takes 1 if item i is stored in bin j; O,
otherwise. yj is a binary variable and takes 1 if used bin
j is of type k; 0, otherwise.

Furthermore, the mathematical model operates with the
fact that the items are significantly smaller than the bins,
and none of their individual dimensions exceed the bin
dimensions. This ensures that all items can fit within the
bins in 3D space. As such, the model focuses exclusively
on volume optimization, aligning with the practical
constraints of the study.

m T
j=1 k=1
Subject to:
m
Z xj=1fori=1,..,n (2)
j=1
;
Zyjkﬁlforj=1,...,m 3)
k=1
n
Z Vi-xUSZ Cp -y forj=1,...,m (4)
i=1 k=1
x;; €{0,1}fori=1,..,nandj=1,..,m (5)
vix €{0,1} forj=1,..,mandk =1,..,r (6)

The objective (1) is to minimize the sum of the
multiplication of the utilized bins and their
corresponding capacities. This results in minimizing the
total utilized capacities, thereby optimizing storage
space usage. Constraint (2) ensures that each item is
assigned to exactly one bin. This guarantees that all
items are stored without duplication. Constraint (3)
ensures that each bin can only be at most one bin type.
Constraint (4) ensures that the total volume of stored
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items in a bin cannot exceed its capacity. This ensures
adherence to the physical limits of the bins. Constraints
(5) and (6) are binary restrictions for all decision
variables.

To clarify the boundaries of the model, the following
assumptions are made: the model assumes that all items
must be assigned to exactly one bin, bins of each type
have fixed capacities (C;) defined in advance, and the
total number of bins (m) and bin types (r) are finite and
predetermined. The focus is solely on storage space
optimization, excluding other operational constraints
like bin costs.

After formulating the mathematical model for the
problem, some small size problems are solved by using
IBM ILOG CPLEX. Then, we progressively increased the
problem size until reaching the real-scale scenario for
the problem at hand.

Table 2 provides the results regarding the number of
items (n), the number of bins (m), the number of bin
types (), the number of decision variables (x;;, y;) and
the running times.

The execution times vary depending on the problem
size, with smaller instances being solved relatively
quickly while larger instances may require significantly
more time to find an optimal solution. This highlights
the time complexity of the problem, which can increase
exponentially as the problem size grows due to the NP-
Hardness of VSBPP.

Table 2. Problem Size and Average Running Time

n m T Xij Yik Average
(Count) (Count) runningtime
(hours)
10 10 3 100 30 00:00:01:43
20 20 3 400 60 00:00:01:65
30 30 3 900 90 00:00:01:53
50 50 3 2,500 150 00:00:02:12
80 80 3 6,400 240 00:00:02:77
100 100 3 10,000 300 00:00:04:75
150 150 3 22,500 450 >24

4.2, Heuristic Algorithms

In general, the running time for solving a mathematical
model may take an unreasonable time as the problem
size gets larger if it is NP-Hard. To tackle this problem,
implementing a heuristic algorithm is a good alternative
that allows us to efficiently solve large instances of the
VSBPP within a reasonable running time.

In the literature, several heuristic methods have been
utilized to address the VSBPP. Moreover, VSBPP has
been solved using metaheuristic algorithms such as tabu
search and genetic algorithm.
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Heuristic algorithms to solve VSBPP include (Coffman,
etal., 1984):

i. First Fit Decreasing (FFD): This algorithm tries
to place each item into the first bin that has
enough space for it. If no bin has enough space,
a new bin is created, and the item is placed in
the new bin.

ii. Next Fit Decreasing (NFD): Like the First Fit
Decreasing algorithm, the Next Fit Decreasing
algorithm begins packing items into the next
bin after the current one rather than the first
bin. The algorithm moves to the next bin and
tries to fit the item there if it does not fit in the
current bin. The item is placed in the newly
created bin if the item still does not fit the bin.

iii. Best Fit Decreasing (BFD): This algorithm looks
for a bin that can accommodate the currentitem
with the smallest amount of leftover space. If no
bin has space for the item, a new bin is created,
and the item is putin it.

For VSBPP, Figure 2 shows the pseudocode of the FFD
algorithm, whereas Figure 3 shows the pseudocode of
the NFD algorithm. Figure 4 shows the pseudocode of
the BFD algorithm.

Dokeroglu (2017) implements FFD and BFD algorithms
for one-dimensional BPP in his study.

The VSBPP was addressed by Haouari and Serairi
(2009) through the utilization of multiple methods,
including FFD, BFD, a set covering heuristic, and genetic
algorithm. Notably, the results obtained from FFD and
BFD were found to be satisfactory.

Kang and Park (2003) conducted a research on the
VSBPP and proposed two algorithms known as iterative
FFD (IFFD) and iterative BFD (IBFD). The authors
asserted that these modified versions of the original FFD
and BFD algorithms effectively address the VSBPP. The
approach of IFFD involves initially assigning all items to
the largest size bins using FFD, resulting in a feasible
solution. Subsequently, the items in the last bin of the
solution are repacked into the next largest bins using
FFD, leading to another solution. This process continues
until repacking becomes unfeasible, generating multiple
feasible solutions. Among these solutions, the best one
is chosen as the final solution, with potential additional
modifications if required. Similarly, IBFD follows a
similar procedure but employs the BFD algorithm
instead of FFD.

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1608-1617

Sort items in decreasing order based on their sizes
Initialize an empty list of bins

for each item in items:
binFound = False
for each bin in bins:
if item can fit in bin:
Add item to bin
binFound = True
break

if binFound is False:
Create a new bin

Add item to the new bin

return bins

Figure 1. Pseudocode of FFD Algorithm

Sort items in decreasing order based on their sizes
Initialize an empty list of bins

for each item in items:
binFound = False
for each bin in bins:
if item can fit in bin:
Add item to bin
binFound = True
break

if binFound is False:
Create a new bin
Add item to the new bin

return bins

Figure 2. Pseudocode of NFD Algorithm

Sort items in decreasing order based on their sizes
Initialize an empty list of bins

for each item in items:
minSpace = infinity
selectedsin = lNone

for each bin in bins
if item can fit in bin and bin's available space is less than minSpace:
minSpace = bin's available space
selectedsin = bin

if selectedBin is not None:
Add item to selectedBin
Create a new bin
Add item to the new bin

return bins
Figure 3. Pseudocode of BFD Algorithm
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The drawback of the FFD, BFD, and NFD lies in their
reliance on identical bin sizes, which is not applicable to
the VSBPP. Consequently, some researchers have
endeavored to modify these algorithms to accommodate
variable-sized bins, as exemplified by the Iterative FFD
algorithm developed by Kang and Park (2003).
Therefore, employing these algorithms directly -without
any modifications- would not be suitable for addressing
our specific problem. So, some modifications are
required. Research on the VSBPP is limited when
compared to the bin-packing problem, with the majority
of studies focused on one-dimensional events. Common
issues include the creation of lower bounds and solution
strategies. VSBPP, an NP-hard issue, has been handled
using both accurate and efficient approximation
methods, with the latter category comprising heuristic
and metaheuristic approaches (Borgulya, 2024).

In order to test the algorithms’ effectiveness, the
dimensions of the SKUs associated with the warehouse
athand were taken into consideration along with the bin
types. In the case of having different SKUs, however,
simple modifications need to be done to make for the
change of the new dimensions in order for the algorithm
to run effectively. All algorithms are implemented in
Python. For instance, a partial depiction of the obtained
FFD results for small bin types can be observed in Figure
5. The implementation of the FFD algorithm yielded
highly favorable outcomes for the small items, with an
impressive average utilization of 98.4% across all bins.
Notably, the storage of 314 items required using 106
small bins.

Utilization: 99.62%
Utilization: 99.74%

Bin 99 : 243, 245, 246, 247, 273
Bin 100 : 248, 249, 251, 252, 258
Bin 101 : 253, 254, 255, 257, 259 Utilization: 98.37%

Bin 102 : 260, 261, 262, 265, 266 Utilization: 92.67%

Bin 103 : 267, 269, 270, 274, 275, 295 Utilization: 99.92%

Bin 104 : 277, 279, 280, 283, 284, 286 Utilization: 92.78%

Bin 105 : 287, 288, 292, 293, 298, 305, 307  Utilization: 93.89%
Bin 106 : 308, 309, 310, 311, 312, 313, 314  Utilization: 81.03%
Average utilization of all bins: 98.40%

Number of bins used: 106

Figure 5. Partial Depiction of FFD Algorithm Results for
the Small Bin Type

To align with the requirements of the MRO warehouse,
the standard FFD, BFD, and NFD algorithms were
modified. Specifically, three FFD algorithms were
implemented in a single code, each addressing a distinct
bin size (large, medium, small). Furthermore, a
constraint limiting the number of items per bin to 7 was
introduced to ensure efficient retrieval times. These
modifications were guided by practical observations
during preliminary testing, ensuring the algorithms
effectively balance space utilization and operational
efficiency.
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The Python code for the implementation of FFD, NFD,
and BFD algorithms has been made publicly available on
GitHub for transparency and reproducibility. The
repository  includes detailed comments and
documentation to help readers understand and
replicate the methodology. The code can be accessed via
the following link:

https://gist.github.com/faris118203/600e15c76ad473
25303403fa418a536e

For context, the code comprises three separate FFD
algorithms, each tailored for a specific bin type. It begins
by sorting all items in descending order based on their
weights. Additionally, a constraint has been introduced
to limit the maximum number of items in a single bin to
7, determined based on preliminary studies to optimize
retrieval time efficiency.

The outcomes derived from the code partially displayed
in Figure 6 revealed that a total of 1,169 items were
successfully stored across 511 bins. In Figure 6, the
overall utilization percentage of all bins amounted to
95.25%, indicating an efficient utilization of available
storage space. The sum of the capacities of the used bins
(overall used space) equated to 1,520,421 cm?3, which
was computed by multiplying the number of bins used
for each bin type by its respective capacity.
Furthermore, the code yielded these impressive results
within a remarkably short duration of around 1 second.

Total number of bins used: 511

Number of bins used of capacity 4641 cm3: 157

Number of bins used of capacity 2868 cm3: 248

Number of bins used of capacity 908 cm3: 106

Overall used space: 1520421 cm3

Average utilization for bins with capacity 4641 cm3: 93.84 %
Average utilization for bins with capacity 2808 cm3: 94.79 %
Average utilization for bins with capacity 900 cm3: 98.40 %
oOverall average utilization: 95.25 %

Figure 6. Average Utilization Results for FFD for All Bin
Types

This study complies with scientific research and
publication ethics and principles.
5. Computational Results

Table 3 provides a summary of the sum of the used bin
capacities, overall average utilization, and the number of
used bins for each algorithm.

Table 3. FFD, BFD, and NFD Algorithms’ Results

Algorithm  Total The Sum of Average
Number the Used Bins’  Utilization
of Used Capacities
Bins (cm®)

FFD 511 1,520,421 95.25%

BFD 511 1,520,421 95.25%

NFD 631 1,859,097 77.14 %
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Notably, FFD and BFD algorithms both exhibited the
most favorable outcomes, boasting an impressive
average utilization percentage of 95.25% across all bin
types. Furthermore, the total capacity of the used bins
amounted to 1,520,421 cm?3, indicating a highly efficient
utilization of available storage space.

When comparing the FFD and BFD algorithms’ results
with the current utilized capacity inside the company’s
warehouse, the results turn out to be rather impressive.
The items inside the warehouse are currently
distributed across 762 bins with three different bin
types. The total utilized capacities of the currently used
bins are 1,940,472 c¢cm?3. The FFD and BFD algorithms’
results indicate that the items will be stored across 511
bins. Moreover, the total utilized capacities needed to
store all items will be 1,520,421 ¢m?3. This leads to a
decrease of 420,051 cm?® which is around 21.6% of the
total used storage capacities. This number is equivalent
to around (420,051 / 4,641) = 90 of the large bins, 149
of the medium bins, and 466 of the small bins in the
warehouse.

The efficiency and practicality of the proposed
algorithms were evaluated using three performance
metrics: optimality gap, computation time, and solution
quality. Table 4 provides a detailed comparison of the
results obtained for FFD, BFD, and NFD algorithms.

Table 4. Performance Metrics for FFD, BFD, and NFD
Algorithms

Algorithm  Optimality Running Solution
Gap (%) Time (sec) Quality
(%)
FFD 2.56 1.25 95.25
BFD 2.75 1.48 95.25
NFD 8.24 0.96 77.14

The results indicate that the FFD and BFD algorithms
achieve superior solution quality compared to NFD,
albeit with slightly higher computation times. These
findings are consistent with the literature, where similar
trends have been observed (Hemmelmayr et al., 2012).
The gap values demonstrate the near-optimal
performance of FFD and BFD, making them suitable for
practical applications in real-world warehouse
management.

6. Conclusion

Effective warehouse management is crucial for
companies in the warehouse industry, offering
significant cost and space savings, improved operational
efficiency, and increased profitability. Ongoing
optimization of warehouse operations, including
inventory management and storage arrangements,
leads to streamlined workflows and accurate inventory
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tracking. Efficient storage systems maximize space
utilization, eliminating the need for additional
warehouses and associated costs.

The aim of this study is to find an efficient solution that
minimizes the total capacity of the boxes used and the
number of boxes used, thus optimizing the company's
storage policy and saving space in the warehouse. The
problem under consideration is an NP-Hard problem.
Foremost, three-dimensional measurements were
taken for thousands of SKUs in the warehouse, and a
detailed ABC analysis was performed. Subsequently, we
focused on A and B-class items. Afterwards,
Hemmelmayr et al’s (2012) mathematical model was
adapted to the problem under consideration. The
problem was solved by increasing its size gradually and
trying to obtain optimum results through computational
experiments. However, it has been shown that as the
problem size gets larger, the problem cannot be solved
in a reasonable time, which supports the NP-Hardness
of the real problem size. Therefore, First Fit Decreasing
(FFD), Best Fit Decreasing (BFD), and Next Fit
Decreasing (NFD) heuristic algorithms, which do not
guarantee the optimal result but are known to give good
results in a short running time, are considered. This
means that this study can be used as a reference for
implementing the FFD, BFD, and NFD inside
warehouses that face the same problem of having to
store items inside variable-sized bins as opposed to
storing the items in only single-sized bins (which was
the original aim of designing these algorithms) by
slightly modifying the code implemented to match the
needed dimensions.

The results obtained from the computational
experiments showed that FFD and BFD outperformed
the NFD algorithm with the same performance, and all
three algorithms were successful in reducing storage
space usage and increasing space utilization compared
to the existing warehouse practice.

The scalability of the proposed approach can be
extended to larger warehouses by employing
distributed algorithms or parallel computation
techniques. These techniques would enable the efficient
handling of larger datasets and more complex
configurations  without significantly increasing
computation time.

For dynamic inventory conditions, where items
frequently arrive and leave, adaptive heuristic
algorithms can be integrated into the existing
framework. These algorithms would dynamically adjust
bin allocations based on real-time data, ensuring that
storage space utilization remains efficient under
changing inventory demands.

Future work could explore these enhancements,
including testing the algorithms under varying
warehouse scales and dynamic conditions, to further
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validate their robustness and applicability in diverse
operational environments.
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Antimikrobiyal Kaplama
COVID-19

Hijyen

Kitosan

Nanopargactk

Son yillarda hayatimizi énemli élciide etkileyen COVID-19 ve influenza gibi yaygin viral
hastaliklar, ortak temas edilen yiizeylerden hizli bir sekilde yayilmakta ve cesitli
enfeksiyonlara neden olmaktadirlar. Bu nedenle, halka acik alanlardaki yiizeylerin
antimikrobiyal 6zellik géstermesi viral ve bakteriyel yayilimin engellenmesi agisindan oldukca
6nemlidir. Antimikrobiyal uygulamalarda, kitosan gibi dogal polimerlerin ve metal
nanopargaciklarin kullanimlarina yénelik ¢alismalar mevcuttur. Bu ¢alismanin amaci, yesil
sentez yéntemi ile metal nanoparc¢aciklarin hazirlanmasi ve hijyenik alan uygulamalarinda
yiizey kaplamasi olarak kullanilabilecek, cevreye duyarli yesil kompozit filmlerin gelistirilmesi
ve karakterize edilmesidir. Kaplama filmlerinin; sudaki, asidik ve bazik ortamlardaki
davraniglart ultraviyole (UV) spektroskopi kullanilarak incelenmis, nem tutma kapasiteleri
degerlendirilmis ve yiizey temas agist élgiimleri yapilmigstir. Taramali Elektron Mikroskobu
(SEM) analizi ile kompozit filmlerin yiizey morfolojileri incelenmis ve Gegirimli Elektron
Mikroskobu (TEM) goriintiileri ile nanopargaciklarin parcactk boyutu 6ézellikleri ve
dagilimlar: degerlendirilmigtir. Ek olarak, hazirlanan yesil kompozit filmlerin antimikrobiyal
6zellikleri, E. Coli ve S. Aureus bakterilerine karsi degerlendirilmistir. TEM gériintiileri, nano
glimiis ve bakir parcacik boyutlarinin literatiir verileriyle eslestigini géstermistir. Hazirlanan
kompozit filmlere uygulanan antimikrobiyal testler ise giimiis nanopargacik iceren kompozit
filmlerin test edilen bakterilere karsi antimikrobiyal bélge olusturdugunu géstermistir.

PREPARATION AND INVESTIGATION OF POLYMER SURFACE COATINGS INCLUDING METAL

NANOPARTICLES SYNTHESIZED BY GREEN METHOD

Keywords

Abstract

Antimicrobial Cating
COVID-19

Hygiene

Chitosan
Nanoparticles

Viral diseases such as COVID-19 which have recently affected our lives significantly and
influenza which is a common viral disease spread rapidly from common contact surfaces and
cause various infections. For this reason, it is very important that the surfaces in public areas
show antimicrobial properties in terms of preventing viral and bacterial spread. There are
studies on the use of natural polymers such as chitosan and metal nanoparticles in
antimicrobial applications. The aim of this study is to prepare metal nanoparticles by green
synthesis method and to develop and characterize environmentally friendly, green composite
films that can be used as surface coatings in hygienic field applications. Durability of coatings
in water, acidic and basic environments was determined using ultraviolet (UV) spectroscopy.
Also, their moisture holding capacity was examined and their surface contact angle
measurements were made. The surface morphologies of the coating composite films were
examined by Scanning Electron Microscopy (SEM) analysis and the particle size properties
and distributions of nanoparticles were evaluated with Transmissive Electron Microscopy
(TEM) images. In addition, the antimicrobial properties of the prepared green composite films
were evaluated against E. Coli and S. Aureus bacteria. TEM images showed that nano silver
and copper particle sizes matched with literature data. Antimicrobial tests applied to the
composite films showed that composite films containing silver nanoparticles formed an
antimicrobial zone against certain bacteria.
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1. Giris

Gectigimiz yillarda tiim diinyayi etkisi altina alan salgin,
bilim insanlarini benzer tehditlere Kkarsi alternatif
coziimler bulmaya yénlendirmistir. ilac bilesimleri, as
calismalary, alternatif dezenfeksiyon yontemleri
tehlikeye karsi yapilan arastirmalarin odagi olmustur.
Bulasma riskinden korunmak i¢in oncelikle viriisiin
viicuttaki etki alanina ulasim kanallari tizerine koruyucu
ekipmanlar dlslniilmiis ve tasarlanmistir. Bu
ekipmanlar ile 6nemli Olgiide basarimin saglandigi
goruldugiinde, insanlarin normal yasam kosullarina
donmesi i¢in adimlar atilmistir. Kisilerin ortak alanlara
temasinda hijyen tedbir ve teknolojileri 6n plana
cikmistir.

Hijyenin tesisi icin kompozit malzemelerden hazirlanan
antimikrobiyal kaplamalar gibi yeni teknoloji
uygulamalar1 gelistirilerek kullanilmaya baslanmistir
(Erkoc ve Ulucan-Karnak, 2021). Kaplama, genel olarak
nesnenin ylizeyine koruyucu bir film tabaka
uygulanmasi islemidir ve yiizyillardir bir¢ok alanda
kullanilmaktadir. Kaplamalarin temel amaci, ylizeyi
korozyon ve dis etkenlerden korumaktir.
Antimikrobiyal ylizey kaplamalari, ozellikle giinliik
hayatta sikca temas edilen ylizeylerde bulunan
mikroorganizma ve viriislerin inhibe edilmesinde
oldukca o6nemlidir (Atacan, Giiy ve Ozacar, 2022).
Kompozit kaplamalar i¢inde, destek malzemesi olarak
metal nanopargaciklar, matris yapisi olarak da dogal ya
da sentetik polimerler yer alabilmektedir. Toksik
olmayan, biyobozunur ve dogal bir polimer olan kitosan,
elde edilebilirlik acisindan diinyada seltilozdan sonra en
yaygin polisakkarit olmasi sebebiyle biyopolimerler
arasinda one ¢ikmaktadir.

Gectigimiz yillarda hayatimizi biiyiik ol¢lide etkileyen
COVID-19 ve gilinlimiizde yaygin olarak rastlanan
influenza (grip) gibi viral hastaliklar, halka agik
alanlardaki yiizeylere temas edilerek daha hizh
yayllmakta ve enfeksiyona sebep olmaktadir (Kim, Lee
ve Joung, 2021). Dolayisiyla, ortak temas edilen
ylzeylerin antiviral 6zellik tasimasi ve bu sayede viral
yayllimin engellenmesi biiyilk 6nem arz etmektedir
(Rakowska ve dig., 2021). Kitosan, antibakteriyel
ozellikte bir polimerdir (Li ve Zhuang, 2020). Ayrica,
nanoteknoloji ve malzeme bilimi kapsaminda yapilmis
olan mevcut arastirmalar, metal ve metal oksit
nanoparcaciklarin antibakteriyel etki gosterdigini
ortaya koymustur. Bu kapsamda, yeni ve etkili
antimikrobiyal ajanlarin gelistirilmesi i¢in kullanilan
glimiis (Ag), bakir (Cu), altin (Au), titanyum (Ti) ve ¢inko
(Zn) gibi  metallerin, yiizey kaplamalarinda
kullanilabilirligi biyiik bir 6nem arz etmektedir
(Hoseinzadeh ve dig, 2017). Bu noktada, ylzey
uygulamalarinda metal nanoparg¢aciklarin kullanimi 6n
plana g¢ikmaktadir. Ancak metal nanoparcaciklarin,
reaksiyona girme egilimlerinin yliksek olmasi nedeniyle
organik ya da inorganik bilesenler ile birlestirilerek
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kompozit halinde kullanimlar1 6nerilmektedir (Das Jana
ve dig., 2020).

Genel olarak, gecis metali nanopargaciklarin sentezi i¢in
fiziksel ve kimyasal yontemler yaygin olarak
kullanilmaktadir (Anwar ve dig.,, 2021). Bu teknikler
pahali olabilmekte ve bazilar, ¢evreye zararh
kimyasallarin kullanimim1  gerektirmektedir. Zararh
kimyasallarin  kullanimin1  icermeyen yontemlere
yonelik farkindaligin  artmasiyla birlikte metal
nanoparg¢aciklarin sentezi icin ¢evre dostu yesil sentez
yaklasiminin gelistirilmesi s6z konusu olmustur.
Bitkilerin ve bitki o6zlerinin yesil sentezde
kullanilabilmeleri, tek adimli bir yontem olarak
uygulanabilmeleri, uygun maliyet, patojenite ve ¢evre
dostu olma gibi avantajlarinin bulunmasi nedeniyle
yesil sentez yoOntemleri popiilerlik kazanmistir
(Alabdallah ve Hasan, 2021).

Metaller icerisinde glimis, iyilestirici o6zelliginden
dolay1 yiizyillardir iizerinde ¢alisilan bir metal olmustur
ve cok diisiik konsantrasyonlardaki giimiisiin insan
viicudu i¢in toksik olmadig belirlenmistir (Galdiero ve
dig., 2011). Giimiis nanoparcaciklarin essiz fiziksel ve
kimyasal o6zellikleri bulunmaktadir. Bununla birlikte,
viriislere kars1 gii¢lii adsorpsiyon kapasitesi olusturan
giimiis  nanoparc¢aciklar, kendileriyle = kimyasal
reaksiyonlar iretmek iizere etkilesime giren bir¢ok
bakteri tiri ve c¢esitli viriisler {tizerinde giicli
antibakteriyel ve antiviral aktivite 06zellikleri
gostermektedirler (Sinclair ve dig., 2021; Zhang, Fan,
Sun, Chen ve Zhang, 2021). Ancak, giimiisiin bir viriisit
olarak kullanimi konusunda olduke¢a az calisma vardir
(Rakowska ve dig, 2021). Ote yandan, bakir
nanopargaciklar, son donemde farkli yontemler
kullanilarak sentezlenmis ve bu nanopargaciklarin
bircok mikroorganizma {izerinde etkinlik testleri
gerceklestirilmistir. Amer ve Awwad (2021), limon
ekstrakti kullanarak sentezledikleri bakir
nanopargaciklarin antibakteriyel aktivitelerini
incelemislerdir. Yapilan analizler, hazirlanan bakir
nanoparg¢aciklarin, E. Coli ve S. Aureus patojenik
bakterilerine karsi miikemmel bir antibakteriyel
aktivite sergiledigini gostermistir. Bu dogrultuda, limon
ekstrakti kullanilarak, yesil sentez yontemiyle elde
edilmis bakir nanoparcaciklarin, diisiik maliyetli ve
milkemmel antibakteriyel aktivite ile ¢evre dostu
oldugu sonucuna varilmistir.

Bu c¢alismada, giimiis ve bakir nanopargaciklar yesil
sentez yontemiyle elde edilmis olup, hazirlanan
nanopargaciklar, yardimci bilesenler araciligiyla kitosan
dogal polimeri ile birlestirilerek yesil kompozit film
haline getirilmistir. Calismanin ilk asamasi olan
nanoparcaciklarin  hazirlanmas1 sirasinda, giimis
iyonlarinin (Ag*), glmiis nanoparcaciklara (Ag?)
indirgenmesi icin aloe vera ekstrakti; bakir iyonlarinin
(Cu*?), bakir nanoparcaciklara (Cu®) indirgenmesi i¢in
ise domates ekstrakti kullanilmistir. Calismada;
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nanoparg¢acik hazirlama asamasinda kullanilan yesil
sentez yonteminin detaylar1 ve kompozit film
iretimindeki optimizasyon stiregleri ile ilgili yeni bir
recetelendirme yapilmis olup, regetelerdeki bilesenleri
iceren kompozitlerin bu amacgla metal ylzeyine
kaplandigina, ulasilabilen arastirmalarda
rastlanamamistir. Hazirlanan nanopargaciklarin SEM ve
TEM gorintiileri alinmis, yesil kompozit filmlere
antimikrobiyal analizler —uygulanmis ve farkh
ozelliklerdeki c¢oziiciilerin film kaplamalara etkisi
incelenmistir. Hazirlanan film kaplamalar ile hijyenik
ortam tesisine alternatif bir ¢d6ziim dnerilmistir.

2. YOntem

2.1. Materyal

Calismada, arastirma ve yayin etigine uyulmus olup,
nanopargaciklarin hazirlanmas1 asamasinda giimiis
nitrat (AgNOs) (Sigma-Aldrich), bakir siilfat (CuSO4)
(BDH Chemicals); kaplama c¢ozeltilerinin hazirlanmasi
asamasinda kitosan (Sigma-Aldrich), asetik asit
(CH3COOH) (Sigma-Aldrich) ve gliserin kullanilmistir.
Solanum lycopersicum (Domates) ve Aloe Barbadensis
Miller (Aloe vera) yerel marketlerden temin edilmistir.
Kaplama yiizeyi olarak secgilen metal aliminyumdur ve
kap1 kolu malzemeleri satan yerel bir saticidan temin
edilmistir.

2.2. Nanoparg¢aciklarin Hazirlanmasi

Giimiis Nanoparcaciklarin Hazirlanmasi

Aloe vera bitki 6ziitiiniin eldesi i¢in; bitki, topragin 1 cm
yukarisindaki yesil kismindan kesilmistir. Kesilen bitki
pargalari, daha kiiciik parcalara ayrilarak iizerine saf su
ilave  edilmistir. Hazirlanan karisim, manyetik
karistiricida kademeli olarak 80°C’ye 1sitilmis ve 2 saat
boyunca kaynatilmistir. Oziit, beyaz bant filtre kagid:
kullanilarak siiziilmiistir ve ortam sicaklifina
sogutulmustur. Ardindan, sonradan kullanilmak tlizere
+4°C’de muhafaza edilmistir (Arshad, Saleem, Pasha ve
Sadaf, 2022).

Glimiis nanopargaciklarin eldesi icin; glimis nitrat,
(AgNOs) eser miktarda deiyonize su ile karistirilmistir.
Ardindan, karisim igerisine aloe vera 6ziitii eklenmis ve
homojen hale gelinceye kadar manyetik karistiricida
etkin karisma hizinda Kkaristirilmistir. Hazirlanan
cozelti, oOnceden 65°C'ye 1sitilmis ultrasonik su
banyosuna alinmis ve c¢ozeltideki renk degisimi
tamamlanincaya kadar su banyosu igerisinde
bekletilmistir. Cozeltide, renk degisimi sirasinda
meydana gelen giimiis iyonlarinin aloe vera o6ziiti ile
indirgenme tepkimesi Denklem (1) ile gosterilmistir.

Ag* + Aloe vera oziiti = Ag® (D
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Renk degisiminin tamamlanmasinin ardindan ¢ozelti,
4000 rpm hizda 15 dakika boyunca santrifiij edilmistir.
Santrifiij sonunda olusan ve icgerisinde glmiis
nanopargaciklart  iceren  ¢okelek, santrifiijattan
ayrilmistir ve Ui¢ kez saf su ile yikandiktan sonra 60°C’'de
vakumlu  etiivde  kurutulmustur  (Tippayawat,
Phromviyo, Boueroy ve Chompoosor, 2016).

Bakir Nanoparcaciklarin Hazirlanmasi

Domates bitki 6ziitiiniin eldesi i¢in, 200 gram domates,
kabuklar1t soyularak kiigik pargalara ayrilmistir.
Parcalama sonunda elde edilen piire, siyah bant filtre
kagidi kullanilarak stiziilmistiir. Siiziintii, 60°C’ye
1s1tilmis manyetik karistiricida, etkin karisma hizinda 15
dakika boyunca karistirilmis ve ardindan 15 dakika
boyunca 4000 rpm hizda santrifiij edilmistir. Santrifiijat
olarak ayrilan 6zit, sonradan kullanilmak iizere +4°C’de
muhafaza edilmistir.

Bakir nanoparcaciklarin eldesi icin; 0,6 gram bakir
stlfat (CuSO4), 375 mL deiyonize su icinde ortam
sicakliginda ¢o6zdirilmistiir. Cozelti, ultrasonik su
banyosunda kademeli olarak 70°C’ye 1sitilmis ve ¢ozelti
icerisine, ¢Ozelti hacmi kadar domates oziitlii ilave
edilmistir. Karisim, bir saat boyunca etkin karisma
hizinda  renk  degisimi  gozleninceye  kadar
karistirllmistir (Batoool ve Masood, 2017). Cozeltide,
renk degisimi sirasinda meydana gelen bakir iyonlarinin
domates 6ziitii ile indirgenme tepkimesi Denklem (2) ile
gosterilmigtir.

Cu*2 + Domates oziiti = Cu® (2)

Renk degisiminin ardindan, ¢6zelti 4000 rpm hizda 15
dakika boyunca santrifiij edilmistir. Santrifiij sonunda
olusan ve icerisinde bakir nanopargaciklari igeren
¢okelek, santrifiijattan ayrilmis ve li¢ kez saf su ile
yikandiktan  sonra  60°C’de  vakumlu etiivde
kurutulmustur.

2.3. Nanoparcacik iceren
Hazirlanmasi

Kompozitlerin

Kompozit malzemeler polimer ile nanopargacik
kolloidal stispansiyonlarinin birlestirilmesi yontemi ile
hazirlanmistir. Bunun i¢in kisaca, kitosan %1’lik asetik
asit cozeltisinde etkin karisma hizinda ¢ézdiiriilmiistiir.
Cozlinme isleminin ardindan, Kkitosan ¢ozeltisine,
kitosanin agirlikca iki kati kadar nanoparcacik iceren
nanopargcacik-deiyonize su siispansiyonu eklenmis ve
homojen oluncaya dek karistirllmistir. Ardindan, ¢ozelti
icerisine ¢ozelti hacminin %10'u kadar gliserin
eklenmis ve karisim ortam sicakliginda 20 saat boyunca
karistirilmistir.

2.4. Metal Yiizeylerin Kompozit ile Kaplanmasi

2x2 cm? boyutunda kesilen ve zimparalanmis metallerin
tek yilizeyi, glimiis ve bakir nanopargacik iceren sivi
kompozite daldirilmistir. Daldirma-kaplama yontemi ile

1620



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1618-1628

metal yiizeylerinde ince bir film tabakasi elde edilmistir
ve ortam sicakliginda kurutulmustur.

Hazirlanan kompozit kaplamalar, 1MK (Bakir
nanopargacik iceren metal kaplama) ve 2MK (Giimiis
nanopargacilk  iceren metal kaplama) olarak
isimlendirilmistir.

2.5. Kararhlik Testleri

Kuruyan metal ylizeylere, deiyonize su, %5’lik HCI ve
%5’lik NaOH c¢ozeltilerinin puskiirtilmesi yontemi ile
kararlilik testleri gerceklestirilmistir. Metal yiizeyler,
tim ¢ozicller ile 15 cm’lik mesafeden piskiirtiilerek
yikanmistir. Yikama islemi, her ylizey ve ¢6ziicii i¢gin 25
kez tekrarlanmistir. Her uygulama sonrasi metal
yuzeyler, plskiirtme sonrasi kurumasi icin kisa
stireligine etiivde bekletilmistir. 5, 10, 15, 20 ve 25.
yikamalardaki metal ylizeyler {izerinden ¢6ziinmiis
olabilecek film tabakasini tespit etmek lizere, yikama
sulari Thermo Scientific GENESYS 10S UV-VIS
spektrofotometresinde okutulmustur. Bu amagla;
hazirlanan kaplama ¢ozeltileri UV  spektroskopi
cihazinda 200-800 nm dalga boylar1 arasinda taramaya
tabi tutulmustur ve maksimum absorbans degerleri
belirlenmistir. Her yikama i¢in ticer 6rnek alinarak UV
okumalar1 yapilmis ve ortalama degerler kullanilmistir.

2.6. Temas Agisi Olgiimii

Kaplama yapilan ytizeylerin temas agisi o6l¢timlerinde
Attension marka Theta model optik tensiyometre
kullanilmigtir. Olgiimde, cihazin enjektérii ile yiizeylerin
i¢ farkl bolgesine birer damla saf su damlatilmistir ve
damlanin davranisi kamera ile goriintiilenmistir. Her
analizin 8. saniyesindeki temas acis1 degerleri
kaydedilmistir.

2.7. SEM Analizi

Hazirlanan o6rneklerin morfolojik karakterizasyonu
ESOGU ARUM Laboratuvarlar’'nda JEOL JSM-5600LV
taramali elektron mikroskop (SEM) cihaz1 ile
yapilmistir. SEM goriintiileri; cihaz hizlandirma gerilimi
1,0-5,0 kV araliginda, 10-700 kat biiyiitme ile alinmistir.

2.8. TEM Analizi

Gimis ve bakir nanoparcaciklarin TEM analizleri,
ESOGU ARUM Laboratuvarlarinda Hitachi marka
HT7800 model cihaz kullanilarak, 100 kV hizlandirma
gerilimi ve 40-200 kat biiylitme oranlar1 arasinda
gerceklestirilmigtir.

2.9. Antimikrobiyal Analiz

Hazirlanan bakir ve giimiis nanoparcacik iceren
filmlerin ilk olarak kontaminasyon kontrolii yapilmistir.
Kontaminasyon kontrolii sonuglarina gore
antimikrobiyal aktivite ¢alismasi i¢in yeterli aseptik
kosullar1 sagladig1 goriilen orneklere, disk difiizyon
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metodu ile zon testi uygulanmistir. Testlerde; inokiilatif
sivi  olarak fosfat tamponlu tuz ¢ozeltisinde
sulandirilmis Esherichia coli (E. Coli) ve Staphylococcus
aureus (S. Aureus) kullanmilmistir. Kullanilan bakteri
miktar;; McFarland 0,5/1-2,9x108 CFU/mL olarak
belirlenmistir. Ekim teknigi olarak steril swab yayma
teknigi kullanilmistir. Esherichia coli ATCC 25922,
Staphylococcus aureus ATCC 29213 bakterileri besleyici
agar besiyerinde kiiltiirlenmistir ve 37°C'de inkiibe
edilmistir. Kaplama filmleri de agar plakalarinin yiizeyi
lizerine yerlestirilerek inkiibe edilmistir.
Mikroorganizmalarin filmler ile etkilesimi, inhibisyon
bélgesinin  biiyikligline gore belirlenmistir. Bu
calismalar Kiitahya Dumlupinar Universitesi ILTEM'den
hizmet alimi seklinde yuriitilmiistiir.

3. Bulgular ve Tartisma

Bu ¢alismada; bakir ve giimiis nanoparcaciklar iceren
polimer matrisli kompozitler hazirlanmistir. Bu
kompozitler, sik temas edildigi diisiiniilen temsili metal
yuzeylere kaplanmistir. Metal ylizeylerden alinmis
gorseller Sekil 1’de verilmistir.

Sekil 1. Metal plaka goriintileri
a) Kaplamasiz b) Kompozit film kaph

Kaplanan metal yiizeylerin farkli ¢oziiciilere karsi
tepkileri kararhlik testleriyle, yiizeylerin 1slanabilirligi
ise temas acis1 olciimi ile incelenmistir. Kompozit
filmlerin morfolojik yapis1 SEM ile degerlendirilmistir.
Ek olarak, metal yiizeylere kaplanan kompozit filmlerin
antimikrobiyal etkinligi belirlenmistir.

3.1. Kararhlik Testleri Sonuglari

Esit boyutlardaki metal yilizeylere, daldirma-kaplama
yontemiyle uygulanan sivi kompozit, kuruduktan sonra
su, asidik ve bazik ¢oziiclilere karsi kararlilik testleri
gerceklestirilmistir.

3.1.1. Suda Kararlilik Testi Sonug¢lar1

Hazirlanan kaplamalarin deiyonize su ile yikanmasinin
ardindan, yikama sulari, UV spektroskopisinde,
maksimum absorbans degerinin elde edildigi 800 nm
dalga boyunda, kor ¢6zelti olarak deiyonize suya karsi
okutularak  absorbans  degerleri  belirlenmistir.
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Absorbans degerlerinin yikama sayisi ile degisimi Sekil
2’de verilmistir.

= 2MK

N
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B IMK

= e ~
o « o

Yikama Sayisi

«

81
0,190

0 0,04 0,08 0,12 0,16 02 024
Absorbans Degeri (A)

Sekil 2. Suile yapilan yikama sayisina karsilik absorbans
degerlerinin degisimi

Bilesimleri farkli olan kompozitler ile kaplanmis metal
yuzeyler su ile yikandiginda, ilk yikamalarda (1. ve 5.)
1MK'nin absorbans degerinin 2MK’ya gore %25 ve %5
kadar daha yiiksek oldugu gorilmustiir. 10. yikama ve
sonrasinda 2MK'nin absorbans degerlerinin 1MK'ye
gore daha yiiksek oldugu ve her iki kaplamanin
absorbans degerlerinin azaldig1 gézlenmistir. Bununla
birlikte, en yliksek absorbans degerinin her iki kaplama
icin 5. yikamada goriilmesi ortak olup. 25. yikamada,
yikama sularindan elde edilen absorbans degerleri
birbirine yakindir. Bu kapsamda, saf su ile periyodik
yikamalar siiresince bakir nanopargacik iceren
kaplamalarin ytlizeyden ayrilma oraninin nispeten daha
az oldugu onerilebilir.

3.1.2. Asidik Coziicillerde Kararhllik Testleri
Sonuglari

Asidik ¢oziiciilere karsi kararlilik testi icin kor ¢ozelti
olarak %5’lik HCl ¢ozeltisine karsi okumalar yapilmistir.
Okunan absorbans degerlerinin yikama sayisi ile
degisimi Sekil 3’te verilmistir.

m2MK

B IMK

0,204

Yikama Sayisi

0 0,04 0,08 0,12 0,16 02 0,24
Absorbans Degeri (A)

Sekil 3. Asit ¢ozeltisi ile yapilan yikama sayisina karsilik
absorbans degerlerinin degisimi
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Asit ¢ozeltisi ile yapilan yikama islemleri sirasinda her
iki kaplamanin da ilk yikamada su ile yikamaya kiyasla
1MK’'nin %47, 2MKnin ise %74 daha fazla
deformasyona ugradigi goriilmiistiir. Kompozit bileseni
olan polimerin asidik ¢6zeltilerde daha iyi ¢éziinmesi
sebebiyle bu etki gozlenmistir.

3.1.3. Bazik Coéziciilere Kararlilik Testleri Sonuglar:

Bazik ¢oziiclilere tepki testi icin kor ¢ozelti olarak %5'lik
NaOH c¢ozeltisi alinmis ve okumalar yapilmistir.
Absorbans degerlerinin yikama sayisi ile degisimi Sekil
4’te verilmistir.

Yikama Sayisi

0 0,04 0,08 0,12 0,16 02
Absorbans Degeri (A)

Sekil 4. Baz ¢ozeltisi ile yapilan yikama sayisina karsilik
absorbans degerlerinin degisimi

Bazik ¢dzelti ile yapilan yikama islemi sirasinda her iki
kaplamanin da diger ¢oziiciilerle yapilan (su ve asit)
yikamalara gore daha az deformasyona ugradig: (ilk
yikamada su ve asit icin sirasiyla; %97 ve %98.)
goriilmiistiir. 25 kez bazik ¢oziicli ile yikama islemi
sonrasinda, 1MK'nin 2MK'ye goére nispeten bazik
¢oziiciiden daha ¢ok etkilendigi gbzlenmistir.

Farkli nano metal iceren polimer kaplamalarin su, asidik
ve Dbazik c¢oOzlciilere maruz birakilmast ile
gerceklestirilen ylizeyde kalma kararlilifn test
sonuglarina gore, 2MK malzemesinin 1MK’ye kiyasla
yluzeyden daha fazla ayrildigi, olgiilen absorbans
degerlerinden (6rnegin; 15. yikamadaki degerler temel
alinarak, ayn ¢o6ziiciide 2ZMK’'nin 1MK'’ye gore degisim
orani; su, asit ve baz icin sirasiyla; %48, %56 ve %29
daha fazla bulunmustur) gézlenmistir. Burada temel
etkenin, kompozit bilesenlerinden olan glimis
nanopargaciklarin boyut dagiliminin bakir
nanopargaciklara gore daha genis bir aralikta olmasi ve
nispeten biiylik parcaciklarin ince polimer kompozit
kaplama icinde daha az polimer ile sarilmasi ve daha ¢ok
¢6zlinmesi ile agiklanabilir.
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3.2. Temas Agis1 Ol¢iimii Analizi Sonuclar:

Kaplanmis metal ytlzeylerin temas agis1 dl¢limiine ait
goruntiiler Sekil 5’'te verilmistir.

) b)

Sekil 5. Temas agisi goriintiileri a) 1IMK b) 2MK

Olgiimler, metal kaplamalarin yiizeyine damlatilan
suyun temas agis1 degerinin 80°'nin iizerinde oldugunu
gostermistir. Kaplamanin yapildigi metal yiizeyin
kaplamasiz haldeki temas acis1 degeri ortalama 70,15°
olarak belirlenmistir. Her iki metal kaplamanin temas
acilari, kaplamasiz ylizeyden daha ytksek ol¢iilmiis
olup, ortalama temas agis1 degerleri 1MK ve 2MK i¢in
sirasiyla 83,78° ve 81,75° olarak belirlenmistir.
Kaplanan ylizeyler icin 6lgiilen bu degerlerin,
hidrofobiklik sinir degeri olan 90°'ye yakin oldugu ve
nano parcacik iceren polimer kompozitler ile kaplanan
ylzeylerin kaplamasiz ylizeye gore hidrofobik yiizey
ozelligine yoneldigi gozlenmistir.

Kaplanan yiizeylerin temas agis1 degerlerinin birbirine
yakin olmasi, kompozitlerdeki nanopargacik tiiriiniin
etkisinden daha ¢ok, nanoparcaciklarin polimer iginde
dagilimlarinin benzer olabilecegi seklinde
yorumlanmistir.

3.3. SEM Analizi Sonuglar:

Bakir nanopargacik iceren kompozit kaplama
filmlerinin SEM goriintiileri Sekil 6’da verilmistir.

Sekil 6. Bakir nanoparcacik iceren metal kaplamanin
(1MK) SEM goriintiileri a) 5,0 kV hizlandirma gerilimi ve
700 kat biiylitme uygulanmistir. b) 3,0 kV hizlandirma
gerilimi ve 50 kat biiylitme uygulanmistir.

Bikdeloo, Ahsani Irvani, Roosta ve Ghanbari (2021)
yapmis olduklar1 bir c¢alismada, elde ettikleri bakir
nanopargaciklarin boyutlarini SEM analiziyle yaklasik
olarak 50 nm o6l¢miislerdir. Muhammad ve dig. (2022)
ise domates kullanarak sentezledikleri  bakir
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nanopargaciklarin boyutlarini ortalama 52 nm olarak
gorintulemislerdir.

Bu calismada elde edilen bakir nanoparcaciklarin SEM
goriintiileri incelendiginde ve literatiir ile (Amaliyah,
Pangesti, Masruri, Sabarudin ve Sumitro, 2020; Fatma,
Kalainila, Ravindran ve Renganathan, 2017)
kiyaslandiginda, nanoparcaciklarin basarili bir sekilde
sentezlendigi goriilmiistiir. Ek olarak, nanoparcacik
boyutlarinin 57-80 nm araliginda oldugu goézlenmistir.
Ol¢iim sirasinda bazi parcacik gruplari icin, topaklanma
ve kiimelenmenin gozlendigi bolgelerde net pargacik
boyutlarinin tespitinde zorluk yasanmistir. Boyut araligi
literatiir verileri ile biiylik 6l¢tide ortiismekle birlikte
bazi bolgelerde kiimelenme sebebiyle 80 nm degerine
ulasildig diisiiniilmektedir.

Yesil sentez yontemi ile elde edilmis giimiis
nanopargaciklari iceren kaplama filmine uygulanan SEM
analizi, film yapisindaki nanopargacik boyutlarinin 121-
175 nm araliginda degistigini ve nanopargaciklarin film
yapist icerisinde homojene yakin sekilde dagildigim
gostermistir (Sekil 7).
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Sekil 7. Gimis nanopargacik iceren metal kaplamanin
(2MK) SEM goriintiileri a) 1,0 kV hizlandirma gerilimi ve
10 kat biiytitme uygulanmistir. b) 5,0 kV hizlandirma
gerilimi ve 50 kat biiylitme uygulanmistir.

Tippayawat ve dig. (2016) calismalarinda, aloe vera
ekstrakti kullanarak elde ettikleri nanoparcaciklarin
boyutlarinin 70,70 * 22-192,02 + 53 nm aralifinda
oldugunu belirlemislerdir. Supriya ve Kumari (2019) ise
yine aloe vera kullanarak sentezledikleri glimiis
nanopargaciklarin boyutlarinin 49,6 ile 82,1 nm
aralifinda oldugunu saptamuslardir. Aloe vera
kullanilarak yapilan baska bir calismada (Arshad ve dig.,
2022) ise sentezlenen giimiis nanopargaciklarin
boyutlarinin 30-80 nm araliginda oldugu belirlenmistir.
Elde edilen literatiir verilerine gore, yesil sentezle elde
edilen nanopargaciklarin SEM analizi ile
goriintiilenmesi sonucu, boyutlarinin 30-200 nm
araliginda oldugu goérilmektedir. Bu bakimdan, bu
calismada elde edilen giimiis parc¢aciklarin literatiirdeki
diger calismalara (Kiani ve dig., 2021; Tippayawat ve
dig., 2016) benzer, nano boyutlarda ve kiiresel
goriiniime sahip olduklari belirlenmistir. Ek olarak, SEM
goriintiilerinde glimiis nanoparcaciklarin varligi, AgNOs
sulu ¢ozeltisindeki Ag* iyonlarinin aloe vera bitki 6ziiti
ile Ag nanoparcaciklarina indirgenmesinin basarili bir
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sekilde gerceklestigini gostermektedir (Tippayawat ve
dig., 2016).

3.4. TEM Analizi Sonuglari

Calismada elde edilen giimiis nanopargaciklar igin
gerceklestirilen TEM analizi goriintileri Sekil 8'de
verilmistir. Khan, Shaheen, Mahmood, Rehman ve
Yaqoob (2017), aloe vera ekstrakti ile sentezledikleri
glimiis nanoparcaciklarin boyutlarinin TEM goriintiileri
yardimiyla 87 ile 100 nm araliginda oldugunu
belirlemislerdir. Ashraf, Ansari, Khan, Alzohairy ve Choi
(2016) ise benzer sekilde aloe vera kullanarak
sentezledikleri nanoparc¢acik boyutlarinin ortalama 82
nm oldugunu belirtmislerdir. Aloe vera ekstrakti
kullanilarak yapilan baska bir ¢alismada (Tippayawat ve
dig., 2016), nanoparcacik boyutlarinin SEM ile 70-190
nm aralifginda bulundugu ve bu degerlerin TEM
Olgtimleri ile de biiyiik dl¢iide uyustugu belirtilmistir.
Literatiirde bulunan diger ¢alismalara bakildiginda ise
elde edilen giimiis nanoparcacik boyutlarinin siklikla
48-139 nm araliginda oldugu goriilmektedir. Buradan
hareketle, bu c¢alisma kapsaminda goriintiilenen
nanopargacik boyutlarinin literatiir verileriyle uyustugu
belirlenmistir.

Sekil 8. Giimiis nanopargaciklarin TEM goriintiisi (100
kV hizlandirma gerilimi ve 40000 kat biiylitme
uygulanmistir)

Hazirlanan bakir nanoparcaciklar i¢in gerceklestirilen
TEM analizi goriintiileri Sekil 9'da verilmistir.
Saitawadekar ve Kakde (2020), nar kullanarak elde
ettikleri bakir nanopargacik boyutlarini TEM analiziyle
2-60 nm araliginda belirlerken; Suresh, Annapurna,
Bhikshamaiah ve Singh (2013) ise patates kullandiklar1
bir ¢alismada, elde ettikleri bakir nanoparcaciklarin
ortalama boyutlarinin 20 nm oldugunu
gozlemlemislerdir. Bu calisma ile elde edilen bakir
nanoparcaciklarin TEM goriintiileri ile boyutlarinin 27-
36 nm araliginda oldugu tespit edilmistir.
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1) Length 35 96 nm o

(2) Length 3596 nm

-
(3) Length 1860 nm

2 S =
Sekil 9. Bakir nanoparcaciklarin TEM goriintiisti (100 kV

hizlandirma gerilimi ve 70000 kat biiyltme
uygulanmistir)

3.5. Antimikrobiyal Madde Analizi Sonuclari

Giimis ve bakir nanoparcaciklar iceren kompozit filmler
icin kontaminasyon kontrolii ve farkli bakteriler icin
zone (disk difiizyon) testi gerceklestirilmistir.

3.5.1. Kontaminasyon Kontrolii

Antimikrobiyal testlerden ©once nanoparcacik iceren
kaplama film 6rneklerine kontaminasyon kontrolii testi
uygulanarak, orneklerin  antimikrobiyal testler
sirasinda kontaminasyon olusturma ihtimali
degerlendirilmistir. A (bakir nanoparcacik igeren
kaplama filmi), B (glimiis nanopargacik iceren kaplama
filmi) ve K (nanopargacik icermeyen kontrol filmi)
ornek filmlerine uygulanan kontaminasyon kontroli
analizi Sekil 10’da gosterilmistir. Test sonuglari; 6rnek
malzemelerin besleyici agar tizerinde sirasiyla 30°C’'de
ve 37°C'de 24 saat inkiibe edilmesinin ardindan,
ornekler tizerinde ve c¢evresinde herhangi bir
mikroorganizma  bliylimesi  gozlenmedigini ve
antimikrobiyal analiz icin yeterli aseptik kosullari
sagladiklarini géstermistir.
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Sekil 10. Kontaminasyon kontrolii testi

3.5.2. Ornekler Uzerinde Zon Testi ile
Antimikrobiyal Aktivite Calismasi

Orneklerin E. Coli Bakterisi lizerindeki antimikrobiyal
aktivitesinin, zon testi ile tayini sonrasinda elde edilen
gorinti  Sekil 11'de  verilmistir. Kaplamalarin
antimikrobiyal aktiviteye sahip olma durumunun tam
bir degerlendirmesi icin elektron mikroskoplar ile
gorlintilleme, minimal inhibisyon kontroli ve CFU
sayim testleri gibi ek analizler uygulanarak sonuglar
pekistirilebilecektir.

Sekil 11. Orneklerin E. coli bakterisi {izerindeki
antimikrobiyal aktivitesinin zone testi ile tayini
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Zone testi ile bakir film (A) 6rneginin E. Coli bakterisi
lizerinde antimikrobiyal etkisinin olmadigi
gorilmistiir. Ote yandan, giimiis film (B) érneginin, E.
Coli bakterisi tizerinde antimikrobiyal etkisinin oldugu
belirlenmistir. Film ¢evresinde olusan bdlgenin oldukca
temiz olmasi (bulanik olmamasi) antimikrobiyal etkinin
bakterisidal olabilecegini gostermektedir.

Orneklerin S. Aureus Bakterisi tizerindeki

antimikrobiyal aktivitesinin zone testi ile tayini
sonucunda elde edilen goriintii Sekil 12’de verilmistir.

Sekil 12. Orneklerin S. aureus bakterisi iizerindeki
antimikrobiyal aktivitesinin zone deneyi ile tayini

Giimiis film 6rneginin (B) S. Aureus bakterisi tizerinde
antimikrobiyal etkisinin oldugu belirlenmistir. Olusan
bolgenin E. Coli bakterisinde gézlendigi gibi temiz
olmasi, antimikrobiyal etkinin bakterisidal olabilecegini
gostermektedir. Ayrica, B filminin Gram (+) bakteri
tizerinde Gram (-) bakterilere gore daha yiiksek
oldiriicii etki gosterdigi tespit edilmistir. Bu tiir etkiye
sahip antimikrobiyal maddelerin daha nadir olmasi, B
filminin yiiksek bulasiciliga sahip bakterilere karsi etkili
olma ihtimalini yiikseltmektedir.

4. Sonuglar

Bu c¢alisma ile; her iki metal nanoparcgacigin
hazirlanmasinda tercih edilen yesil sentez yontemi
lizerinde, optimizasyon c¢alismalar1 ile sentez
parametreleri belirlenmistir ve nihai iriinlerde
nanopargaciklarin elde edildigi, TEM analizleri ile
kanitlanmistir. Elde edilen nanoparcacik boyutlar
literatiir bildirisleri ile uyumludur. Ayrica film
kaplamalarin metal nanoparcaciklan icerdigi de SEM
goriintiileri ile dogrulanmis ve yapidaki dagilimlar
incelenmistir. Antimikrobiyal aktivitenin on
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degerlendirmesinde, yaygin goriilen bakterilere karsi
denenen giimiis nanopargacik iceren kaplama filminin
antimikrobiyal etkisinin bulundugu ve bakterisidal
olabilecegi gorilmistir. Kaplamalarin farkli sivi
maruziyetine tepkileri 6l¢iilmiis, her iki kaplamanin 25
ylkamaya kadar suya ve bazik sivilara karsi daha
dayanikli oldugu belirlenmistir. Ayrica temas agisi
Olciimleri ile kaplamalarin hidrofobiklige yakin oldugu
belirlenmistir.

Enfeksiyona sebep olan mikroorganizmalarin (bakteri,
mantar veya diger virlsler gibi) hastalarda birlikte
goriilmesinin, Covid-19 pandemi siirecindekine benzer
sekilde, influenza gibi yaygin viral hastaliklar
siddetlendirdigi, tan1 ve tedavisinde ciddi problemlere
yol actign ve iyilesme siirecini olumsuz etkiledigi
belirtilmistir (Chen vd., 2020). Zararh
mikroorganizmalarin  bir arada  bulunmasinin
engellenebilmesi ve bulasici hastaliklarin yayilma
riskinin azaltilabilmesi amaciyla, sik temas edilen
ylzeylerde hijyen tesisinin 6nemli olacagi aciktir. Sonug
olarak calismada, ¢evreye duyarl bilesenlerden olusan
kompozit filmlerin 6zellikleri incelenmis ve metal
ylzeyine kaplanmalar1 degerlendirilerek, nano glimdiis
parcaciklar iceren kompozit film kaplamalarin
gelistirilmesi sonrasinda uygulama potansiyelinin
yuksek oldugu gézlenmistir.

Tesekkiir

Bu c¢alisma  TUBITAK  tarafindan  2209-B
1139B412101848 basvuru nolu proje kapsaminda
desteklenmistir. Projede Sanayi Danismani olarak
destek veren Bugamed Biyoteknoloji Sanayi ve Ticaret
Anonim Sirketi’'ne tesekkiir ederiz.

Arastirmacilarin Katkisi

Bu arastirmada; Firat YILMAZ, deneysel sonuglarin
yorumlanmasi ve makalenin olusturulmasi; Demet
TOPALOGLU YAZICI, bilimsel yayin arastirmasi,
deneysel sonuglarin yorumlanmasi ve makalenin
olusturulmasi; Buse ERDOGAN, Eda OZDURMUS, Umut
KILINCOGLU ve Sinem KIZILKAYA deneysel
calismalarin yuritiilmesi konularinda katki
saglamislardir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢ikar catismasi beyan
edilmemistir.
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Anahtar Kelimeler
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Biyodizel

Bitkisel yag

Mese palamudu
Transesterifikasyon

Biyodizel biyolojik kaynaklardan elde edilen ester tabanli bir tiir oksijenli yakittir ve dizel
motorlarda kullanilabilir. Petrol kokenli dizele gére daha yiiksek tutusma sicakligina
sahip oldugundan tasima ve depolama agisindan avantajli konumdadir. Cevre a¢isindan
degerlendirildiginde toksik etkisi yoktur ve biyolojik olarak dogada bozunabilmektedir.
Bu nedenle biyodizelin iiretiminin ve kullaniminin yayginlastirilmasi gerek tarim gerek
otomotiv sektériimiizii ekonomik olarak giiclendirecektir. Ancak biyodizel iiretim
maliyeti yiiksek olan bir yakittir. Yagh bitki tohumundan liretim yapan tesislerde
biyodizel maliyetindeki en biiyiik pay tohumuna aittir. Bu nedenle ¢esitli kaynaklardan
verimli biyodizel iiretimi arastirilmaktadir. Calisma kapsaminda mese palamudundan
elde edilen bitkisel yagdan transesterifikasyon yéntemiyle kaliteli ve ekonomik biyodizel
liretimi amaglanmigtir. Mese palamudundan Soxlet ektraksiyonu ile bitkisel yag eldesi ve
bitkisel yagdan transesterifikasyon yontemiyle biyodizel eldesi gerceklestirilmistir. Mese
palamudunun yag orant %4,26 bulunmustur. Bitkisel yagin ve biyodizelin fiziksel ve
kimyasal ézelliklerinin incelenmesi amaciyla gesitli analizler uygulanmistir. Yagin
doymamigligini belirlemek amactyla iyot analizi yapilmistir ve iyot sayist 91,72 olarak
belirlenmigtir. Biyodizelin viskozite degeri dizel motorun calismasini etkileyeceginden
tiretilen biyodizelin viskozitesinin diisiik olmasi istenmektedir. Elde ettigimiz biyodizelin
dinamik viskozitesi 20°C i¢in 0,53 kg/m.s bulunmustur. Calismada biyodizelin akma
noktasi tayini ve nétrallesme sayisi belirlenerek biyodizelin kalitesi ve motorlu araglarda
kullanimi degerlendirilmigtir. Bu degerler sirasiyla -12,6°C ve 0,092 bulunmustur.

BIODIESEL PRODUCTION FROM ACORN OIL FOR USE IN MOTOR VEHICLE

Keywords

Abstract

Biodiesel
Vegetable oil
Acorn
Transesterification

Biodiesel is an ester-based type of oxygenated fuel obtained from biological sources and
can be used in diesel engines. Since it has a higher ignition temperature than petroleum-
based diesel, it is advantageous in terms of transportation and storage. When evaluated
from an environmental perspective, it has no toxic effects and is biodegradable in nature.
Therefore, the widespread production and use of biodiesel will economically strengthen
both our agricultural and automotive sectors. However, biodiesel is a fuel with a high
production cost. In facilities producing from oilseed plants, the largest share in biodiesel
costs belongs to the seed. Therefore, efficient biodiesel production from various sources
is being investigated. Within the scope of the study, it is aimed to produce high-quality
and economical biodiesel from vegetable oil obtained from acorns by transesterification
method. Vegetable oil was obtained from acorns by Soxlet extraction and biodiesel was
obtained from vegetable oil by transesterification method. The oil ratio of acorns was
found to be 4.26%. Various analyzes were applied to examine the physical and chemical
properties of vegetable oil and biodiesel. lodine analysis was performed to determine the
unsaturation of the oil and the iodine number was determined as 91.72. Since the
viscosity value of biodiesel will affect the operation of the diesel engine, it is desired that
the viscosity of the produced biodiesel be low. The dynamic viscosity of the biodiesel was
found to be 0.53 kg/m.s for 20°C. In the study, the pour point and neutralization number
of biodiesel were determined and the quality of biodiesel and its use in motor vehicles
were evaluated. These values were found to be -12.6°C and 0.092, respectively.
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1. Giris

Fosil kaynakli yakitlarin sinirhh ve yakin gelecekte
tilkenecek seviyelere ulasacak olmasi Diinya’da enerji
krizlerine neden olmaktadir. Ayrica fosil yakitlarin
kullanimindan kaynakli sera gazi olusumunun neden
oldugu kiiresel 1sinma ve ¢evre kirliligi kaginilmazdir.
Bu nedenle petrole alternatif enerji kaynaklarinin
arastirilmasi ve yenilenebilir enerji kaynaklarina gecis
giin gectikce 6nem kazanmaktadir. Bu kapsamda enerji
bagimsizliginin saglanmas1 ve temiz enerji eldesi
amaciyla oniimiizdeki yillarda biyoyakitlara egilimin
artacagl 6n goriilmektedir. Biyoyakitlarin giintimiizde
en yaygin alt dali olan biyodizel, dizel motorlarda
kullanilabilen hayvansal ve bitkisel yaglar gibi
yenilenebilir kaynaklardan {retilen alternatif bir
yakittir. Biyolojik olarak pargalanabilen ve toksik
olmayan yenilenebilir bir yakit tiridir. Oksijenli
yakitlarin egzoz emisyonlarini azaltmadaki basarisi ve
artan cevre bilinci biyodizel olarak adlandirilan yag
asitlerinin dizel motorlarinda kullanimim 1980’li
yillarin basinda giindeme getirmistir. O yillarda
biyodizelin yakit olarak kullanilmasiyla petrole
bagimlilig1 azaltacagi ve tarimin gelismesine de katki
saglayacag belirtilmistir. Biyodizel ¢cevre ile uyumlu ve
kisa bir silire icerisinde %99,5 oraninda dogada
pargalanabilen bir yakittir.

Biyodizel liretiminde; yagin temel katalizor esliginde
transesterifikasyonu, direkt esterlesme reaksiyonu,
yagin Once yag asitlerine sonra biyodizele
dontstiriilmesi olmak {izere ii¢ temel yo6ntem
bulunmaktadir. Giiniimiizde biyodizel {iretiminde en
fazla tercih edilen yontem katalizor esliginde
transesterifikasyon yontemidir. Bu yontemde disiik
basingta ve diisiik sicaklikta ¢alisiliyor olmasi, minimum
reaksiyon zamaninda yiliksek doniisiim saglamasi, ara
bilesenler olmadan direk biyodizel iiretilebilmesi
yontemin c¢ok tercih edilme sebepleri arasindadir.
Transesterifikasyon reaksiyonunda yag, monohidrik bir
alkolle (etanol, metanol) katalizor varliginda (asidik,
bazik katalizorler ve enzimler) ana iiriin olarak yag asidi
esterleri ve gliserin olusturarak esterlesir. Ayrica
esterlesme  reaksiyonunda yan irin  olarak
monogliseridler, reaktant fazlasi ve serbest yag asitleri
olusur. Biyodizel iretiminin esas1 bitkisel yagin
icerisindeki ester ve gliserini ayirma islemidir.
Transesterifikasyon islemi esnasinda bitkisel yagdaki
gliserin komponentleri, alkolle yer degistirir (Cildir ve
Canakci, 2006).

Biyodizel iretiminde metil alkol (metanol), daha dengeli
bir reaksiyon sagladigi i¢in etil alkole (etanol) gére daha
cok tercih edilmektedir. Ayrica metil alkol, bitkisel yag
icerisindeki sudan, etil alkole gore daha az etkilenir.
Reaksiyonda kullanilacak etil alkol miktari, ayni yag
miktar1 icin metil alkolden daha fazla olmaktadir. Polar
olmasi, en kisa zincirli alkol olmasy, trigliseritlerle kolay
reaksiyon vermesi sebebiyle metanol kullanimi daha
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yaygindir (Shailendra, Agarwal ve Sanjeev, 2008).
Transesterifikasyon reaksiyonunda trigliseridi
parcalamak amaciyla katalizor kullanilmaktadir. Bazik
katalizor  kullaniminda reaksiyonun daha hizh
gerceklestigi ve bu sayede daha disiik reaksiyon
siiresine gereksinim duyuldugu bilinmektedir (Ozdemir
ve  Mutlubas, 2016). Ayrica baz  katalizli
transesterifikasyonun gerceklesmesiyle sabunlasma
riski azalmistir. Bu nedenle katalizor olarak genellikle
NaOH veya KOH kullanilmaktadir. Ancak H2SOs gibi
farkli asidik yapilarin katalizor olarak kullanildigi
calismalar da mevcuttur (Bague ve Franks, 2019).
Reaksiyonda serbest kalan esterler alkolle birlesirken
katalizor ise gliserinle birlesir (Graboski ve McCormick,
1998). Bitkisel yag asit, alkol ve katalizér ise baz
karakterlidir. Biyodizel reaksiyonunda kullanilan
katalizoriin miktari, bitkisel yagin pH degerine bagh
olmaktadir.

Calismada, iilkemizde popiilasyonu yiiksek ve meyvesi
verimli sekilde kullanilmayan bir agac tiirii olan mese
agaci ile ¢calisilmistir. Mese palamudunun iilke genelinde
fazla bulunmasi ve kullanilmamasi, kolay erisilebilirlik
ve diisiik maliyet saglamaktadir. Calisma kapsaminda
hem iirtin degerlendirilmesi ve maliyet a¢isindan tlke
ekonomisine ve bilime katki saglanmis hem de ¢evresel
ve ekonomik etkiler de goz oniine alindiginda mese
palamudundan elde edilen bitkisel yagin kullanilmasiyla
biyodizel iretimiyle alternatif yakitlara doéniisiim
saglanmistir. Calisma kapsaminda fosil kaynakl
yakitlarin tliketiminin azaltilmasina katki saglanarak
tilkemizde bol miktarda bulunan mese palamudundan
elde edilen yagdan biyodizel liretimi
gerceklestirilmistir. Biyodizel iiretiminde yeni bir
hammadde kaynaginin kullanimi, ¢alismanin yenilik¢i
yanina dikkat cekmektedir.

2. Bilimsel Yazin Taramasi

Biyodizel eldesinde bitkisel yaglar, hayvansal yaglar,
kullanilmis atitk  kizartma yaglarn ve algler
kullanilmaktadir. Bu kaynaklar igerisinde en biiyiik paya
sahip olan bitkisel yaglardir (Altinsoy, 2007). Biyodizel
tiretiminde kullanilan bitkisel yag kaynaklari basta
kanola yagi olmak iizere (Boz ve Sunal 2009) aspir,
pamuk, soya, palm, aycicek, zeytin, prina, hardal ve diger
yagl tohumlarin yaglar siralanabilir (Cildir ve Canakei,
2006; Ogiit ve Oguz, 2005). Avrupa’da biyodizel
tiretimde kullanilan hammaddelerin kullanim oranlari
karsilastirildiginda %42 ile kanola ilk sirada iken,
Tirkiye’de pamuk %32 oranla ilk sirada yer almaktadir
(USDA Foreign Agricultural Service. Biofuels Annual,
2024). Biyodizelin 6zellikleri kullanilan yag kaynagina
ve alkol tipine gore degisiklik gosterebilmektedir. Bu
durum her biyodizel i¢in farkhi tutusma, yanma ve
emisyon degerlerinin olusmasina neden olmaktadir
(Asaumi, Shintani ve Watanabe, 1992). Bitkisel yag
eldesi amaciyla kullanilan yagh tohumlarin ¢ogu, gida
sektorii basta olmak lizere pek ¢ok alanda kullanilan
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degerli bitkilerdir. Mevcut durumda bu hammaddelerin
farkli sektorlerde zaten kullaniliyor olmasi hammadde
eldesindeki zorluklara ve fiyat artisina neden
olmaktadir. Bu nedenle biyodizel iiretimi icin bitkisel
yag eldesinde farkli hammadde arayislart mevcuttur.

Bu kapsamda biyodizel eldesinde kullanilacak bitkisel
yagin Uretimi icin farkli sektérlerde kullanim alani
oldukea kisith olan mese palamudu dikkat cekmektedir.
Mese palamudu, Tiirkiye’de o6zellikle Trakya, Marmara
ve I¢c Anadolu bolgesinde siklikla yetisen bir bitki tiirii
olan mese agacinin meyvesidir. Ancak mese palamudu
diger agaclarin meyveleri gibi dogrudan
tiikketilmemektedir. Bu nedenle hammadde temini
acisindan oldukga bol ve kolay ulasilabilir konumdadir.
Mese palamudunun diger hammaddelerden farkl kilan
ozelligi E-vitamini, toplam fenol ve antioksidan
iceriginin yiiksek olmasidir. Ayrica sterol (Beta-
sitosterol vb.) ve yag asitleri (omega-3, omega-6 ve
toplam doymamislik) bakiminda 6nemli degerlere sahip
oldugu tespit edilmistir. Bitkiden elde edilen yagin
kalitesi i¢cin 6nemli olan bu degerler mese palamudunun
yag Uretiminde kullanimina elverisli oldugunu
gostermektedir. Mese palamudunun bazi fiziksel
ozellikleri ve icerigindeki yag miktar1 mege tiiriine gore
cesitlilik gostermektedir. Amerika’daki Tarim Bolimi
Tarimsal Arastirma Hizmetleri (United States
Department of Agriculture-USDA) verilerine gore mese
palamudunun yag igerigi %24'tiir. Bu deger bitkisel yag
iretiminde siklikla kullanilan misir, soya, aspir vb.
hammaddelerle yarisacak diizeydedir (Ertas, 2024).

Mese agacinin meyvesi olan mese palamudundan elde
edilen bitkisel yag, biyodizel {iretiminde alternatif
kaynak olarak incelenmistir. Yapilan literatiir
arastirmasinda konuyla ilgili ayrintih bir deneysel
calismaya rastlanmamistir.

3.Yontem

Calismada, gida ve saglik endiistrisi gibi cesitli alanlarda
kullanilan bitkisel yaglarin yerine mese palamudu yagi
kullanilarak biyodizel iiretimi amaglanmistir. Bu amagla
hem tilkemizde bol miktarda yetisen mese palamudu
degerlendirilerek katma degeri yiiksek iiriin eldesi
saglanacak hem de biyodizel tretiminde kullanilan
aycicek yagi, pamuk yag gibi bitkisel yaglarin farkh
alanlarda degerlendirilmesinin 6nii acilacaktir. Calisma
mese palamuduna uygulanan 6n islem, mese palamudu
yaginin eldesi, biyodizel ftretimi, bitkisel yaga ve
biyodizele uygulanan analizler olmak iizere dort
asamadan olusmaktadir. Mese palamudu yag ve
biyodizel eldesi asamalarini 6zetleyen akim semasi Sekil
1’de verilmistir.
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Katalizir || Alol | ‘ Bitkise yag

\
NaOH + Metanol+ Metil ester ve -
NaOH + Metanol —> —>
_ Mee palamudu yagt gliserinin ayrilmasi Yikema Kli“tma

Biyodizel

Sekil 1. Mese Palamudu Yag: ve Biyodizel Uretim Akim
Semasi

Ik olarak Tiirkiye’de I¢ Anadolu Bélgesi'nden temin
ettigimiz mese palamudunun kabuklar1 soyularak
numune hazirlanmistir. Yaprak ve sap gibi bilesenleri
ayrilmistir, ardindan o6giitme islemi gergeklestirilir.
Biyodizel iliretiminde diisiik tanecik boyutuna sahip
mese palamudunun kullanilmasi yiliksek yiizey alani
nedeniyle ekstraksiyon verimini olumlu etkilemektedir.
Ogiitilen mese palamudu etiivde 100°C de 2 saat
kurutulmustur. Mese palamudunun kurutularak
icerigindeki nemin wuzaklastirlmasi yag eldesinde
verimi olumlu etkilemektedir.

Ardindan mese palamudundan Soxhlet ekstraksiyonu
yontemiyle bitkisel yag elde edilmistir. Bu amagla
¢Ozlicli olarak secilen petrol eteri Soxhlet cihazinin
altinda yer alan balon jojeye doldurulmustur.
Ogiitiilmiis mese palamudu numunesinden 10 gr
tartilarak kartus icine yerlestirilmistir. Ardindan kartus
Soxhlet cihazina yerlestirilerek Sekil 2.a’da verilen
deney sistemi kurulmustur. Soxhlet ekstraksiyon
sisteminde yer alan geri sogutucu soguk su giris ve ¢ikis
baglantilar1 yapilmistir. Soxhlet ekstraksiyon balonu
icinde bulunan petrol eteri ceketli 1sitici yardimiyla
50°C-60°C’'de 1sitilarak buharlastirilmistir. Céziicliniin
sicak  buhar1  yogunlastiriciya  ilerleyerek  ve
yogunlasarak kartus icindeki kati numunenin tizerine
damlamaktadir. Mese palamudu numunesini igeren
kartus ¢oziicli ile tam doldugunda, sistem tizerindeki
bypass kolunun seviyesine ulasir ve sifon olusarak
¢oziici tekrar cam balona bosalmistir. Bu dongi
tekrarlanarak her dongii sirasindan katinin icerdigi bir
miktar yagin ¢oziicide ¢oziinmesi saglanmistir. 2 saat
slireyle toplam 10 dakikada bir sifon yapacak sekilde
ekstraksiyon gergeklestirilmistir. Ekstraksiyon islemi
sonrasl mese palamudu yag1 ve ¢oziicli iceren karisim
icinden petrol eteri damitilarak geri kazanilmustir.
Damitma islemi i¢in kurulan sistem Sekil 2.b’de
verilmistir. Balonda kalan yag 105°C’'deki etiivde sabit
tartima getirilmistir. Ardindan desikatérde sogutulan
bitkisel yag miktar1 kaydedilmistir. Bu deneysel siire¢
tekrarli sekilde gerceklestirilerek hedeflenen yag
miktarina ulasilmis ve bu miktar tartilarak
kaydedilmistir.
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Sekil 2. a) Soxhlet Ekstraksiyonu Yontemiyle Bitkisel
Yag Elde Edilen Deneysel Diizenek b) Damitma Sistemi
Diizenegi

Calismanin iigiincii asamasinda, mese palamudu
yagindan transestrifikasyon yontemiyle biyodizel
tretimi gerceklestirilmistir. Biyodizel iretiminde
esterin verimini etkileyen en 6nemli degiskenlerden biri
alkoliin trigliserite molar oranidir. Sekil 3’te verilen
reaksiyon incelendiginde, transestertrifikasyon
stokiyometrik orani 3 mol yag asidi alkil esteri ve bir
mol gliserol vermek tlizere 3 mol alkol ve bir mol
trigliserit gerektirir. Bununla beraber
transestrifikasyon bir denge reaksiyonudur ve
reaksiyonu iriinler yoniine ilerletmek icin alkoliin
asirisi gereklidir. Calismada estere maksimum doéniisiim
icin molar oran 6:1 olarak belirlenmistir.

CH: — OCOCRi Katalizér CH:— OH R1— COOCH:

CH —OCOR:2 + 3HOCH; «— CH— OH + Ry —COOCH:

CH: —OCOR: CH:—OH R:— COOCH:
Trigliserit Metanol Gliserin Biyodizel

Sekil 3. Transesterifikasyon Reaksiyonu

Ik olarak calismada alkol olarak secilen metanol ve
katalizor olarak secilen NaOH kapali bir reaksiyon
kabinda birlestirilmistir. Bu asamada 0,9 g kat1 NaOH
kullanilarak metanol iginde ¢dziinmesi saglanmistir.
Ardindan manyetik karistirici yardimiyla karistirilarak
1sitilan mese palamudu yagina yag ve katalizor karisimi
ilave edilmistir. Bu asamadan itibaren alkol kaybin
onlemek amaciyla sistem atmosfere kapatilarak, deney
kapali sistemde devam etmistir. Reaksiyon, 60°C ve 600
RPM de karistirilip 1sitilarak 2 saat boyunca reaksiyon
gerceklesmistir. Bu asamada alkoliin kaynama noktasi
olan 64,7°C c¢alisma sicakligi agisindan sinirlayici
olmustur.

Reaksiyon sonunda iiriin karisim dinlenme tanki gorevi
goren ayirma hunisine alinarak 2 giin bekletilmistir.
Sekil 4.a’da, 2 giiniin sonunda olusan faz ayrimi ve alt
fazda gliserin, st fazda biyodizel birikimi
goriilmektedir. Gliserin fazi biyodizel fazindan daha
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yogundur ve her ikisi faz da reaksiyonda kullanilan alkol
fazlas1 icermektedir. Gliserin ve biyodizel ayirma
isleminden sonra, fazla alkol buharlastirilarak ortamdan
uzaklastirilmistir. Elde edilen biyodizel kalan katalizor
ve sabunlarin uzaklastirilmasi i¢in 1lik su ile yikanmistir.
Ayirma hunisi yardimiyla fazlar ayrildiktan sonra
yikama islemi tekrarlanmistir. Sekil 4.b’de gorildiugu
gibi yikama islemi bitikten sonra ¢ozelti 100°C’de
1sitilarak biyodizel igerisindeki su buharlastirilir. Bu
islem sonunda sar1 gériiniimli, viskozitesi petrole yakin
biyodizel elde edilmistir.

Sekil 4. a) Uriin Karigimin Faz Ayrimi b) Biyodizel
Fazindaki Suyun Buharlastirilmasi

Elde edilen mese palamudu yagmin ve biyodizelin
fiziksel ve kimyasal 6zelliklerinin incelenmesi amaciyla
cesitli analizler uygulanmistir. Bu amagla ilk olarak
bitkisel yagin iyot sayis1 analizi gerceklestirilecektir.
Iyot sayisi, yaglarin doymamishk 6lciisii  olup
uygulamada agirlik olarak yliz kisim yagin bagladig
iyodun agirligi olarak belirtilmektedir. Yiiksek iyot sayili
yag tortu olusumuna, asir1 karbon kalintisi olusumuna
ve depolama kararliliginin  diismesine neden
olmaktadir. Bu nedenle bu degerin analiz edilerek
belirlenmesi yag kalitesi agisindan 6énemlidir. Bu amacla
gerceklestirilen iyot sayisi analizinde iyodometrik
yontem kullanilmistir. {1k olarak palamut yagi kloroform
ile ¢oziilmiis, ardindan Hanus ¢ozeltisi ve KI ¢ozeltisi
ilave edilerek sodyum tiyosiilfat ¢ozeltisi ile titre
edilmistir. Analiz sirasinda indikator olarak nisasta
kullanilmistir. Ancak nisasta fazla iyot varliginda
indikator o6zelligini gosteremediginden indikator
esdegerlik noktasina yaklasildiginda ilave edilmistir.
Ayni islemler palamut yagi icermeyen tanik deney i¢in
de tekrarlanarak mese palamudu yagindaki iyot sayisi
belirlenmistir.

Calisma kapsaminda fretilen biyodizelin viskozite
tayini gerceklestirilecektir. Bu amacla numune cam bir
silindire doldurularak ve 0,0032, 0,0021 ve 0,0016 m
caplara sahip celik bilyelerin (d° = 7800 kg/m3)
belirlenen h mesafesini aldig siirelerin kaydedilmesiyle
viskozite hesaplanir. Biyodizelin yiliksek viskoziteye
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sahip olmasi esterlesme reaksiyonunun
tamamlanmadigini gostermektedir. Yiiksek viskoziteye
sahip biyodizel enjektérde tikanmaya, pliskiirtme ve
silindir icinde kurumlasmaya neden olarak motora
zarar  vermektedir. Bu nedenle  biyodizelin
viskozitesinin  belirlenmesi  oldukca  6nemlidir.
Viskozitenin sicakliga baghh oldugu bilinmektedir.
Biyodizelin kinematik viskozite degeri 40 °Cde 3,5-6
mm?2/s arasinda degismektedir (Akyarli, 2004).
Dinamik viskozite degeri ise yaklasik 15 mPa.s’dir
(Hartman, 2015). Calismada biyodizelin viskozite
6lclimiiniin yani sira yogunlugu da belirlenmistir. Bircok
standartta biyodizellerin yogunluk degerleri 860-900
arasinda degisir (Meher, Sagar ve Naik, 2006).
Yogunlugun yiikksek olmasi ise proses sirasinda
gliserinin yeterine uzaklastirilmadiginin gostergesidir.
Yogunluk yakit tiikketimine ve yanma i1sisina etki
etmektedir. Literatiirde biyodizelin yogunluk ve
viskozite degerlerini diisirmek i¢in farkli oranlarda
cesitli biyodizel-dizel karisimlari olusturularak bunlara
0zel korelasyonlar gelistirmis calismalar mevcuttur
(Pham, Hoang, Le, Al-Tawaba, Dong ve Le, 2018; Hoang,
2021).

Biyodizelde gerceklestirdigimiz bir diger analiz ise
akma noktasi tayinidir. Akma noktasi tayini, numunenin
soguktaki akis 6zelligini belirtir. Diistik sicaklikta yakit
uygun bir sekilde akamayarak yakit yollarinin ve
enjektorlerin performansini etkileyebilir. Akma noktasi,
biyodizelin hareket edebildigi en diisiik sicakliktir.
Soguk akis 6zelligi iyi olmayan yakit kullanimi motorun
yakit besleme elemanlarina hasar verir bu nedenle
tiretilen biyodizelin motorlu tasitlarda kullanim
acisindan 6nemlidir. Bu nedenle elde ettigimiz
biyodizelin akma noktasini belirlemek amaciyla Sekil
5’teki diizenek kurulmustur.

Sekil 5. Akma Noktas1 Deneysel Sistemi

Analiz icin biyodizel numunesi bir cam tiipe konarak buz
banyosu icine yerlestirilir. Numune ve banyo icine dijital
termometreler yerlestirilerek es zamanlh sicaklik takibi
yapilir. Numunedeki her 1°Clik degisimde numunenin
akis durumu kontrol edilir ve akmadigi sicaklik
belirlenir. Ayrica c¢alisma kapsaminda serbest yag
asitlerin veya biyodizel tiretiminde kullanilan asitlerin
varligini belirlemek amaciyla biyodizelin nétrallesme
sayisi belirlenmistir. Bu analiz biyodizelin kalitesini
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belirlemede yardimci olmaktadir (Kaya, 2006). Bu islem
icin biyodizel numunesi alkol-eter ¢o6zeltisinde
coziinerek KOH ile titre edilmistir. Aym islemler
biyodizel icermeyen sahit numune ile tekrarlanarak
islem sonucunda biyodizelin nétrallesme sayisi
belirlenmistir. Bu ¢alismada arastirma ve yayin etigine
uyulmustur.

4. Bulgular

Calismada elde edilen mese palamudu yaginin yag orani
%4,26 bulunmustur. Literatiirdeki benzer bir calismada
bu deger %3,38 olarak kaydedilmistir (Karabas, 2013).
Yag orani; mese palamudu cinsine, gergeklestirilen 6n
isleme ve ekstraksiyon verimi gibi cesitli faktorlere gore
cesitlilik  gostermektedir.  Yapilan  arastirmalar
sonucunda c¢alisilan mese palamudu tipine en uygun ve
arastirmalar1 yapilmis olan en yakin mese tiiriiniin
Mardin ince mese palamudu oldugu belirlenmistir.
Mardin ince mege tiiriiniin meyvesinin 100 gramindaki
yag oraninin 4,95 oldugu tespit edilmistir. Bu deger elde
ettigimiz  sonugla  karsilastirillabilir ve  yakin
bulunmustur. Mese palamudu yaginin iyot sayisinin
belirlenmesi amaciyla Esitlik 1 kullanilmistir.

Vo=Vi)*N
(Vo=Vy)* %

Iyot sayis1 = 12,7 D

Burada; V2 tanik deneyi icin harcanan sodyum tiyosiilfat
¢ozelti miktar;, Vi o6rnek i¢in harcanan sodyum
tiyosiilfat ¢ozelti miktar;, N sodyum tiyostlfat
¢ozeltisinin gercek normalitesi ve m 6rnegin agirligin
ifade etmektedir. Calismada Bélim 2’de belirtilen
prosediire gore gerceklestirilen analiz sonucundan
mese palamudu yag iyot sayisi 91,72 olarak
bulunmustur. Literatiirde yer alan Mardin ince mese
palamuduna yonelik ¢alismada ise bu deger 88,30’dur.
Literatiirdeki bu deger baz alinarak yapilan
karsilastirmada hata orani %3,87 olarak belirlenmistir.
Aradaki mese palamudu tiriinin farklihigindan
kaynaklanmakta olup kabul edilebilir bir degerdir.
Ayrica iyot sayis1 Avrupa Standardi EN 14214’e gore en
fazla 120 olmalidir. Elde edilen sonug¢ standart ile
uyumlu olup standart isterlerini karsilamaktadir.
Calismada elde edilen biyodizel numunesinin
viskozitesinin  belirlenmesi amaciyla Esitlik 2
kullanilmistir.

_2gr2(d-d)
a 9

(2)

Burada; r bilyenin yarigapi, v limit hiz, g yergekimi
ivmesi (9,8 m/s?), d sivinin yogunlugu (860 kg/m3) d’
bilye malzemesinin yogunlugunu ifade etmektedir.
Biyodizelin = dinamik  viskozitesi = hesaplamalar
sonucunda 20°C i¢in 0,53 kg/m.s bulunmustur.
Biyodizelin nétrallesme sayisinin belirlenmesi amaciyla
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ylriitillen deney sonucu elde edilen veriler Esitlik 3’te
kullanilmistir.

Vi-Va

Ax =N (3)

wMygN

Burada; Vi1 birinci deneyde harcanan KOH miktari, V2
sahit deneyde harcanan KOH miktari, w numune agirligi,
N KOH normalitesi, Ma KOH molekil agirligini (56,11
g/mol) ifade etmektedir. Analiz ve hesaplama sonrasi
biyodizelin ndtrallesme sayis1 0,092 bulunmustur. Bu
sayede 1 gram numune i¢inde bulunana kuvvetli asitleri
notralize etmek i¢in gerekli olan KOH miktarina esdeger
alkali miktar1 belirlendi. Son olarak Bolim 2’de
belirtilen prosediire gore gerceklestirilen analiz sonucu
biyodizelin akma noktasi -12,6°C bulunmustur. Bu deger
sirasiyla susam, yer fistig1 ve atik yaglardan elde edilen
biyodizelde -14, -8 ve -9°C’dir (Kaya, 2006). Bu
kapsamda elde edilen sonug literatiirle uyumlu ve
karsilastirilabilir diizeyde bulunmustur. Biyodizel
verimi hammadde kalitesi, katalizor tiiri ve miktari,
sicaklik ve reaksiyon stiresi gibi reaksiyon kosullari,
kullanilan alkol tiirii ve orani gibi pek cok parametreden
etkilenmektedir. Calismada Esitlik 4’te verilen ifade
kullanilarak biyodizel verimi %62,4 bulunmustur.

. . i Elde edilen biyodizel miktar1
Biyodizel verimi (%) = Y

(4)

Kullanilan yag miktar:

5. Sonuglar

Biyodizel'in tlilkemizde yaygin olarak iretilmesi ve
kullanilmasiyla enerji tarimi ve yerli enerji lretimi
gerceklestirilerek temiz enerjiye katki saglanacaktir.
Calismanin ilk asamasinda megse palamudundan bitkisel
yag elde edilmistir. Tirkiye’de milyonlarca doniim
arazide bulunan mese agaglarimin  bitkisinin
kullanilmiyor olup bu sekilde degerlendirilmesi tilkemiz
gelecegi i¢in cok biiyiik bir avantajdir. Calismanin ikinci
asamasinda ise bitkisel yagdan transestrifikasyon
reaksiyonu ile biyodizel iretilmistir.
Transesterifikasyon reaksiyonunda yag, monohidrik bir
alkolle katalizor varliginda yag asidi esterleri, gliserin ve
biyodizel vererek esterlesmektedir. Elde edilen mese
palamudu yagina ve biyodizele ait analiz sonuglari Tablo
1’de verilmistir. Analizler; Avrupa’da biyodizel yakitin
temel oOzelliklerini ve Kkalite kriterlerini belirleyen
standart olan EN14214 Avrupa Birligi Standardi ve bu
standart temel alinarak TSE tarafindan hazirlanan
biyodizel standardina uygun bigimde
gerceklestirilmistir.
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Tablo 1. Mese Palamudu Yag1 ve Biyodizele Ait Analiz

Sonuglari
Mese Palamudu Yag1 Biyodizel
Yag orani fyot Yogunluk Dinamik Akma Notrallesme
sayis1 (kg/m3) Viskozite Noktas1 Sayisi
(kg/m.s)
%4,260 91,720 860 0,530 -12,600 0,092

Bitkilerden ve yagh tohumlardan elde edilen yag orani
iretim verimini dogrudan etkiledigi icin 6nemli bir
kriterdir. Iyot sayisi, bitkisel yaglarin yag asitlerinde
daha fazla ¢ift bag oldugunu gosterdiginden, yiiksek iyot
degerine sahip bir bitkisel yag, diisiik iyot degerine
sahip bir yagdan oksidatif olarak daha az kararh
olacaktir.

EN14214 standardina gore biyodizelin yogunluk degeri
15°C’de 860-900 kg/m3 araliginda olmalidir. Biyodizelin
yogunlugu enerji icerigi, yanma ve akiskanlik
durumlarin1 etkilemektedir. Standartta ndtrallesme
sayis1 icin belirtilen st deger ile karsilastirildiginda
elde edilen biyodizelin ndtrallesme sayisi standarda
uyum gostermektedir. EN14214 standardi, biyodizelin
temel Ozelliklerini ve kalite Kkriterlerini belirlerken,
akma noktast gibi baz1 6zellikler ireticinin
sorumluluguna birakilir. Farkli uygulamalar ve iklim
kosullar1 i¢in farkli  o6zelliklere sahip olmasi
istendiginden standartta bu konu hakkinda dogrudan
bir deger mevcut degildir.

Mevcutta kullanilan dizele alternatif olarak iiretilen
biyodizelin basit bir teknoloji ile diisiik maliyetle
tiretilmesi beklenmektedir. Disiik viskozite, distk
akma noktasi degeri de degerlendirildiginde mese
palamudu yagindan elde edilen biyodizel basit bir
teknoloji ve diisiik maliyetle iretilebilmektedir. Bu
baglamda kiigciik isletmelerde kolaylikla iiretimi
mimkiindiir. Ayrida petrol dizeli ile her oranda
karistirilarak veya saf halde kullanilabilmektedir.
Biyodizel kullanimi CO2, yanmamis hidrokarbon, CO
emisyonlar1 agisindan o6nemli azalma saglamasi
nedeniyle cevre agisindan pek ¢ok avantaja sahiptir.
Bunun yani sira atik konumundaki mese palamudunun
kullanilmasiyla atik yoénetimi ve enerji verimliligi
acisindan faydali sonuglar elde edilmistir. Calisma
kapsaminda mese palamudu potansiyel bir biyodizel
kaynag olarak sunulmustur.
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Yazar, ¢alismanin ylriitiillmesinde katki ve desteginden
dolay1 Prof. Dr. Ozkan Murat Dogan’a ve deneylerin
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Abstract
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Every architect has a personal archive of pictures and details that they use to help them
develop their architectural design that, for the most part, embodies their vocabulary within
their memory from earlier experiences. The retrieval mechanism for these experiences is vital
in the design process. This study examines the relationship between retrieval and design
action, particularly through the specified codes: recall, recognize, guess, propose, analyze,
and evaluate to understand the underlying design strategies based on these retrieval actions.
This study applies the investigate-and-redesign method to reveal the retrieval and design
action patterns and conducts protocol analysis through the think-aloud procedure. We use a
two-stage quasi-experiment method for “investigate and redesign” parts. In the investigate
part, subjects study the twenty given building facade images, and in the redesign part,
subjects are asked to design a new facade, and they are allowed to apply free recall from the
studied examples. Results show that designers are shifting or modifying their strategies on
retrieval and design actions to minimize the error rates in design and accomplish the task in
a given time. Design actions are more focus-demanding than retrieval actions. Retrieval
actions appear with free associations, and focus shifts occur frequently in retrieval actions.
All the codes of retrieval action and proposed code of design action are associated. Overall,
this study reveals the nature of the occurrence pattern between retrieval and design actions
by providing different design strategies for different retrieval actions.

TANIMA VE HATIRLAMA

EYLEMLERININ MiMARI TASARIM SURECINE ETKISININ ANLASILMASI

Anahtar Kelimeler

Oz

Arastir-ve- tasarla
Protokol Analizi
Hatirlama Eylemi
Tasarim Eylemi
Bellek

Her mimar tasarim siirecinde 6nceki deneyimlerinden topladigi kisisel bir bellek arsivine
bagsvurur. Bu deneyimler icin hatirlama mekanizmasi, tasarim stirecinde énemli bir yer tutar.
Bu ¢alisma, hatirlama ve tasarim eylemi arasindaki iliskiyi tanimlanan kodlar araciligi ile
incelemektedir. Bu kodlar; hatirlama, tanima, tahmin etme, dnerme, analiz etme ve
degerlendirme olarak belirlenmistir. Bu ¢calisma, hatirlama ve tasarim eylemi iliskisini ortaya
ctkarmak icin arastir-ve-tasarla yontemini uygular ve yiiksek sesle diisiinme prosediirti
araciligiyla protokol analizi yéntemini analiz yéntemi olarak kullanir. Aragstir-ve-tasarla
yontemi icin iki asamali bir yari-deney yontemi kullanilmistir. Deney siiresince, denekler
verilen yirmi bina cephesi goriintiisiinii inceler ve tasarim béliimiinde, deneklerden yeni bir
cephe tasarlamalari istenir. Tasarlama stirecinde deneklere inceledikeri drnekleri serbestce
hatirlamalart igin izin verilir. Sonuglar, tasarimcilarin tasarimdaki hata oranlarini en aza
indirmek ve tasarim gérevini belirli bir siirede tamamlamak amaciyla hatirlama ve tasarim
eylemlerindeki stratejilerini diizenleidklerini gdstermektedir. Hatirlama eylemi serbest
cagrisimlarla ortaya ¢ikar ve odak kaymalari hatirlama eylemleri ile birlikte siklikla
meydana gelir. Sonuglara gore hatirlama eylemi kodlari ile tasarim eylemi kodlari birbirleri
ile iligkili belli ériintiiler tizerinden meydana gelir. Bu ¢calisma, farkli geri cagirma eylemleri
icin farkli tasarim stratejileri saglayarak, geri cagirma ve tasarim eylemleri arasindaki
olusum ériintiistiniin dogasini ortaya koymaktadir.
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1. Introduction

The designer's memory is the most critical information
processing mechanism for evaluating the information,
consciously selecting the categories, and shaping the
method to analyze design problems (Shen, Yao, Bao,
and Yu, 2023). Moreover, memory is the retrieval
source of the experiences of any information.
Experiences contribute to finding a starting point for
any design proposal and developing it. Eastmen,
Newstetter, and McCracken (2001) indicate that
architectural memory is structured earlier than an
architecture education, with the built environment in
which we pursue our whole life. Architecture education
contributes to this process by increasing its curriculum
and course contents with various experiences through
projects, readings, and field trips (Eastmen, Newstetter,
& McCracken, 2001). This experience creates a broad
vocabulary for the association of architectural projects,
and the association facilitates architectural knowledge
processing.

Eastman et al. (2001) suggests that design retrievals
are complex processes based on structuring
architectural knowledge and constructing its
association with architectural experience. In other
words, retrieval actions can be a way for knowledge or
experience transfer act during design. Hence, retrieval
can be important for guiding designers in developing
creative solutions wusing their existing design
knowledge pool.

This study aims to understand if, during the design
process, strategies for different retrieval actions, such
as recall, recognition, and guessing, can organize the
design problem's management (meta-planning) for
different design objectives and if different retrieval
processes can lead to intuitional or analytical design
approaches. Each retrieval approach may contribute to
the design from various perspectives. This research
will provide further information to understand better
the relationship between memory retrieval and design
action in the design problem-solving process to
address the designer's problem-solving strategies
between memory and design actions.

The following chapters illustrate the retrieval states
and their importance in design processes, explain the
investigate-and-redesign quasi-experiment method,
and finally explain the results.

2. Literature Review

Schacter (1995) defines memory as the capacity to
recollect information acquired throughout time. At the
same time, William (1891) defines memory as the
process by which the outside world and ideas are
stored for us to recall later. On the other hand, memory
is critical for problem-solving and problem recognition,
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which entails processing information by the brain and
its application to decision-making.

Coding, storing, and retrieval are important activities
for the memory system (Smith, 2014). Coding
transforms the information the brain gets from
interactions with the outside world into a form that the
brain can comprehend and easily store. The location of
the information's storage—Ilong-term or short-term
memory—relates to storing and the ability to recollect
facts or information that have already been encoded
and stored in the brain is linked to retrieving it. These
three processes are essential for forming human
memories, which are then held and eventually
retrieved.

Memory retrieval includes recall, recognition, and
guess actions (Freund, Brelsford, & Atkinson, 1969;
Watkins & Tulving, 1975; Uner, 2018; Watkins &
Gardiner, 1979). Freund et al. (1969) define recall and
recognition as the functional depiction of memory and
state that recall and recognition differ not because of
the storage processes but because of the retrieval
processes (Freund et al,, 1969). According to Watkins
& Tulving (1975), recall appears with the search
activity and recognition afterward. The relationship
between recall and recognition has been discussed in
various circumstances. It has been questioned whether
these tasks represent distinct cognitive processes
depending on the kind of retrieval cues (Uner, 2018).
Uner defined that the only difference between recall
and recognition is the available cue information. The
recognize action is activated if the available cue
duplicates the target (retrieval trace). If not, recall
action is activated (Watkins & Gardiner, 1979). This
order of retrieval actions parallels the design problem-
solving process. The designer first proposes an idea by
recollecting their earlier experiences, whether
knowingly or not, and recognizing its context of use.
Investigating the occurrence pattern of the retrieval
cycle can be a worthy point for understanding the
retrieval strategies and how this cycle can be
effectively organized during the design process.

Cleary (2018) defines recognition memory as
identifying the ability of learned items from non-
learned items. Recognition memory has two concepts:
familiarity and recollection; the familiarity concept is a
fast and weak recollection type of process and is easily
affected by external factors, while recollection duration
takes longer and makes strong associations with past
experiences; however, for both concepts of recognition,
an external stimulus is necessary to retrieve an
experience (Rugg & Yonelinas, 2003; Gardiner,
Ramponi, & Klavehn, 2002). The external stimulus in
design that triggers the recognition is the verbal or
visual externalization of the ideas. So, proposing new
ideas by searching the memory by the recall can give
the potential stimulus for recognition to detect the
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familiar part of the idea and integrate it into the design
process familiarly or innovatively. The underlying
occurrence pattern of recognition can help to
understand how to create connections between ideas
in a design process.

Tulving (1985) proposes knowing and remembering
concepts for recognition memory, creating a relation
between knowing and remembering while considering
both actions as a different activity. Donaldson (1996)
added a third concept for the recognition memory:
guessing. Although guessing is an intuitive decision-
making activity, the design process can benefit from its
vague, uncertain nature for a creative design idea. The
occurrence and the relation of this retrieval action with
the design action can reveal some design decision-
making strategies.

Recall, recognition, and guessing are integral in the
design decision-making process. The interplay between
different retrieval actions can develop different design
strategies, too. According to the design problem, one
may change his/her retrieval strategy to find the design
solution easily. This study aims to understand the
nature of the above-mentioned information. For this
purpose, firstly the next section will present the
literature related to memory retrieval in design, and
both the importance of memory retrieval in the
literature and the gap in memory retrieval will be
explained.

2.1. Memory Retrieval in Design

In design problem-solving, memory retrieval plays a
crucial role. Eastman directly indicates the memory
issue in design by mentioning that retrieving the
related design ideas provides a contextual frame of the
design problem space (Eastmen et al., 2001). Eastman
defines the analogy with memory retrieval in design.
Akin (1990) indicates that knowledge from memory
shapes generative thinking, which is called design.
Hence, retrieval from memory is necessary for
the design process to be achieved. Goldschmidt (1991)
sees action as memory retrieval through visual analogy,
and states that visual analogies can improve the design
problem-solving process. Verstijnen, Van-Leeuwen,
Goldschmidt, Hamel, and Hennessey (1998) define
memory as the structured information location
retrieved in the mental imagery process.

In the context of memory retrieval in deisgn, the
literature has been associated with many different
design strategies, such as, analogical thinking,
contextual framing, and developing new approaches to
problem-solving. Studies in the literature have made
significant contributions to understanding the effects of
these actions on the design process strategies.

Gero and Milovanovic (2020) argue that memory
retrieval as analogy is useful for proliferating the

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1636-1647

design problem solutions. Yuan, Liu, Lu, Yang, and Hao
(2023) developed their research on the optimization of
the memory retrieval process and analogies by
balancing the abstraction level of the samples retrieved
from the memory. Chan, Dow, and Shunn (2015)
experimented to understand the analogical reasoning
process in design while stating that experienced
designers are more prone to make analogical reasoning
and memory retrieval than novice designers and they
propose structured analogical training to improve the
design education. Atilola and Linsey (2015) compare
different means of visual analogies while criticizing the
problem of design fixation as a result of analogies.
Koronis, Casakin, Silva, and Siew (2021) compare the
effect of verbal, visual, and detailly instructed stimulus
on the analogical reasoning of design students, and
they suggest textual-based stimuli for analogies
enhances the creativity of novice designers. Casakin
(2004) claims that visual analogies through retrieval
enhance the design solution quality.

Jia, Jiang, Hu, and Qui (2022) study the stimuli to
trigger the retrieval process in design and state that the
over-stimuli for retrieval may limit the creativity of the
novice designer with superficial design fixations.
However, Jia et al. reveals that design fixation increases
the quality of design and has a strong relation with
different design features (focus-type and broad design
features). According to Jia et al. using targeted design
fixations for specific design features may contribute to
the designers’ innovation. All these statement shows
retrieval process has direct relation with the design
process moreover as highlighted in cited work of Jia et
al. fixation and thinking are intertwined actions
throughout the design process hence memory retrieval
is an inseparable part of design process.

In their study, Koronis, Casakin, and Silva (2023)
indicate that memory retrieval in the analogy process is
important to construct innovative ideas in the design
process and propose visual stimuli for enhancing the
analogies. According to Koronis et al.,, visual stimulus
firstly increases the designers’ ability to create
analogies and enables the emergence of new ideas. On
the other hand, Koronis et al. states that visual stimuli
provide a concrete framework for a possible solution to
abstract design problems and visual stimuli helps
novice designers solve problems with a broader
perspective rather than their mis-preconceptions.

Shen et al. (2023) analyze the categories of retrieved
memory examples and states that the categorization of
retrieved memory examples facilitates the optimization
of the designer’s knowledge. This study shows that
designers can use categorized memory examples more
efficiently, make more accurate analyses and
evaluations with categorized examples, and improve
their designs with transitions between different
categories by understanding the relationships between
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different categories. Crismond (2001) proposes
investigate-and-redesign action to examine the
retrieval processes in design action. According to
Crismond, expert designers apply analogies while
retrieving the structured knowledge in their memories;
however, interestingly, Crismond reveals that
designers do not use every piece of information they
retrieve from their memory. Novick (1998) asserts that
experts structure successful analogies through
retrieval from their memories.

This study differs from the existing literature by
focusing specifically on recognition, recall and
guessing, and their relation to design actions and by
exploring the underlying design strategies based on
these retrieval actions.

Firstly, this study contributes to the literature with its
findings regarding the relation between design and
retrieval actions. Secondly, understanding the nature of
occurrence patterns for the retrieval actions reveals
different decision-making strategies that contribute to
the literature by guiding novice and expert designers in
developing their planning through the design problem-
solving process. Moreover, although retrieval actions
are emergent and involuntary reflexes, being aware of
them can guide the designers, and they can track their
path to understand if they are in the right decision-
making process. For expert and novice designers,
awareness of retrieval decision-making strategies can
provide self-confidence for a more controlled design
process. Novice designers can develop effective design
strategies with this awareness. Strategies for retrieval
cycles in the design process can also contribute to
design education. It can contribute to creating a plan in
design education in terms of memory instruments that
can help the design process correctly.

3. Methodology

Research examining the cognitive processes has always
become a challenging task. Most importantly, the
validity control of the examined cognitive processes is
critical. Watson (1920) proposes verbalization for
studying mental processes and asserts that
verbalization is a valid externalization method of
thinking. Ericsson and Simon (1980) indicate that the
investigation of internal states is possible through
verbalization, and they accept verbal descriptions as
the source of valid cognitive data. Moreover, Ericsson
(2017) states that verbalization does not interfere with
or change the subjects’ activity.

Ericsson and Simon (1980) classify the verbalization
protocols into three categories: think-aloud,
concurrent, and retrospective. Verbalization is a
simultaneous action with the subjects’ activity when
thinking aloud technique is applied; when the
concurrent protocol is used, the performance is ended,
but the information is still active in the short-term
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memory of the subject, while the retrospective method
is applied after the subjects’ activity completed
(Ericsson & Simon, 1980). This analysis procedure of
verbalization reports is called protocol analysis
(Sauder & Jin, 2016).

The protocol analysis method is utilized in educational,
psychological, architectural, and other disciplines that
are interested in learning more about cognitive
processes (Sauder & Jin, 2016). The transcripts of
(think-aloud protocols) are used to study the cognitive
processes that underpin task performance after they
have been recorded or filmed as data (Someren,
Barnard, & Sandberg, 1994). This technique is meant to
be uninterruptible and question-free for the
participants; it is a straightforward and easy-to-use
instrument for investigating and comprehending how
people think and the kinds of abilities and tactics they
employ while addressing difficulties (Sauder & Jin,
2016). Verbalization skills are among the most
important requirements for obtaining the right
protocols.

In this study, investigate-and-design process is utilized
as proposed in Crismond (2001) with the protocol
analysis through think-aloud protocols to collect
transcriptions and analyze the relation between
memory and design processes. Firstly, the experiment
setup was organized to collect the think-aloud
protocols and analyzed them through the codes we
defined.

3.1. Design of the Quasi Experimental Model

This study applies a quasi-experiment model to trigger
the memory effect on the design process. This quasi-
experimental model is based on the two-step
experiment, stage 1/investigate, and stage 2/redesign,
involving ten architect participants.

The quasi-experimental model with a two-stage
(review and redesign) design combines practical
application with analysis, unlike abstract theoretical
models and limited observational studies. This
approach enables exploring design cognition from a
dynamic perspective, not only with theoretical or
observational limitations, but also by providing
applicable insights based on real-world design
scenarios.

In our study, the independent variable of the quasi-
experimental method is the previously shown images
(investigate phase), while the dependent variables are
the design process (redesign phase). The quasi-
experimental model is employed due to the absence of
any manipulation of the independent variables, the lack
of a control group, and the goal of understanding the
direct effects on the dependent variables. The
independent variable aims to trigger memory retrieval
in the design process and to understand the relation
between memory retrieval states and design action.
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The first stage prepares the participants for the think-
aloud-experiment. It presents twenty architectural
images, each representing a different architectural
housing project’'s facades with various scales
worldwide. The selection criteria of the architectural
images to be shown to the participants are visually and
design-wise diverse examples not to create a design
fixation bias. So, the visuals contain random styles from
architectural facades. The participants are asked to
study the projects shown one day before the think-
aloud experiment. In the second stage of the
experiment, the think-aloud procedure is applied. At
the beginning of the experiment for stage 2, architects
are tasked with designing a new two-story house
facade using pen, pencil, and paper, and they are told
that they can do free recalls from their early studied
building facades. In this stage, the subjects are asked to
think aloud to express their internal design states.
During stage 2, subjects rely only on their memory; no
signals are provided during the experiment. Figure 1
represents the visuals from investigate and the
sketches of participants from design phase.

Figure 1: Examples of facades presented during the
'investigate' phase and corresponding design sketches
created by participants in the 'design' phase.

Data acquired from the recordings is analyzed using a
coding scheme that has been created. The first stage of
the experiment to examine the examples is 30 minutes,
and the second stage is agreed to be 15 minutes for
each participant. Both stages of the experiment are
illustrated in Figure 2.

Stage 1 Stage 2
First Day Second Day
Duration : 30 Minutes Duration 15 Minutes

20 Architectural - Paper

Housing Projects

.\
There is no video or audio recording rophone / Recording the Think-Aloud Protocol
‘amera / Recording Design Performance on Table

Figure 2. Diagram of the Experimental Setup Used in
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Both Investigation and Redesign Stages, Illustrating
Key Components and Processes (by the Authors)

3.2. Participants

3.2.1. Participants overview

This experiment consists of ten architect participants.
The participants' ages ranged between 25 and 30 and
were early-career professionals. The selection of this
early-career professional group may also minimize the
potential effects of design fixation in the experiment
and help to obtain a more homogeneous group of
participants.

3.2.2. Ethical consideration

Before the experiment, participants were informed that
the recordings would not show any personal details
about their identity and voices and that only the
researcher could use and analyze them in private after
signing consent letters from the participants.

After participants sign consent papers allowing the use
of their data, this experiment is recorded (audio and
video). This study was conducted in accordance with
the ethical standards set forth by the Altinbas
University Scientific Research and Publication Ethics
Committee and received approval from the Scientific
Research and Publication Ethics Committee at Altinbas
University. The ethical committee approval number for
this study is 2024/14 and the approval date is
02.05.2024.

3.2.3. Segmentation and Coding

Data transcription, the meticulous first step of protocol
analysis, was undertaken carefully. 150 minutes of
verbalization data was meticulously transcripted for
ten experiments, each having 15-minute recordings.
After the transcription of the verbal data, the
segmentation phase is completed.

The subject’s smallest meaningful moves are called
segments. Firstly, to encode the verbal data, the
smallest meaningful parts are extracted from the verbal
data; in other words, attention/move shifts are decided
on the protocols. After segmentation of the protocols,
we obtained 29, 19, 21, 20, 24, 18, 33, 24, 21, and 25
segments for each ten experiments, respectively.

The second phase, equally significant, involves
assigning a code to each segmentation so that the
changes in the subjects' activity can be examined. To
complete the coding phase, a coding scheme must be
meticulously organized according to the research
question, which aims to understand the relation of the
moves from the design and memory phases. The coding
scheme used in this paper is taken from Sauder and Jin
(2016) but is reconfigured according to experiment
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purposes. We designed two categories: design action
and retrieval action (Table 1).

Table 1. Segmentation and coding table

Experiment Codes Description

Design action  Propose Starting a new
idea about the
facade
Determinate
whether to
continue or
make changes
to the design
Analyze Checking the
current step of
the design

Evaluate

Retrieval Recognition Familiarity -
action Knowing the
details with
cues
Recall Retrieving
details from
memory
without any
cues / Free
Recall
Guess Feeling as
knowing
experience

Design action includes propose, evaluate, analyze
actions which are the essential activities of a design
process. Retrieval actions contain recognition, recall,
and guessing actions to test the memory states of the
cognitive actions.

Propose action stands for the ideation processes,
evaluate is the determination of whether to continue or
make changes, and analyze is the current state of the
experiment's examination.

Recognition occurs when a cue is available and is
defined as knowing the available cue. Recall is the
retrieval process of memory without any cues, and in
this experiment, free recall is applied. Free recall
permits subjects to recall the studied items in any
order (Cleary, 2018). Guessing is the feeling of knowing
the retrieval process.

During the coding process, we followed different
criteria for all the codes. After segmenting each design
move, we analyzed each segment using the code
definitions in Table 1. Firstly, the related move in the
segment must semantically fit the code definitions in
Table 1. Secondly, there were some obvious clues
regarding the codes. Participants mainly repeat the
verb “remember” or a similar verb for remember
code. This helped us to find the remember code easily.
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Such a case is also valid for the guess action, as the
participant directly spells the word “guess” when
guessing something. For the recognition task, we look
at some recognition clues in the segments, using words
such as “obvious,” “I see,” and “I know this.” This kind
of phrase conveys familiarity or knowing the details
with some cues. For design actions, if a designer
verbally or visually creates or adds a new idea about
the facade, we directly define these segments as
proposed. If there is a decision about the proposal as
“this fits” or “the proposal can be.” we coded it as
evaluate action. In the analysis code, if the participant
inquiries about the relations and inherited structure of
the proposed ideas, then we code it as analyze code. In
Table 2 we represent some partial examples from the
experiments showing the transcript samples and their
related codes.

Table 2. Example coding scheme from experiment 1, 2,
6 with transcripts

Propose Evaluate Analyze Recognize Recall Guess

T remember such
PR - - - column in the
examples.

Itis obvious it will Itis obvious it will
%% beblack porcline - - be black porcline
column, column.

Tguess there
can be stairs
somewhere.

251 Iguess there were
257 stairs somewhere.

From its form I
From its form | see
2:57- see that I can
%%  thatlcandrawone - -
6 draw one floor
floor mass
mass

3:26- ‘This mass
3:49 fits.

I remember two
222 - - - - masess one is higher
than the other

Tguess this Tguess this
310 - - relation is a - - relation is a
question. question.

Twill draw the stairs Twill draw the stairs
310-  inthis shape, | in this shape, |
409 remember it was ) ) : remember it was like
like this this

Twill add this mass

409 as|remember

501 seeingitin the
images

Twill add this mass as
I remember seeing it
in the images

501 Iseeasliding glass Tsee asliding
536 door here glass door here

T know this, there
I'know there are - N

0:38- are windows in

%% windowsinthenew - - A

the newclassic

classic style
Y style

1:03. I remember some
126 louvers on the facade

1guess
126-  lguessstonecanfit  stone can fit
236 onthis surface on this
surface

1 guess stone
can fiton this
surface

23 columnscanbe...]  columns can Columns can
304 guess be.... | guess be.... | guess

30 lguessthiswillbe K K _ Tguess this
314 stone will be stone

4. Findings and Discussion

We analyzed the protocols under four headings in their
respective order: occurrence pattern of codes to
understand the nature of simultaneous and successive
patterns of codes; duration, occurrence, and average-
duration-per-segment (ADpS) comparison to reveal the
focus demanding codes and their similarities or
differences; segment duration to measure the attention
shifts for each experiment, and finally code correlation
to inquire the pairwise significant relations between
the design actions and retrieval actions.

4.1. Occurrence Pattern of Codes

The occurrence of the actions has a certain pattern for
each experiment. The occurrence pattern reveals the
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code shift behavior of the subjects (Figure 3). The code
shift occurs along with the active-inactive actions and
codes’ simultaneous or successive occurrences.
Simultaneous actions are associated actions. Successive
actions can trigger actions for each other. Detailed
control of the simultaneous actions reveals some action
codes depend on other codes while the vice-verse may
not be necessary. Nine out of ten experiments start
with the propose action and the occurrence of the
propose action has no specific location in the timeline
of the experiments. However, analyze and evaluate
actions do occur in the middle or end of the
experiments instead of at the beginning of the
experiment. This is a natural result of the design
problem-solving process because the solution is
initially proposed, evaluated or analyzed. On the other
hand, this finding is parallel to the findings of Malhotra,
Thomas, Carroll, and Miller (1980) in their study
examining the cognitive processes in design,
emphasizing that the design evaluation phase occurs
after the design production phase. Additionally, figure
3 does not represent of any specific occurrence pattern
of design action codes except the evaluate code. When
the evaluate code is active, the other codes for both
actions are inactive. The evaluation process is a stop
point for understanding the existing situation of the
project process; hence, evaluate code is an independent
code.

Retrieval action codes follow a certain occurrence
pattern and interact with the proposed code of design
action. All the retrieval actions (recognize, recall,
guess) always appear distinctly and successively.
Jennings and Half (1980) demonstrate that recall and
recognition take similar processing capacities in
memory load; hence, these two memory retrieval states
have some common processes. This can be why the
memory retrieval states occur successively to decrease
the memory load. One can recall things after
recognition is activated or recognize things after recall
is activated. On the other hand, this cognitive order can
be a result of triggering events.

Occurrence of recognize, recall, and guess actions has
an obvious association with the occurrence of propose
action. Recognize, guess, and propose actions appear
simultaneously while recall and propose actions occur
successively.

Propose, recognize, and guess codes are the
concomitant codes. Hence, these codes can be
associated with each other. When the either recognize
or guess code appears, propose code is always active
with a small exception. However, vice-versa happens
rarely. This means propose code must be always active
for recognize and guess codes. Hence recognize and
guess codes depend on the propose code, while
propose action is independent to recognize or guess
codes.
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Ml Proposc [l Evaluate [l Analyze Recognize [l Recall [l Guess

Figure 3. Chronological Representation of Design
Actions and Information Retrieval Processes During the
Design Task for each ten experiments (by Authors)

Recall and propose codes can be sequential actions, as
after most of the recall codes, the proposed code is
activated. To start a propose code, the recall code must
be ended. They occur independently, but they can be
the triggering factors for each other.

The occurrence of codes reveals that all the codes of
retrieval action and propose code of design action are
associated. This interaction is important for the
exchanging design information from memory to
proposal.

4.2. Duration, Occurrence and ADpS Comparison

Duration, occurrence, and ADpS are the numeric
metrics that compare actions and codes. They convey
information related to action/code focus, frequent
action/code, and the relation between the action/code.
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In this section, we compare the duration, occurrence,
and ADpS metrics for actions and then analyze the
average value of the metrics for the actions' codes.
Figure 4 illustrates the action-based comparison, while
Figure 5 represents the code-based comparison.

Juratio curence
Duration Occuren: ADpS

15
I I W I I I I

Figure 4. Bar Charts Depicting Duration (in Seconds),
Occurrence (Count), and ADpS Values (Rate) for Design
and Retrieval Actions (by Authors)

Overall evaluation of the actions proposes that the total
duration of the design action (4854 sec.) slightly
surpasses the retrieval action (4779 sec.). The number
of occurrences is higher in retrieval actions (191) than
in design actions (181). Interestingly, the ADpS of the
design action is higher than the retrieval actions.
According to these findings, average-duration-per-
segment (ADpS) is higher in design action than
retrieval action; hence, the design actions are more
focused than retrieval actions.

Average Values for All Experiments

25
20
15
10
Al wl D |
0

Propose Evaluate Analyze Recognize Recall Guess
Design Action Retrieval Action

W Duration M Occurence WADpS

Figure 5. Normalized Bar Chart Comparing Duration (in
Seconds), Occurrence (Count), and ADpS Values (Rate)
for Propose, Evaluate, Analyze, Recognize, Recall, and
Guess Codes (by Authors)

The action-based comparison of duration, occurrence,
and ADpS reveal that throughout the experiments main
structure of the design process continues along with
the design action focus while retrieval actions appear
as an auxiliary part of the design. In this way Design
actions exhibit greater consistency compared to
retrieval actions. Short-term retrieval focus shifts
facilitate efficient memory scanning. while focusing in
design actions helps the design decisions be consistent.
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We also compare the duration, occurrence, and ADpS
for each code using the average values from all the
experiments.

Codes are ranked in descending order, as propose,
recall, recognize, guess, analyze, and evaluate, for the
duration and the number of occurrence metrics.
The recall has the second highest value for both
duration and the number of occurrences. So there is a
parellelity for both recall, and propose action. As
explained in literature analogies can be triggering
actions for ideation process in design. Recall action is
the main source from the memory for propose actions
as this action retrieves previous design experiences,
knowledge and information. Hence during the design
activity for all experiments, recall becomes the most
applied retrieval action state. Evaluate and analyze
actions are the least applied actions, and this must be
due to the limited experiment time as the participants
mainly focused on the generative tasks to complete the
experiment within the given time. This time limitation
may create a bias in the findings.

For ADpS, the descending order is as follows: analyze,
evaluate, guess, recall, propose, recognize. This order
reveals the most focus demanding code to be analyze
and least focus demanding action to be recognize. ADpS
value of analyze action is the highest, as during the
experiment, participants’ examination of their proposal
takes time to understand, comprehend and interpret.

In this perpective the most focus-demanding actions
appears to be the analyze action. Opposed to analysis,
recognition action is the least focus-demanding code.
Rugg and Yonelinas (2003) indicate that one type of
recognition appears as a familiarity memory state, and
this action is a fast and momentary action. The findings
of these experiments are parallel with Rugg and
Yonelinas’ assertion.

On the other hand, recall and guess actions are more
focus-demanding than the recognize action. In these
tasks, memory tries to retrieve previous data,
increasing the focus duration. The difference between
recall and guess actions is that the first is a knowing
experience, while the second is a feeling-as-knowing
experience, as defined by Hart (1965).

4.3. Segment Duration

Figure 6 shows segment duration to illustrate the
attention shifts for each experiment and provides a
holistic perspective for the whole experiment process
with the number of attention shifts. When the segment
duration increases, the attention duration rises, too,
and vice versa. The average attention shift number for
all experiments is 23,4. For 10-minute experiments, the
average attention shift per minute is 2,34. For each
minute, participants of the experiments shift their
attention and actions between 2 or 3 times during the
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experiment, and the average duration for each segment
is almost 20-30 seconds. The total number of segments
for each experiment ranges between 19 and 33.

1 1 1

BEpinenil BEpwinen2 BEveimend WEpwimend BEweimens SEpwimeds BEveaimen? BEmeimens B Epvimens. BEgsimen 10

Figure 6. 2D Area graphs shows segment durations (in
seconds) for each experiment. The general trend is
more short segments at the start, longer segments in
the middle, and fewer, shorter segments at the end (by
Authors)

Figure 6 not only presents the numeric durations of the
segments but also provides an insight into designers’
design strategies and cognitive workload in the design
problem-solving process. We observe three strategic
parts of the design process through all the
experiments: the initial, middle, and final phases. Each
phase has different patterns in terms of segment
durations. Initial segments tend to change faster to
explore potential design solutions and plan the design
process. In the middle segments, designers’
concentration intensifies to comprehend and make
design decisions, so the mid-phase of the experiment
can be the critical design decision phase, and the
segment durations peak. In the final segments, the
designer makes the final adjustments with fewer
iterations on the design as the design decision takes its
final shape, the cognitive workload decreases slightly,
and segment durations decrease too. Although it is
defined as the initial, middle, and final phases, these
phases cannot be reflected on the X-axis in Figure 6.
This is because the number of segments for each
experiment is different, and therefore, each
experiment's initial, middle, and final phases are
different. Consequently, showing 10 different initial,
middle, and final stages on the same graph would be
quite complicated. On the other hand, it does not aim to
determine a definite initial, middle, and final phase
starting and ending point. However, the general trend
observed for all experiments is that there are many
short-term segments at the beginning, longer-term
segments in the middle, and shorter and fewer
segments at the end.

4.4. Code Correlation

Considering that correlation is not causation, this
section provides the pairwise relation between the
codes from mental and design actions. Figure 7 shows
the correlation heatmap matrix for each code duration,
occurrence, and ADpS. Correlation analysis expresses
the inverse or direct proportion between variables. In
this experiment, we defined 18 different variables. This
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section will explain the correlation between the
retrieval actions and design actions.

Correlation Heatmap

D_Recogaize -
D_Analyze -
D_Evaluzte |
D_Propose |

Figure 7. Heatmap Showing Correlation of Codes for
Duration, Occurrence, and ADpS Values, with Red
Indicating Positive Correlation and Blue Indicating
Negative Correlation (by Authors)

As the duration of recall and occurrence of recall
increase, the occurrence of analyze and ADpS propose
increases, but ADpS of evaluate and analyze decreases.
As recall increases, the occurrence of analysis
increases, and ADpS evaluation and ADpS analysis
decrease. As the ADpS of recall increases, the ADpS
proposal increases. As a result of recall action, the need
for analysis may arise, and thus, the number of
analyses and focus on the proposal will increase. In this
relationship, the propose segment durations may
increase to understand the compatibility of the
retrieved examples with the design solution. The
increase in the number of analyses results from
controlling the compatibility of the retrieved ideas.

On the other hand, an increase in recall occludes the
focus on the evaluation and analysis process, although
the number of analyses increases. This occlusion in
evaluating and analyzing may increase the possibility
of making design errors. Therefore, although recall is
important for proposal development, too much recall
may increase the probability of error. This situation
parallels the literature that too much analogy can cause
mistakes in design decisions. Experiments show that,
intentionally or not, designers increase the number of
analyses to create a strategy for avoiding errors in
recall processes.

As explained in section 4.1. recall, analyze, and evaluate
actions are successive and cannot occur at the same
time, and the realization of one of them may cause the
other to occur less. Analyzing and evaluating actions
are the supporting actions for recall actions and helps
to structure the memory retrieval process properly.

The correlation heatmap shows that recognition
duration inversely correlates with the ADpS of the
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evaluate code, while the number of propose actions
directly correlates with recognition occurrences. As in
the recall action, recognition action has an inverse
relation with ADpS of evaluation. The number of
occurrence of recognition has an inverse correlation
with ADpS propose and a direct relation with the
number of occurence of propose action. During the
design process, designers trigger the ideation with
recognition, but recognition can still disrupt the
designer's focus on a single idea. Each new recognition
can trigger a new proposal; due to high number of
recognitions and proposals, one cannot focus on one
single proposal longer and duration-per-segment
decreases for propose code; hence concentrating on a
proposal for a long time becomes more difficult. The
balance between the recognition and proposal actions
may create an efficient design process.

The guess action correlates positively with most design
actions, especially all the propose parameters.
Designers apply the guess action as an auxiliary action
for the design actions. Guess action, feeling-as-
knowing, can be a strategic shortcut to propose a new
idea. Designers may choose to guess when they make a
fast decision on a proposal, and as in the recall process,
not to make any mistakes, analyze and evaluate codes
are activated to validity check the guessed idea.

On the other hand, the experiment durations can be
longer, which can offer more flexibility in the retrieval
and design actions for the experiment participants not
to be in a hurry and destroy the study's findings. The
other important factor to be tested must be a control
group, not imposed with the investigation part before
the design phase, to fully understand the effects of the
retrieval states in the design process.

5. Conclusion

This paper adapts the investigate-and-redesign method
while applying the protocol analysis in a quasi-
experimental method to examine the nature of the
retrieval mechanism throughout the design process. In
summary, retrieval actions are inseparable part of the
design process. Design actions are focus-demanding
actions. On the other hand, retrieval actions are
temporary and ephemeral actions in the design
process. Recall can be one of the main sources of the
propose actions. Recognition can contribute to design
process, but if the number of recognition is high than it
can be an interfering action in design process. Guess
retrieval, feeling-as-knowing action, increases the
analysis times due to reliability of the guess retrieval.
Occurrence of design actions and retrieval actions
shows the strong association among the propose code
and recall, recognition, guess codes. Upon reviewing
the entire study, it is evident that designers are shifting
or modifying their strategies to minimize the error
rates in design and accomplish the task in a given time.
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This process clearly shows the designer's strategy
optimization process. We saw that by altering the
segment durations, designers adapt their process
according to the time limitations. On the other hand,
while retrieval actions contribute to design actions,
intentionally or not, designers always develop a control
strategy to rely on the retrieved information. Design
strategy opens an important research question on
creating an optimized problem-solving strategy that
balances the retrieval and design actions.

All the analysis shows that there is a substantial
difference between retrieval actions. Recall is a search
mechanism in the memory; recognition is activated
when it meets with a clue, and guessing is a shortcut, a
feeling-as-knowing act. Guessing is an intuitive
decision-making process, and it requires to be
controlled. Each retrieval action can play a substantial
role in the design decision-making process. Recall,
recognition, and guessing have different decision-
making processes; respectively, decisions depend on
experience, decisions depend on clues, and decisions
depend on control. Recall decisions depend on
experience strategy may help the designer understand
and analyze the problem,

In contrast, developing alternatives may depend on
clues, so decisions based on clues and recognition
retrieval action can be a good fit. Creative ideas that
rely on a control mechanism can be guessing and
decision-making based on a control strategy. This study
opens this three decision making act as an hypothesis
to be tested in the future studies. However, revealing
these strategies helps designers understand their
retrieval acts and organize their strategy specific to
their problem definition. On the other hand, developing
design strategies based on different retrieval actions in
design education can help novice designers find their
design problem-solving path easier.

Despite all the listed findings related to retrieval
actions, the generalization of the results becomes
statistically questionable due to the limited number of
experiments. Hence, the limited sample fails to
represent individual and other demographic
differences. Moreover, limited sample size results in
biased findings. Nevertheless, the study provides
valuable insights and opens new hypotheses to be
tested about memory retrieval states and the design
process, which is the pilot study for future
comprehensive studies. For future studies to increase
the statistical reliability of the findings and increase the
variability of the samples for different demographics,
future studies can be conducted with a bigger sample
size representing the real world.
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Manyetokalorik malzeme
Manyetokalorik etki
Manyetik sogutma

Calismada oda sicakligina yakin sicakliklarda ¢alisan manyetik sogutma sistemlerinde
manyetokalorik malzeme olarak kullanilan Gd elementinin ve Lao.7sBao.2sMnO3s perovskit
manganit bilesiginin yapisal ozellikleri ve manyetik sogutma performansi deneysel
olarak incelenmistir. Lao.7sBao2sMnQO3 perovskit manganit bilesigi sol-jel yontemiyle
sentezlenmis, her iki manyetokalorik malzemenin yapisal ozellikleri SEM ve EDX analizi
gerceklestirilerek detayl bir sekilde ele alinmigstir. SEM analizinde Gd elementi i¢in tane
boyutlarinin homojen bir dagilima sahip olmadigi, tane boyutlarinin 2-20 um araliginda
degistigi ve kiibik benzeri formda sert késeli bir yapida oldugu belirlenmis olup;
Lao.7sBao.2sMn0Os perovskit manganit bilesiginde ise daha kiictik tane boyutlu, kiiresel
geometride, siingerimsi yapida, homojen dagilimli ve diisiik bogsluklu bir yapi
goézlenmistir. EDX analizinde Gd elementinde yapinin tamamen Gd'den olustugu, sol-jel
yéntemiyle  sentezlenen  perovskit — manganit bilesiginde istenilen  yapi
karakterizasyonunun elde edildigi tespit edilmistir. 1.2 T manyetik aki yogunlugunda
gerceklestirilen zamana bagh sicaklik degisimi deneylerinde 250 ¢cevrim sonrasinda
kritik kullanim faktérii olarak tanimlanan ¢@=15'de; Gd elementinde 2.204 K,
Lao.7sBao.2sMn0s perovskit manganit bilesiginde ise 1.472 K sicaklik fark: elde edilmistir.

EXPERIMENTAL INVESTIGATION OF STRUCTURAL PROPERTIES AND MAGNETIC
REFRIGERATION PERFORMANCE OF Gd AND Lao.7sBao.2sMn0O3 COMPOUNDS

Keywords

Abstract

Magnetocaloric materials
Magnetocaloric effect
Magnetic refrigeration

In this study, the structural properties and magnetic cooling performance of Gd element
and Lao.7sBao.2sMn0O3 perovskite manganite compound used as magnetocaloric material
in magnetic cooling systems operating at temperatures close to room temperature were
experimentally investigated. Lao7sBaozsMnOs perovskite manganite compound was
synthesized by sol-gel method, and the structural properties of both magnetocaloric
materials were examined in detail by performing SEM and EDX analysis. n SEM analysis,
it was determined that the grain sizes for Gd element did not have a homogeneous
distribution, the grain sizes varied between 2-20 um and had a cubic-like hard-cornered
structure; In Lao7sBao2sMn0Os perovskite manganite compound, a smaller grain size,
spherical geometry, sponge-like structure, homogeneous distribution and low void
structure were observed. In the EDX analysis, it was determined that the structure in the
Gd element was largely composed of Gd, and the desired structure characterization was
obtained in the perovskite manganite compound synthesized by the sol-gel method. In
the time-dependent temperature change experiments carried out under a magnetic field
density of 1.2 T, a temperature difference of 2.204 K was obtained in the Gd element and
1.472 K in the Lao.7sBao.2sMnO3 perovskite manganite compound at =15 defined as the
critical utilization factor after 250 cycles.
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1. Giris

1881 yilinda Alman fizik¢i Emil Gabriel Warburg bir
demir ornegini manyetik alan kaynagina maruz
biraktiginda birka¢ mK seviyesinde 1sindigini, manyetik
alan kaynagi etkisinden wuzaklastirldiginda ise
sogudugunu gozlemleyerek manyetokalorik etkiyi
kesfetmistir (Vuarnoz, Kitanovski, Gonin, Egolf ve
Kawanami, 2011). Manyetokalorik etkinin fiziksel
orijini, malzeme iizerinde uygulanan manyetik alanin
malzemenin  entropisinde  degisiklik = meydana
getirmesidir. Manyetokalorik malzemeye manyetik alan
uygulandiginda manyetik momentlerin uygulanan
manyetik alana paralel olacak sekilde dizilmesi
nedeniyle sicakligt  artmakta, manyetik alan
kaldirildiginda ise manyetik momentlerin dizilimi eski
haline dondiigi i¢in sicaklifl azalmaktadir (Pecharsky
ve Gschneidner, 1999).

Manyetokalorik etkinin kesfedilmesi, manyetokalorik
malzemeler iizerinde yapilan ¢alismalar ve manyetik
sogutma teknolojilerinin gelistirilmesi; konvansiyonel
buhar sikistirmali sogutma sistemlerine alternatif
olabilecek yeni bir sistem ortaya koymaktadir. Manyetik
sogutma, manyetokalorik etki gosteren bir malzemenin
manyetik alana maruz birakilarak 1sinma ve manyetik
alandan uzaklastirildiginda meydana gelen soguma
etkisini bir 1s1 transfer akiskanina aktarabilen, bu etki
sayesinde 1s1 degistiriciler aracilifiyla dis ortamla 1s1
aligverisi yapabilen bir sistem olarak tanimlanmaktadir
(Eriksen ve dig., 2015).

Manyetik sogutma sistemleri, konvansiyonel buhar
sikistirmali sogutma sistemlerinin aksine CFC ve HCFC
bazl 1s1 transfer akiskanlar: yerine etil alkol + saf su
karisimlarini, 151 transfer akiskani olarak
kullanmaktadir.  Onlenemeyen tesisat  kacaklar
nedeniyle akiskanlarin atmosfere sizmasi halinde ozon
tabakas1 olumsuz olarak etkilenmemektedir. Is1
transferi stlrecglerinde akiskanin faz degisiminden
yararlanilmadigr i¢in yapida kompresore ihtiyac
duyulmamaktadir. Manyetik sogutma sistemlerinde
kompresor bulunmadigindan, konvansiyonel buhar
sikistirmali sogutma sistemlerde gozlenen giirilti,
mekanik titresim, gibi olumsuzluklar g6zlemlenmez..
Manyetik sogutma sistemleri belirtilen avantajlarindan
dolay1 cevre dostu ve daha az enerji tiiketen yenilikei bir
uygulamadir (Aprea, Greco ve Maiorino, 2016).

Manyetik sogutma sistemlerinin avantajlarindan bir
digeri ise sogutma performansidir. Konvansiyonel
buhar sikistirmali sogutma sistemlerinin teorik
verimliligi tersinir Carnot ¢evriminin yalnizca %10’una
kadar ulasabilirken, manyetik sogutma sistemlerinde bu
oran %60’1ara kadar ¢ikabilmektedir. Bu nedenle
manyetik sogutma sistemlerinin hem c¢evreye olan
olumlu etkileri hem de enerji verimliligi potansiyeli
sayesinde gelecekte yapilacak olan arastirma gelistirme
faaliyetlerinin de destegiyle kendisine 6nemli bir
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kullanim alani edinecegi beklenmektedir. (Zimm ve dig.,
1998).

Manyetik sogutma sistemlerinin bircok avantaji
olmasina ragmen, ticari olarak heniiz yeterli olgunluga
ulasamamistir. Konvansiyonel buhar sikistirmali
sistemler ile kiyaslandiginda daha yiiksek iiretim
maliyetleri, yiiksek sicaklik farki elde edilebilen
manyetokalorik  malzemelerin  tedarik  zorluguy,
manyetik alan kaynagl olarak kullanilan kalici
miknatislarin kisith manyetik alan giicii, yiiksek
tekrarlanabilirlik hassasiyeti gerektiren karmasik
mekanik konstriiksiyon gibi sinirlayici etkenler soz
konusudur (Alahmer, Al-Amayreh, Mostafa, Al-Dabbas
ve Rezk, 2021).

Onlenemeyen niifus artisiyla birlikte biiyiik bir hizla
gelisen teknoloji, hizla artan enerji kullanimi, tedarik
zorluklari, enerji kaynaklarinin smirlh olusu ve
sehirlesmenin artmasi gibi hususlar ozon tabakasinin
incelmesi, kiiresel 1sitnma ve iklim degisikligi
konularindaki endiseleri beraberinde getirmektedir.
Konvansiyonel buhar sikistirmali sistemler diinya
lizerinde yaygin olarak kullanilmaktadir. Buhar
sikistirmali sogutma sistemlerinin tiikettigi ener;ji
miktar1 diinya lizerindeki sehirlerin biiyiik bir kisminda
toplamda tiiketilen enerjinin %30u ile %50’sini
olusturmakta olup, 6zellikle yaz aylarinda ticari olarak
gelismis baz1 bolgelerde bu oran %50’yi de asmaktadir.
Bu dogrultuda konvansiyonel buhar sikistirmali
sogutma sistemlerine alternatif olabilecek; sogutma
performansi yiiksek, diistik enerji tiiketimli ve cevre
dostu manyetik sogutma sistemlerinin gelistirmesi
diinya enerji tiilketiminin azaltilmasi ve enerji
yogunlugunun diistiriilmesinde biiylk bir etkiye sahip
olacaktir (Li ve dig., 2014).

Manyetokalorik etkinin gozlemlenebildigi en 6nemli
orneklerden birisi Gd ve bunun alasimlaridir. Gd ve
alasimlar1 manyetik o6zellikleri sayesinde manyetik
sogutma sistemlerinde yaygin olarak kullanilmaktadir
(Bahl ve Nielsen, 2009). Ayrica bu manyetokalorik
malzemeler ikinci dereceden faz gecislerine tabi
olduklar i¢in oda sicakligina yakin sicakliklarda ¢alisan
manyetik sogutma uygulamalari i¢in literatiirde bilinen
en iyi malzeme olarak degerlendirilmektedir (Yu, Gao,
Zhang, Meng ve Chen, 2003).

Giniimizde Dbilinen en iyi 0zelliklere sahip
manyetokalorik malzemelerden birisi olan Gd’nin bile
manyetokalorik etki ile elde edilebilen sicaklik farklar
oldukca diisiiktiir. Bu nedenle, manyetokalorik etkinin
sogutma uygulamalarinda kullanilabilirligini
tanimlamak oldukg¢a giigtiir. Bu teknik engel aktif
manyetik rejeneratér (AMR) teknolojisinin manyetik
sogutma sistemlerine entegre edilmesiyle asilmistir.
Rejenerator, manyetik sogutma sistemlerinde sistem
tarafindan atilan 1s1y1 ¢evrimin herhangi bir asamasinda
geri kazanip, aym1 dongiiniin bagka bir asamasinda
sisteme geri gondermektedir. Bu siire¢ sogutma
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kapasitesinin etkin sekilde kullanilmasini saglayarak,
gercek entropi degisimlerini artirip daha biiytk sicaklik
farklar1 elde etmeyi miimkiin kilmaktadir. Bu nedenle
manyetik sogutma uygulamalarinda manyetokalorik
malzeme secimi ve kullanimi istenilen sogutma
performansinin elde edilebilmesi i¢in biiyiik bir 6nem
tasimaktadir (Rowe ve Tura, 2006).

Bu ¢alismada oda sicakligina yakin sicakliklarda calisan
manyetik sogutma uygulamalarinda manyetokalorik
malzeme olarak yaygin kullanilan Gd elementinin ve Gd
yerine kullanilabilecek daha ekonomik maliyetli ve
tiretimi kolay Lao7sBao2sMnOs perovskit manganit
bilesigi sol-jel yontemiyle sentezlenmis, her iki
manyetokalorik malzemenin yapisal 6zellikleri SEM ve
EDX analizleri gerceklestirilerek detayli olarak ele
alinmistir. Bununla birlikte Gd ve Lao.7sBao2sMnOs’tin
manyetik alan altinda sicaklik degisimi odl¢iimleri
olusturulan deney diizenegi ile gergeklestirilmis,
karsilastirmali olarak sunulmus ve manyetik sogutma
uygulamalarinda kullanilabilirligi irdelenmistir.

2. Literatiir Arastirmasi

Son yillarda manyetik sogutma uygulamalarinda Gd
yerine alternatif olarak kullanilabilecek daha ekonomik
ve manyetokalorik 6zellikleri Gd'ye yakin olan perovskit
manganit  bilesikleri  lzerinde ¢esitli  bilimsel
arastirmalar gerceklestirilmektedir.

Phan ve Yu (2007) Gd yerine alternatif olarak
manyetokalorik malzeme kullanilabilecek perovskit
manganitlerin manyetokalorik 6zelliklerini kapsamli bir
sekilde Kkarsilastirmis, aktif manyetik rejeneratif
sogutma cevrimlerinde perovskit manganit
bilesiklerinin kullanilabilirligi irdelemis ve manyetik
entropi degisimlerini 6l¢iimlemistir. Perovskit manganit
bilesiklerinin daha ekonomik maliyetli ve kolay elde
edilebilir olmasi nedeniyle 100 - 375 K sicaklik
araliginda calisan kiiciik 6lgekli manyetik sogutma
uygulamalarinda gelecekte daha yaygin olarak
kullanilacag belirtmistir.

Hagary ve dig. (2009) Cu katkili perovskit manganit
bilesiklerinin manyetokalorik 6zelliklerine yodnelik
calismalar gergeklestirmis, Cu katkismin bilesik
lizerinde diisiik manyetik alan kuvvetinde daha yiiksek
entropi degisimine sebep oldugunu gézlemlemis ve bu
ozellikler 1s181inda Cu katkili perovskit manganitlerin
oda sicakligina yakin sicakliklarda c¢alisan manyetik
sogutma uygulamalarinda kullanilabilecek alternatif bir
manyetokalorik malzeme oldugunu tespit etmistir.

Wang, Qin, Ren ve Hu (2013) Lao.7sBao2sMnO3 perovskit
manganit bilesiginin manyetoempedansi ve tane sinir1
etkisi konularinda c¢alismalar gerceklestirmis, bilesigi
sol-jel metoduyla sentezlemis, dikdortgen geometrideki
numunenin SEM ve XRD analizlerini gerceklestirmistir.
Manyetik  alana  baglh  sicaklik  Ol¢iimlerinde
ferromanyetik fazdan paramanyetik faza gegis sicakligi
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olan Curie sicakligin1 323 K olarak tespit etmis ve oda
sicakligindaki uygulamalar i¢in potansiyel bir
manyetokalorik malzeme oldugunu belirtmistir.

Kumar, Rubi ve Mahendiran (2016) Lao.7sBao.2sMnOs3
perovskit manganit bilesiginin oda sicakligina yakin
sicakliklardaki manyetokalorik etkisi konusunda
calismalar gerceklestirmis, ¢alisma gerceklestirdikleri
numuneyi Laz0s, BaCOs ve Mns0s bilesiklerini
kullanarak kat1 hal reaksiyon yontemi ile elde etmistir.
Elde edilen dikdortgen geometrili numune iizerinde
XRD analizi ve manyetik alana bagh sicaklik 6l¢iimleri
gerceklestirmis, ferromanyetik fazdan paramanyetik
faza gecis sicakligi olan Curie sicakligini 326 K olarak
tespit etmis ve diisiik manyetik alan siddetinde
manyetokalorik etki gdsterebilen bir manyetokalorik
malzeme oldugunu belirtmistir.

Ayas (2017) La ile Gd yer degistirmesinin, sol-jel
yontemi ile iretilmis, (Lao9oGdo.1)o.ssAg0.1sMnO3
manyetik sogutucu orneginde yapisal manyetik ve
manyetik sogutucu ozellikler tlizerine olan etkilerini
arastirmistir. Manyetik alana baglh miknatislanma
Olgctimlerinde sentezlenen bilesigin Curie sicakligin1 190
K olarak belirlemis, en yliksek manyetik entropi degisim
degerini ise 50 kOe manyetik alan siddeti altinda 2.5
j/kg.K olarak tespit etmistir. Sentezlenen bilesigin orta
sicaklik araliginda tersinir bir manyetokalorik etki
gostermesi sebebiyle manyetik sogutucu bir malzeme
olarak kullanilabilir oldugunu belirtmistir.

Kokila ve dig. (2018) EuMnOs perovskit manganit
bilesiginin yapisal ve manyetokalorik 6zelliklerini
arastirmis, bu ozellikleri literatiirde yer alan diger
manyetokalorik etki gosteren nadir toprak manganitleri
ve alasimlar ile karsilastirmis, EuMnOs'iin duisik
manyetik alan siddetinde gostermis oldugu yiiksek bagil
sogutma glici nedeniyle manyetik sogutma
uygulamalarinda kullanilabilirligini belirlemistir.

Samancioglu  (2018) Laoe7Bao3sMnOs  perovskit
manganit bilesigini sol-jel yontemiyle sentezlemis, SEM,
EDS ve XRD analizlerini gercgeklestirmistir. Bununla
birlikte sentezlenen bilesigin miknatislanma
Olciimlerinde ferromanyetik fazdan paramanyetik faza
gecis sicakligl olan Curie sicakhigini 341 K olarak
belirlemis, manyetik entropi degisimi hesabinda 1 T
manyetik alan siddeti altinda goreli sogutma giiciinii 38
j/kg olarak tespit etmistir. Entropi degisiminin 341 K
civarlarinda yayvan bir gecis gostermesi nedeniyle
bilesigin  manyetik  sogutma  uygulamalarinda
kullanilabilir oldugunu ancak oda sicakligindan daha
yliksek bir degerde Curie gecis sicakligl sergilemesi
nedeniyle oda sicakliginda ¢alisan manyetik sogutma
uygulamalarinda verimli bir performans elde
edemeyecegini ve yapilan hesaplamalarla sogutma
giiciiniin literatiirde yer alan degerlerden daha diisiik
sogutma giiciine sahip oldugunu belirtmistir.
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Unlii (2018) LaosNdo1KozMnOs3 perovskit manganit
bilesiginin yapisal ve manyetik akiskan hipertermi
6zelligini arastirmis, manyetik analizlerin sonucunda
bilesigin oda sicakliginda ferromanyetik, kismen
paramanyetik faza ait miknatislanma degerinin 0.23
Am?/kg ve koarsivite degerini 0.005 T olarak tespit
etmis, bilesigin manyetik sogutma uygulamalarinda
kullanilabilir oldugunu belirlemistir.

Ayas, Cetin, Akga, Akyol ve Ekicibil, (2023) perovskit
manganit  bilesiklerinin  6zelliklerindeki  giincel
gelismeler lizerine arastirmalar gergeklestirmis, yliksek
geri donilisimli entropi degisimi ve oda sicakligindaki
manyetik sogutma uygulamalar1 icin genis sogutma
aralig o6zellikleri nedeniyle bu bilesiklerin gelecekteki
manyetik sogutma uygulamalarinda kendine énemli bir
yer edinecegini belirtmistir.

3. Materyal ve Yontem

Calismada arastirma ve yayin etigine uyulmustur.
Lao7sBao2sMnOs  perovskit  manganit  bilesigini
sentezlemek icin sol-jel yontemi kullanilmistir.
Bilesenlerden ne kadar kullanilmasi gerektigi
hesaplandiktan sonra, bilesenler suda c¢ozdiiriilerek
soliisyon haline getirilmistir. Sekil 1.’de (a) gosterildigi
lizere soliisyon haline getirilen karisim 80 °C’ye kadar
1s1tilmis, homojen hale gelmesi icin manyetik karistiric
kullanilarak karistirilmistir. Sekil 1.’de (b) goriilecegi
tizere, sicaklik kademeli olarak artirilarak ve yapiya
etilen glikol eklenerek jellesme saglanmistir. Tamamen
jellesen karisim 500 °C’ye kadar dizenli rejimde
isitilmistir.  Sonrasinda kil firininda 12 saat ayni
sicaklikta yakma islemi gerceklestirilmistir. Yakma
isleminden sonra toz halinde kiiciik taneli bir yapi elde
edilmistir. Toz haldeki malzeme Sekil 1.’de (c)
gorildigi tlizere tane boyutunun kiciltiilmesi ve
homojenize bir yapi saglamak amaciyla agat havan
icerisinde ogiitiilmistiir.

‘)

Sekil 1. Sol-jel yontemiyle perovskit manganit
bilesiginin sentezlenmesi.

Sekil 2.’de (a) gosterildigi lizere sol-jel yontemiyle
sentezlenen Lao7sBao2sMnOs  perovskit manganit
bilesiginin ve toz halde bulunan Gd elementinin yapisal
6zelliklerinin incelenmesi ve manyetik sogutma
performansinin belirlenmesi amaciyla bilesenler 210
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mm c¢ap ve 5 mm ylikseklikte silindir formunda deney
numuneleri haline getirilmistir. Bunun i¢in kalip
tasarimi ve imalati gergeklestirilmistir. Sekil 2.’de (b)
gorilecegi lizere toz yapida malzemeler hidrolik silindir
ile kalipta preslenerek 1s1l islem 6ncesi geometrisinin
bozulmamasi i¢in sikistirilmistir.  Sekil 2.’de (c)
gosterildigi lizere yapl1 kristalizasyonunun
gerceklesmesi ve manyetik 6zelliklerin kaybedilmemesi
amaciyla 1100°C 24 saat 1s1l isleme tabi tutularak rijit
bir yapiya donisturilmiistir. Sekil 3.de ise toz
halindeki numuneler; preslenmis ve sinterlenmis
numuneler bir arada gosterilmektedir. Numunelerin
sinterleme prosesi sonrasinda mekanik dayanimlarinda
ciddi derecede iyilesme meydana gelmistir.

9

Sekil 2. Kalip imalat, presleme siireci ve numuneler.

Sekil 3. Deney numuneleri.

Gd ve Lao7sBao2sMnOs perovskit manganit bilesiginin
sogutma performansinin belirlenmesi icin Sekil 4.de
gosterilen deney diizenegi ile deneysel calismalar
gerceklestirilmistir. Manyetik alan kaynagi, Hallbach
dizilimi ile olusturulmus 16 adet N50 NdFeB kalici
miknatistan meydana gelmekte olup, alan boslugunda
1.2 T manyetik aki yogunlugu elde edilmektedir.
Halbach dizilimi ile dizinin merkez noktasindaki
manyetik alan daha giicli hale getirilirken diger
taraftaki manyetik alan ise sifira yakin bir seviyeye
indirgemektedir. Bu sayede bir elektromiknatisin
gerektirecegi herhangi bir gii¢ girisi veya sogutmaya
ihtiyac duyulmadan c¢ok yiiksek ve diizgiin aki
yogunluklari elde etmek miimkiin olmaktadir. Manyetik
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alan kaynagy, lineer yatak ile tablaya mesnetlenmis olup;
pnomatik silindir ile manyetokalorik malzeme tizerinde
konumlanip, manyetokalorik malzemeden uzaklasarak
manyetizasyon ve demanyetizasyon islemlerini
sirasiyla gerceklestirmektedir. Manyetokalorik
malzeme lizerine entegre edilen hassas termokupl ile
sicaklik degisimleri o6l¢timlenip, PLC ile kayit altina
alinmaktadir. Pnématik silindir tizerinde bulunan hiz
ayar valfleri ile konumlanma hizlar
degistirilebilmektedir. Manyetizasyon ve
demanyetizasyon streleri ise PLC ile kontrol
edilmektedir. Calismada arastirma ve yayin etigine
uyulmustur.

Kontrol Panosu

Sekil 4. Deney diizenegi.

4. Bulgular

Manyetokalorik malzemelerin tanecik yapilarinin ve
ylzey morfolojilerinin incelenmesi igin tungsten
filament ile ¢alisan LEO 1430 VP model SEM cihazi
kullanilmistir. {lgili cihaz iizerinde ikincil elektron, geri
yansiyan elektron ve RONTEC QX2 marka model X flash
tipi X 1sinlar1 (EDX) dedektoriinden de faydalanilmistir.
Bu cihazla gorintii lizerinde nokta, ¢izgi, alan ve
haritalama yontemleri kullanilarak kalitatif elementer
analizler de gercgeklestirilmistir.

Sekil 5.de Gd’ye ait 5000 biiylitmeli SEM analiz sonucu
gosterilmektedir. Sekil 6. incelendiginde Gd elementi
icin tane boyutlarinin homojen bir dagilima sahip
olmadigy, tane boyutlarinin 2-20 pm araliginda degistigi,
kibik benzeri formda sert koseli bir yapida oldugu
belirlenmistir. Mikron seviyelerinde taneler arasi
bosluklarin bulunmasi nedeniyle sikistirilabilirlik
ozelliginin iyi olmadig1 gorilmiistir.
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00KX
M W0 = 28 mm EHT = 20,00 kV

Sekil 5. Gd SEM analiz goriintisii.

Sekil 6./da ise Lao7sBao2sMnOs perovskit manganit
bilesiginin 5000 biiyiitmeli SEM analiz sonucu yer
almaktadir. Gd’'ye kiyasla daha kiiciik tane boyutly,
stingerimsi formda, tane boyutlarinin daha homojen
dagilimli oldugu ve sikistirilabilirlik 6zelliginin iyi
oldugu gorilmiistir.

Sekil 6. Lao.7sBao.2sMn03 SEM analiz goriintiistl.

Sekil 7.’de Gd ve Sekil 8.’de Lao.7sBao2sMnOs perovskit
manganit bilesigine ait EDX analiz grafikleri yer
almaktadir. Sekil 7.de gorildigi iizere yapinin
tamaminin Gd’'den olustugu tespit edilmistir. Sekil 8."de
sol-jel yontemiyle sentezlenen perovskit manganit
bilesiginin ise O, Mn, Ba ve La elementlerinden meydana
geldigi, diger pik noktalarimin bilesik icerisinde
safsizliga neden olan maddeler olugu, ancak kiigiik
safsizliklarin malzeme karakterizasyonuna ihmal
edilebilir derecede etkili oldugu varsayildiginda sol-jel
ile sentezleme ve sinterleme siireglerinde istenilen
yapmin elde edildigi, ilave bir karisimin olmadig
gbzlenmistir.
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Sekil 7. Gd EDX analizi.
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Tablo 2. Lao.7sBao.2sMnOs’e ait farkli parametrelerle elde
edilen sicaklik fark.

Lao.7sBao.2sMnO3 Elde edilen sicaklik farki (K)
[Hiz] =30 =15 =10 @=7.5
0.10 m/s 0.735 1.433 1.384 1.214
0.15m/s 0.874 1.472 1.373 1.189
0.20 m/s 0.792 1.415 1.390 1.201

H B = T
‘ "
| .
|/ |
il 1
1
| M|
1 W |
. I
A i [
) g it IR
I it | o | B L
H H [ o
Element Seri wt % e
Oksijen K 2397
Baryum K 21.76
Mangan L 15,17
Lantanyum L 39,10

Sekil 8. Lao.7sBao2sMn03 EDX analizi.

Gd ve Lao7sBao2sMnOs perovskit manganit bilesiginin
1.2 T manyetik aki yogunlugunda, 0.10-0.15 ve 0.20 m/s
manyetik alan kaynag hareket hizlarinda, farkh
kullamim faktorleriyle (¢) sicaklik degisimi 6l¢iimleri
gerceklestirilmistir. Burada (¢) kullanim faktéri olarak
tanimlanmakta olup, dakikada gergeklestirilen ¢evrim
sayisini ifade etmektedir. Tablo 1.'de Gd'ye ait, Tablo
2’de ise Gd ve Lao7sBaozsMnOs’e ait farkl
parametrelerle 250 cevrim sonrasinda elde edilen
sicaklik farklar gosterilmektedir.

Tablo 1. Gd'ye ait farkli parametrelerle elde edilen
sicaklik farki.

Gd Elde edilen sicaklik farki (K)
[Hiz] ®=30 @=15 =10 ¢@=7.5
0.10 m/s 1.119 2197 2.050 1911
0.15m/s 1.097 2182 2.011 1948
0.20 m/s 1.185 2.204 2.007 1956

Tablo 1. incelendiginde Gd i¢in maksimum sicaklik farki
olan 2.204 K’'nin 0.20 m/s hiz ve @¢=15'de elde edildigi
gorilmektedir. Manyetik alan kaynagi konumlanma
hizinin elde edilen sicaklik farkina belirgin bir etkisinin
olmadig1 belirlenmistir. Manyetizasyon ve
demanyetizasyon siiresi ise elde edilen sicaklik farki
tizerinde oldukca etkilidir. Tablo 2. incelendiginde
Lao.7sBao.2sMnO3i¢in maksimum sicaklik farki olan 1.472
Knin 0.15 m/s hiz ve @=15de elde edildigi
gorilmektedir. Gd’de oldugu gibi manyetik alan
konumlanma hizinin elde edilen sicaklik farkina bir
etkisi yoktur.

Sekil 9.’da Gd ve Lao.7sBao2sMn0Os’de maksimum sicaklik
farkinin elde edildigi parametrelerde sicaklik farki ve
cevrim sayis1 grafigi  gosterilmektedir. Grafik
incelendiginde her iki manyetokalorik malzemede de
yaklasik 190 cevrimden sonra diizenli bir rejim
gozlenmis olup, 250 ¢evrime kadar sicaklik farki sabit
degerlerde seyretmistir.
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Sekil 9. Maksimum sicaklik farkinin elde edildigi
parametrelere ait 6l¢lim grafigi.

Tiim bulgular degerlendirildiginde manyetizasyon ve
demanyetizasyon siirelerinin elde edilen sicaklik
farkinda o6nemli bir degisken oldugu, maksimum
sicaklik farkinin her iki manyetokalorik malzeme i¢in de
manyetokalorik etkinin maksimum derecede elde
edilebildigi kritik kullanim faktorii olarak tanimlanan
@=15'de elde edildigi, ¢@=30daki c¢evrim siiresinin
manyetokalorik etkinin goriilmesi i¢in yeterli derecede
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olmadigy, kritik kullanim faktérii asildiktan sonra ¢=10
ve @=7.5’da elde edilen sicaklik farklarinin azaldigi
tespit edilmistir.

5. Sonuclar

Manyetokalorik etkinin kesfedilmesi, manyetokalorik
malzemeler lizerinde yapilan calismalar ve manyetik
sogutma teknolojilerinin gelistirilmesi, konvansiyonel
buhar sikistirmali sogutma sistemlerine alternatif
olabilecek yeni bir sistem ortaya koymaktadir. Manyetik
sogutma uygulamalarinda manyetokalorik malzeme
olarak yaygin kullanilan Gd elementinin iiretim ve
tedarik zorluklari, yliksek maliyeti manyetik sogutma
sistemlerinin en biiyiik maliyet girdisini
olusturmaktadir. Manyetik sogutma sistemlerinin
ekonomik bir sekilde iiretilebilmesi icin Gd elementi
yerine kullanilabilecek benzer manyetik o6zellikler
gosteren daha diisiik maliyetli ve ftretimi kolay
manyetokalorik malzeme arayislar1 devam etmektedir.

Calisma kapsaminda oda sicakligina yakin sicaklarda
calisan manyetik sogutma sistemlerinde
manyetokalorik ~ malzeme olarak Gd  yerine
kullanilabilecek Lao.7sBao.2sMnOs perovskit manganit
bilesigi sol-jel yontemiyle sentezlenerek tiretilmis ve Gd
ile karsilastirmali olarak deneysel testlere tabi
tutulmustur. Elde edilen veriler incelendiginde
optimum deney kosullarinda maksimum 1.472 K
sicaklik farki elde edilebilecegi belirlenmistir.
Lao7sBao2sMnO3 perovskit manganit bilesiginin oda
sicakligina yakin sicakliklarda c¢alisan manyetik
sogutma uygulamalarinda Gd’ye alternatif olarak
kullanilabilecek tretim maliyeti diisiik, ekonomik ve
Gd’'ye yakin bir manyetokalorik etki sergileyen
manyetokalorik malzeme oldugu belirlenmistir.
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DERIN KRiYOJENIK ISLEM UYGULANMIS ORTA KARBONLU ALASIMLI CELIKLERIN
MIKROYAPI VE MEKANIK OZELLIKLERI
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Anahtar Kelimeler 0z

Su verme Derin kriyojenik islem, kademeli olarak sifirin altindaki sicakliklara sogutulmasi,
Kriyojenik islem bekletilmesi ve isitilmasi islemlerini iceren ézel bir isil islem siirecidir. Bu ¢alismada,
Fraktografi ticari orta karbonlu AISI 4140 celiginin mikroyapisal ve mekanik davranigslari tizerinde
Mikroyapi kriyojenik islemin etkileri aragstirilmistir. Cekme testine uygun hazirlanan numuneler
Celik 910°C’ de ostenitlenmis ardindan yagda su verme (S), yagda su verme-temperleme (ST)

islemleri uygulanmistir. -196°C'de uygulanan kriyojenik 1sil islem prosesi, celigin
geleneksel 1s1l islem prosediiriine eklenmistir. Derin kriyojenik isleme tabi tutulmugs
numuneler (SKT) daha sonra 200°C'de 1 saat temperlenmistir. Derin kriyojenik islemin
numuneler lzerindeki etkileri ¢ekme testi, sertlik ve mikroyapt agisindan
degerlendirilmistir. Sonuglarda, derin kriyojenik islem karblirlerin ¢cékelmesi ve sertligin
artmas! nedeniyle statik tokluk acisindan geleneksel isil islem gérmiis numunelere
kiyasla benzer davranis géstermesini saglamigstir. Derin kriyojenik islem uygulamasinin
temperlenmis numuneye gére sertligi hafifce iyilestirdigini (%10) gériilmiistiir. Bununla
birlikte, derin kriyojenik islemin karbiirlerin ¢ékelmesi saglamast sonucu sertligin
artmast  mikroyapisal  analizlerden  belirlenmistir.  (ekme testi  sonuglari
karsilastirildiginda statik toklugun, rezilyans modiili, akma ve ¢ekme mukavemeti
degerleri bazinda kriyojenik islem uygulamasinin temperlenmis duruma kiyasla listiin
oldugu tespit edilmigtir.

MICROSTRUCTURE AND MECHANICAL PROPERTIES OF DEEP CRYOGENICALLY TREATED
MEDIUM CARBON ALLOY STEELS

Keywords Abstract

Quenching Deep cryogenic treatment is a special heat treatment process involving gradual cooling
Cryogenic treatment to subzero temperatures, holding, and heating. In this study, the effects of cryogenic
Fractography treatment on the microstructural and mechanical behaviors of commercial medium
Microstructure carbon AISI 4140 steel were investigated. Specimens prepared for tensile testing were
Steel austenitized at 910°C and then oil quenching (S), oil quenching-tempering (ST) processes

were applied. The cryogenic heat treatment process applied at -196°C was added to the
conventional heat treatment procedure of the steel. The deep cryogenic treated
specimens (DCT) were then tempered at 200°C for 1 hour. The effects of deep cryogenic
treatment on the specimens were evaluated in terms of tensile test, hardness and
microstructure. In the results, deep cryogenic treatment provided similar behavior
compared to conventional heat treated specimens in terms of static toughness due to the
precipitation of carbides and increase in hardness. It was observed that deep cryogenic
treatment slightly improved the hardness compared to the tempered specimen (10%).
However, the increase in hardness due to deep cryogenic treatment resulting in
precipitation of carbides was determined from microstructural analysis. When the tensile
test results were compared, it was determined that the cryogenic treatment application
was superior to the tempered condition in terms of static toughness, resilience modulus,
yield and tensile strength values.
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1. Giris

Miihendislik uygulamalarinda, malzemelerin mekanik
o6zelliklerinin ve dayanikliliginin belirlenmesi, iiretim ve
tasarim siireclerinin temel parcasini olusturur. Bu
amagcla, cesitli 1s1 islemler kullanilarak malzeme
ozelliklerinin iyilestirilmesi saglanir. Ozellikle diisiik
alasimhi celikler, cesitli endiistrilerde yaygin olarak
kullanilan, genellikle yiiksek mukavemet ve sertlik
gerektiren uygulamalarda tercih edilen o©nemli

malzemelerdir (Zhang ve dig., 2022; Xie ve dig., 2020).
Diisiik alasimli celiklerden AISI 4140 celigi; mekanik
ozelliklere onemli 6l¢lide katkida bulunan ana alasim
elementleri olarak Mo ve Cr igeren, yliksek dayanimli-
diisiik alasimli bir geliktir (Ranju ve D, 2024; Dewan,
Liang, Wahab ve Okeil, 2014). Uygulama alam saftlar,
cwvatalar, pimler, baglanti ¢ubuklari, krank milleri,
disliler, rulmanlardir. (Prabhu, Kulkarni ve Sharma,
2020; Singh ve dig., 2022; Choo, Lee ve Golkovski, 2000).
AISI 4140 celigi belirli kullanim kosullarinda daha
yuksek performans ve dayaniklilik gereksinimleri
ortaya ¢ikabilir. Bu baglamda, 1s1l islem, ¢eligin mekanik
ozelliklerini istenilen seviyelere getirmek veya
iyilestirmek i¢in yaygin bir yontemdir.

Isil islem, uygulamaya bagl olarak malzemenin mekanik
ozelliklerinde ilerleme saglamak igin kullanilir. Su
verme, 1s1l islem siirecinin genel bir agamasi olup, gelikte
Ostenitten martenzite faz donilisiimiinii takiben 6nceden
Ostenitlenmis parcanin hizli bir sekilde sogutulmasini

icerir (Sonar, Lomte, Gogte ve Balasubramanian, 2018).
AISI 4140 malzemelerinin su verme isleminden sonra
ortaya ¢ikan mikroyapis1 martenzit ve kalint1 6stenitten
olusmaktadir = (Chuaiphan, Srijaroenpramong ve
Pinpradub, 2013). Bu da malzemenin daha kirilgan
olmasina neden olur.

Toklugu arttirmak ve kalint1 dstenitin icerigini azalmak
icin kriyojenik 1s1l islem ve temperleme islemleri
uygulanir (Salunkhe, Fabijanic, Nayak ve Hodgson,
2015). Isil islemin etkilerini belirlemek icin c¢esitli
arastirmalar yapilmistir. Meysami, Ghasemzadeh,
Seyedein ve Aboutalebi (2010) calismalarinda AISI
4140 celik malzemelere su verilmis ve 630°C sicaklikta
2 saat siireyle temperlenmistir. Su verme ve
temperleme  islemlerinin  numunelerin  ¢ekme
mukavemeti ve sertlesme kabiliyeti gibi mekanik
ozelliklerini gelistirmis ve su verme oncesi celik
sicakligy, su sicakligl, su verme stiresi ve ayrica malzeme
boyutu gibi ¢esitli parametrelerden etkilendigini
gostermistir. Sadece su verilen g¢ubuklarin ¢ekme
mukavemeti, akma gerilmesi ve sertlik degerleri, su
verilen ve ardindan temperlenen ¢ubuklardan daha
ylksek oldugu belirtilmistir. Senthilkumar, Rajendran
ve Pellizzari (2011) kriyojenik islemin AISI 4140
celiginin sertlik ve cekme davranisi tizerindeki etkisini
incelemis ve 1sil islem gormiis numune ile
karsilastirmislardir. Isil islem gormiis celige kiyasla s1g
ve derin kriyojenik islem gérmiis numunelerin
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sertliginin daha  yiiksek oldugu ve c¢ekme
mukavemetinin ise daha diistik oldugu belirtilmistir. Bu
durumun kalinti 6stenitin martenzite doéniisiimiinden
kaynaklandig1 agiklanmistir. Jamali, Khan, Chandio,
Anwer ve Jokhio (2019) ¢alismalarinda derin kriyojenik
ve temperleme islemin AISI 4340 ve AISI 4140'in
mekanik o6zelliklerine etkisi incelemistir. Deneysel
sonuclara gore temperleme islemi ile birlikte kriyojenik
islemden sonra c¢ekme mukavemetinin, darbe
toklugunun ve sertligin kolayca artirilabilecegi
belirtilmistir.

Bu calisma, 4140 celigi lizerindeki mekanik 6zelliklerin
gelistirilmesine odaklanarak su verme, su verme
isleminin ardindan uygulanan temperleme ve kriyojenik
islemlerinin etkilerini arastirmay1 amag¢lamaktadir. AISI
4140 kalite c¢elik numunesine sirasiyla 910°C'de
Ostenitleme, ardindan su verme, 200°C’'de 1 saat
temperleme ve -196°C’'de 24 saat derin kriyojenik
islemleri uygulanmistir. Mekanik  6zelliklerin
belirlenmesi i¢in ¢cekme testi, mikroyapisal analizler ve
sertlik olctimleri yapilmis, ve SEM goriintiileri ile
mikroyapisi incelenmistir.

2. Yontem

Sekil 1, deneylerde kullanilan talasl imalat ile tiretilen
standart ¢ekme numunesinin teknik resimlerini
gostermektedir. Tiim numuneler sekil 1’deki teknik
resime uygun olarak normalize edilmis AISI 4140
celiginden tornalama yontemi ile imal edilmistir.
Boyutlar ASTM E8/E8M standartlarina uygun olarak
belirlenmistir.

40,00
R 0,90

@ 8,00

Sekil 1. Standart ¢ekme numunesinin teknik resmi

Tablo 1, deneysel siire¢lerde kullanilan kontrolli
gruplar1 gostermektedir. Toplamda ii¢ adet numune
grubu tasarlanmistir. Bu numune gruplary; yalin su
verme (S), su verilip temperlenmis (ST), su verilmis-
kriyojenik islem uygulanip temperlenmedir (SKT).
Numuneler, 910°C’de 25 dakika ostenitlenmistir. Siire,
numunelerdeki tiim kesit ayni sicakliga gelecek sekilde
secilmistir. Temperleme sicakligi olarak literatiir
gozoniine alinarak  200°C  olarak  secilmistir.
Temperleme siiresi olarak 1 saat secilmistir. Kriyojenik
1s1l islemler MMD firmasina ait, bilgisayar kontrolli
kriyojenik 1s11 islem firininda yapilmistir. Tim
numuneler 1°C/dk sicaklik orani ile sogutulmustur.
Numuneler 24 saat boyunca -196°C‘de bekletilmistir.
Tim numunelerin benzer oranla oda sicakligina gelmesi

1657



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1656-1661

saglanmistir. Kriyojenik 1s1l islemi takiben temperleme
islemi uygulanmistir.

Tablo 1. Deneylerde kullanilan numune gruplar

Kod islemler

910°C’'de 25 dakika ostenitleme ve yag

S ortaminda su verme

910°C'de 25 dakika ostenitleme, yag
ST ortaminda su verme ve 200°C’de 1 saat

temperleme

910°C'de 25 dakika ostenitleme, yag
SKT ortaminda su verme, -196°C ‘de derin

kriyojenik islem ve 200°C’de 1 saat
temperleme

Sekil 2, calismada uygulanan 1s1l islem prosediiriiniin
sicaklik ve zamana bagh degisimini gostermektedir.
Tim numunelere o6ncesinde 910°C'de 25 dakika
ostenitleme islemi uygulanmis sonrasinda yag
ortaminda su verilmistir. Bir grup numuneye -196°C ‘de
kriyojenik islem ve 200°C’de 1 saat temperleme islemi
uygulanmistir. Diger grup numuneye ise 910°C’de 25
dakika ostenitleme ve yag ortaminda su verme ve
200°C’de 1 saat temperleme islemi uygulanmistir.

910°C 25 dk

200°C 60 dk 200°C 60 dk

Sicakhik °C

-196°C 24 saat

Zaman

Sekil 2. Isil islemlerin sicaklik ve zamana bagl degisimi

Deneysel ¢alismanin daha iyi ifade edilebilmesi igin
numune isimlendirilmesi yapilmistir. Yapilan numune
isimlendirilmesi Tablo 2’ de gosterilmistir.

Tablo 2. Deneysel calismalarda kullanilan isimlendirme

Kisaltma Islemler
S Sadece su verme
ST Su verme + temperleme
SKT Su verme, kriyojenik islem + temperleme

Cekme testleri, 250 kN yik hiicresi ile Shimadzu
universal test cihazinda 1 mm/dak hizinda
gerceklestirilmistir. Her bir parametre icin testler ii¢ kez
tekrarlanmis, sonuglar ortalama degerler olarak
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verilmistir.  Numunelere sertlik Olglimleri ve
metalografik incelemeleri i¢in Struers MD piano 220 ve
600 grit manyetik disklerde zimparalanma islemi
uygulanmistir, devaminda ise 3 pm elmas soliisyon
kullanilarak numune yiizeyleri parlatimistir. %2 nital
soliisyonu kullanilarak yiizeylere daglama islemi
uygulanmistir. Numunelerin  mikroyapilar1  optik
mikroskopta (Nikon Clemex) ve kirik kesit analizleri
taramali elektron mikroskobunda (SEM, JEOL JSM-
5600LV) incelenmistir. Numunelerin sertlik dlgiimleri
ASTM E18'e uygun olarak gergeklestirilmistir.
Numunelerin sertlik 6l¢gtimleri, numunelerin yiizeyinde
Futuretech mikrosertlik o6l¢tim cihaz1 kullanilarak
gerceklestirilmistir. Sertlik testleri tiim numuneler i¢in
300 gf yiik altinda ve 10 saniye bekletme siiresinde
gerceklestirilmistir. Tim numuneler icin l¢ Olgim
yapilmistir ve sertlik sonucu i¢in ortalama sonuglar
kullanilmistir. Bu ¢alismada, arastirma ve yayin etigine
uyulmustur.

3. Bulgular

Numunelerin gerilme-gerinim grafigi Sekil 3’de
gosterilmistir. Numuneler stinek olarak kirilmistir ve
belirgin bir akma gostermemistir. Karsilastirma icin
numunelerin %0,2 akma dayanimi (ocax) nihai ¢ekme
dayanimi (omaks) ve siineklikdeki degisim uzama ve alan
daralmasi hesaplanmistir. omax degerleri biiyiikten
kiglige S, SKT ve ST olarak elde edilmistir. S
numunesinin ¢ekme dayanimi 1976+19.2 MPa, uzama
miktar1 %23.6 mm olarak belirlenmistir. ST ve SKT
numunelerinin omax degerleri sirasiyla 1673+12.3 MPa
ve 1802+11.4 MPa olarak belirlenmistir. Kriyojenik
islem-temperlerme isleminin ¢ekme dayanimi yaklasik
129 MPa arttirdigl gorilmiistiir. Benzer sekilde %0.2
akma dayanmimlari da biiyiikten kii¢iige dogru S, SKT ve
ST olarak belirlenmistir. En yiiksek degerin su verilen
numunede olmasi beklenen bir sonuctur. Sicakligin
Ostenitleme sicakligindan ani bir sekilde oda sicakligina
diismesi numunede martenzit yap1 olusmustur ve bu
durum c¢ekme dayanimin ytkseltmistir. Su verme
isleminin ardindan temperleme islemi uygulandiginda
¢ekme dayanimi dismiistiir. Temperleme 1s1l islemi ile
martenzit icerisindeki ince karbilir parcaciklarinin
biiylimesi ve homojen dagiliminin etkisiyle bu disiis
gerceklesmistir. SKT numunesinde ise kriyojenik islem
ile su verme sirasinda olusan kalinti oOstenitler
martenzite doniigsmiistir ve ardindan temperleme
islemi uygulanmistir.  Burada kalint1 dstenitlerin
martenzite doniismesi ile SKT numunelerinin ¢ekme
dayanimi ST numunelerine gore bir miktar artmistir.

Cekme testi uygulanan numunelerin kirik kesitlerinin
makro fotograflar1 Sekil 4’ de goriilmektedir. Makro
incelemeler ile yalin su verilmis numunede (S) chevron
tipi gevrek kirilma belirtileri tespit edilmistir.
Temperlenmis ve kriyojenik  islem-temperleme
uygulanmis  numunelerde ise bu  olusumlar
goriilmemektedir. Ayrica bu numunelerde belirgin koni
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¢anak olusumlar1 oldugu gorilmektedir. Bu durum
uygulanan 1sil islemlerin statik tokluk o6zelligini
iyilestirdigini bir gostergesidir. Elde edilen makro
gozlemler gerilme gerinim egrisi sonuglari ile uyumlu
oldugu tespit edilmistir.

2000 +

1500 4

1000 4

Gerilme {(MPa)

500

0.00 005 010 045 020 025 030
Birim Sekil Dedistirme
Sekil 3. Isil islem uygulanan numunelerin gerilme-
gerinim egrileri

"

Sekil 4. Numunelerin kirik Kkesitlerinin makro
gorintiisii: a)S, b)SK, c)SKT

Kirllma mekanizmalar1 daha etkin belirlenmesi
acisindan, numuneler ayrica taramali elektron
mikroskobu altinda da incelenmistir. Sekil 5,
numunelerin kirik Kkesitlerinin SEM goriintiilerini
gostermektedir. Tim gorlintiiler bir biitiin olarak
degerlendirildiginde yalin su verilmis numunede (S)
belirgin klevaj olusumlari gériilmektedir. Bu durum bir
gevreklik gostergesidir. Temperlenmis ve kriyojenik
islem uygulanmis numunelerde ise siingerimsi yapilar
gorilmektedir. Bu durum kirilmanin stinek karakterli
oldugunu gostermektedir.

Sekil 6, numunelerin hesaplanan c¢ekme ve akma
mukavemeti degerlerini gostermektedir. Tahmin
edilecegi lizere en yiliksek dayanim yalin su verilmis
numunede elde edilmistir. Temperleme islemi
uygulanmis numunelerde, dayanimin bir miktar
distigi gozlemlenmistir. Sertlik acisindan
degerlendirildiginde, kriyojenik islemin ve temperleme
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prosesinin beraber uygulanmasi yalin temperleme
islemi uygulandigi duruma gore daha etkilidir.

X488, 5eNm

{8kU X409 Semm

Sekil 5. Numunelerin kirik kesitlerinin SEM goriintisi,
a)S, b)SK, c)SKT
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Numuneler

Sekil 6. Hesaplanan cekme ve akma mukavemeti
degerleri

Sekil 7, numunelerde hesaplanan statik tokluk ve
rezilyans  modilii  degerlerini  gostermektedir.
Kriyojenik islemin temperleme prosesine ilave
edilmesiyle statik toklukta artma tespit edilmistir.
Benzer sekilde rezilyans modiiliinde de bir miktar artis
belirlenmistir. Genel anlamda olusan bu iyilesmelerin
kriyojenik islem uygulanmasi sonucu, yapidaki kalinti
ostenit martenzit donlisiimii ve alasim elementlerinin
bostaki karbon ile ikincil karbiirler olusturmasi ile
saglandig1 diistiniilmektedir.
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Sekil 7. Cekme testi sonucu numunelerde hesaplanan
statik tokluk ve rezilyans modiilii degerleri

Sekil 8, numunelere uygulanan sertlik testlerinin
sonuglarinin gostermektedir. Sertlik testleri ortalama
deger olarak raporlanmis ve her bir numune grubu icin
sapmalar ifade edilmistir ST  numunesinde
temperlenme 1s1l islemin etkisi ile sertlik degerlerinde
bir miktar azalma go6zlemlenmistir. Ancak SKT
numunesinde uygulanan derin kriyojenik islemin etkisi
ile sertlik degerlerinin arttigi belirlenmistir. Bu
durumun ostenitin martensite doniisiimiine ve alasim
elementleriyle  ikincil karbiirlerin  ¢dkelmesiyle
aciklanabilmektedir.

800
/| Sertlik (HV gf10 Sec) ‘
~T504
]
w
e
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= /
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644.7'7
600 2 — :
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Sekil 8. Numunelerde 6lgiilen sertlik degerleri

Sekil 9'da, numunelerin farkli biiylitmelerdeki optik
mikroyap1 goriintiileri verilmistir. Yalin su verilmis
numunenin mikroyapisinin karisik formda martenzit
fazdan  olustugu  gorilmektedir. Su  verilmis
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temperlenmis durumda ise martenzitik yapinin bir
miktar azaldigi goriulmektedir. Olusan yapr klasik
temperlenmis martenzit yapisl oldugu
diisiiniilmektedir. Kriyojenik islemin ilave edildigi
durumda ise yapi icerisinde kii¢iik siyah noktaciklar
goriilmektedir. Bu yapinin kriyojenik islem sonrasi
olusan kalinti ostenitten disar1 atilan karbon
atomlarinin olusturdugu ikincil karbiirler oldugu
diisiiniilmektedir. Bu yapinin dislokasyon hareketini
bloke ettigi disiiniilmektedir. Bu nedenle mekanik
ozelliklerdeki iyilesmelerin temelini olusturmaktadir.

Sekil 9. Numunelerin optik mikroyapisy, a)S, b)SK, c)SKT

6. Sonuclar

AISI 4140 kalite c¢elik numunelere, su verme,
temperleme ve derin kriyojenik islemlerini iceren ii¢
adet 1s1l islem basarili bir sekilde uygulanmistir. Bu
¢alisma ile, numunelerin mikroyapisal ve mekanik
ozellikleri  farkli 1s1l  islem kosullar1 altinda
belirlenmistir. Elde edilen deneyler sonuglar asagidaki
Ozetlenmistir.

e Uygulanan derin kriyojenik islem ile martenzit ve
farkli karbiir formlari olustugu tespit edilmistir.
Temperlenmis numunede temperlenmis martenzit
formu, yalin su verilmis numunede ise karisik
martenzit yapisi gorilmiistiir.

e Kriyojenik 1sil islemin uygulanmasi ile sertlik
degerlerinde yaklasik %10 artis gozlemlenmistir.
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Sertlikteki iyilesme, ostenitin martensite
dontsimiine ve daha ince karbiir dagiliminin
cokelmesi nedenli oldugu degerlendirilmektedir.

e Kriyojenik 1s1l islem temperlerme islemine gore
kiyaslandiginda akma  mukavemeti, ¢ekme
mukavemeti, statik tokluk ve rezilyans modiiliinde
yaklasik %10 oraninda iyilesme saglamistir.
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Anahtar Kelimeler

Ozet

Tagitlarin devrilmesi
Dinamik model
Devrilme simiilasyonu
Kritik devrilme hizi
Devrilme sartlari

Tasitlarin tekerlek siispansiyon sistemlerinin tasartminda; konfor, yiik tasima kapasitesi
ve kullanim kolayliginin yani sira virajlardaki stirtis giivenliginin belirlenmesi de ana
hedeflerden birisidir. Bu calismada dért tekerlekli binek tagsitlari (C sinifi otomobiller) Ti¢
kiitleden olusan bir dinamik sisteme benzetilmis ve dinamik modeli kurularak virajdaki
dinamik davranislart incelenmistir. Kiitlelerden birisi tasitin gdvdesi, digerleri ise
siispansiyon sistemi ile birlikte tekerleklerdir. Dinamik model bu ii¢ kiitlenin agisal
momentum denklemlerinden olusmaktadir. Gévdenin momentum denklemi; govdeyi
tekerlek stispansiyon sistemine baglayan yaylarin ve damperlerin yarattigi kuvvetlerin
momentlerini ve gévdeye etkiyen merkezka¢c kuvvetin momentini icermektedir.
Stispansiyon mekanizmalarinin momentum denklemleri; gdvde ile siispansiyon
mekanizmalar1 arasinda yer alan yaylarin ve damperlerin yarattigi kuvvetlerin
momentlerini, tekerlegin elastik deformasyonu ve viskoelastik séniimleme dzelliginden
dogan kuvvetlerin momentlerini ve stispansiyon mekanizmalarina etkiyen merkezkag
kuvvetlerin momentlerini igermektedir. Momentum denklemlerinin ¢éziimiinde Taylor
serisine dayanan bir metot kullanilmig olup hassasiyeti tictincti mertebeden Runga-Kutta
metoduna denktir. Coziim islemi icin bir simiilasyon programi gelistirilmistir. Tagsitin
lizerinde hareket ettigi viraj, x=0 daki egrilik yarigapi 25 m olan bir parabolik egri olarak
kabul edilmigtir. Tasitin x=0 da devrilmesine sebep olan hiz kritik hiz olup daha yiiksek
hizlarda devrilme bu noktadan dénce olmak zorundadir. Simiilasyon programini
kullanarak tasitin virajdaki dinamik davraniglarinin yani sira kritik hizin; tagit kiitlesi,
yay sabitleri, tasitin gévdesinin kiitle merkezinin yeri ve tekerlek ézellikleri ile degisimi
incelenmistir. Tasarlanan tasitin yukarida ifade edilen parabolik egri ile tanimli yol
lizerindeki yiiksiiz devrilme hizi 70 km/h civarinda belirlenmistir.

ANALYSIS OF DYNAMIC BEHAVIOR OF PASSENGER CARS IN ROLLOVER PROCESS AND

DETERMINATION OF ROLLOVER CONDITIONS

Keywords

Abstract

Rollover

Dynamic model
Simulation of rollover
Critical rollover speed
Rollover conditions

One of the main objectives of the wheel suspension mechanism design is to characterize
the driving safety of vehicles in bends, besides the comfortability, load carrying
capability, and use easiness. In this study, a four-wheel vehicle (Like C class automobile)
is likened to a dynamic system of three masses, and its behaviors in a bend are examined
by establishing a dynamic model. One of the masses is the vehicle's body; the others are
the two wheels with their suspension elements. The dynamic model consists of angular
momentum equations of these three masses. The momentum equation of the body
involves the moments of forces generated by springs and dampers connecting the body
to the wheel suspension mechanisms and the moment of centrifugal force exerting on the
body. The momentum equations of suspension mechanisms involve the moments of spring
and damper forces taking part between body and suspension mechanisms, the moments
of deflection and viscoelastic damping forces of tires and, the moment of centrifugal force
exerted on suspension mechanisms. A Taylor series method, equivalent to the third-order
Runge-Kutta method, is used to solve momentum equations and a simulation program is
developed. The bend, on which the vehicle moves, is assumed to be a parabolic curve
having 25 m curvature diameter at x=0. The speed of the vehicle causing rollover at x=0
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is a critical speed above which the rollover is unavoidable before that point. By using the
simulation program, the dynamic behaviors of the vehicle in bend were examined as well
as examining the variation of critical speed with the mass of vehicle, the stiffness of
springs, the location of mass center and tire properties. On the road defined by a
parabolic curve, the unloaded rollover speed of the proposed vehicle is determined as

about 70 km/h.
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1. Giris

Tasitlar viraj alirken veya farkli manevralar yaparken
tasit govdesi virajin disina dogru yalpa (roll)
yapmaktadir. Virajin doniis yarigapina, tasit hizina, tasit
ve slispansiyon geometrilerine bagl olarak tasitin yalpa
miktar1 degismekte, belirli bir acidan sonra ise tasit
devrilmektedir (Gillespie, 2021; Putgiil ve Altiparmak,
2016). Virajin dis dairesindeki tekerlege etkiyen zemin
kuvvetinin sifira gittigi an fiilen devrilmenin baslangici
olarak kabul edilmektedir. Bu kritik durumun ortaya
ciktigi andaki tasit hizi da devrilme hizi olarak
adlandirilmaktadir. Devrilme hizi tabiri devrilme siireci
icindeki acisal ya da cevresel hizlar anlaminda
kullanilmamaktadir.

Tasitlarin devrilmesi ile sonuglanan kazalarin sayisi
diger kazalara gore daha az olsa da devrilme ile
sonuglanan kazalarda 6lim oranlar1 daha yiiksektir.
Tiirkiye’de o6lim oranlarn ile ilgili bir istatistik
bulunmamakla birlikte ABD Ulusal Karayolu Trafik
Giivenligi idaresi'nin hazirladigi raporda (NHTSA, 2010)
devrilme ile sonuclanan kazalardaki 61iim oraninin %29
seviyesinde oldugu belirtilmistir. Tasitlarin
devrilmesinin 6nlenebilmesi amaciyla farkl tiirde aktif
giivenlik sistemleri ve ikaz sistemleri kullanilmaktadir.
Devrilmenin onceden tahmin edilebilmesi, kazalarin
o6nlenmesi bakimindan olduk¢a fazla Onem arz
etmektedir. Tasitlarin yalpa miktar1 devrilme agisi
olarak ifade edilmektedir. Aktif giivenlik sistemlerinin
calismas1 i¢cin devrilme agisinin, bu agimin degisim
hizinin, yanal ivmenin ve tasitin agirlik merkezinin
yiiksekliginin anlik olarak bilinmesi gerekmektedir.
Devrilme agisinin ve degisim hizinin belirlenmesi i¢in
farkli yontemler gelistirilmis olup bu yontemlerin
bircogu mevcut aktif giivenlik  sistemlerinde
kullanilmaktadir (Ertlmeier ve Spannaus, 2008).
Devrilme agisinin tasit iizerinden dogrudan diisik
maliyetli sensorler tarafindan o6lgiilmesi mevcut
sartlarda miimkiin degildir (Garcia Guzman, Prieto
Gonzalez, Pajares Redondo, Montalvo Martinez ve
Boada, 2018). Halihazirda ¢ogu tasitta yer alan Devrilme
Tahmin Sistemleri, savrulma ve yanal ivme o&l¢iim
sensorlerine benzer diisiik maliyetli sens6r takimlari
tarafindan saglanan verileri dinamik modellerde girdi

olarak kullanmak sureti ile devrilme acis1 ve déonme
miktarin1  belirleyen donamimlardir (Wang, Wang,
Zhang, Cao ve Dorrell, 2021). Bu donanimlarin en
onemli gereksinimlerinden birisi giriltii olarak
adlandirilan yanhs verilerin elimine edilmesidir. Yanlis
verileri veya onlarin sebep oldugu sapmalar: bertaraf
etmek icin Kalman filtresi, Butterworth filtresi, Finite
Impulse Response (FIR) filtresi, gibi veri diizelticileri
kullanilmaktadir (Wang ve dig., 2021; Jeong, You, Kang
ve Ahn, 2017).

2. Literatiir Taramasi

Devrilme hareketinin matematiksel olarak
tanimlanabilmesi amaciyla ¢ok sayida tasit dinamik
modeli gelistirilmistir. Bu modellerde devrilme siireci
farkli fiziki kosullar ve farkli serbestlik dereceleri ile
analiz edilmistir. Das vd. (Das, Hossain, Islam ve Banik,
2022); tasit dinamigi, devrilme agisi, tekerlek asinmasi
ve yol profillerinin belirlenmesi gibi konularda yapilmis
calismalarin en 6nemlilerini inceleyerek tasit dinamigi
modellerinin gelistirilmesine yo6nelik tavsiyelerde
bulunmustur. Rajamani (2012) tarafindan devrilmenin
analizi ve 6nlenmesi i¢cin yapilan teorik ve deneysel
¢alismalar1  kapsayan  bir  kaynak  ddkiiman
olusturulmustur. Jung ve ark. (Jung, Shim ve Gertsch,
2009) devrilme esnasinda devrilme merkezinin yer
degistirmesini hesaba katan bir tasit dinamik modeli
olusturmuslardir. Yazarlar bu modelden elde ettikleri
devrilme agist ve devrilmenin baslangicina yonelik
bulgular1  diger arastirmacilarin  bulgularn ile
kiyaslayarak gelistirdikleri modelin daha dogru
neticeler verdigini vurgulamislardir. Xiao ve ark. (Xiao,
Hu, Zhu ve Deng, 2023) devrilmenin {i¢ boyutlu bir
modelini olusturarak veri elde etmis, elde ettikleri
verileri bir elektrikli tasitin devrilme kontrol {initesinde
kullanarak direksiyon agis1, motor torku ve stispansiyon
kuvvetinin devrilmeyi onleyen degerlerini
belirlemislerdir.  Gelistirilen algoritmamin  siiris
kararliligini iyilestirdigi ifade edilmistir. Rahimi ve
Naraghi (2018) tasit dinamigini kontrol eden aktif
slispansiyon, aktif direksiyon sistemi, aktif diferansiyel
sistemi ve fren anti blokaj sistemi (ABS) gibi alt
sistemlerin birbirlerini etkileyerek yanlis bir kontrol
davranis1 gosterme ihtimalini bertaraf etmek igin
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devrilme agisi, savrulma hizi gibi parametreleri bir
arada degerlendirilerek saglikli kontrol verileri
saglayan bir algoritma gelistirmisledir. Hac ve ark. (Hac,
Brown ve Martens, 2004) ise tasit devrilme agisinin
belirlenmesinde farkli esaslara gore ¢alisan sensorlerin
devrilme acisini belirlemedeki olumlu ve olumsuz
yonlerini incelemislerdir. Sadece yanal ivme sensorii
kullanilarak devrilme ag¢isinin belirlenmesinin belirli bir
yanal ivmeden sonra dogrulugunu kaybettigi ifade
edilmistir. Sadece siispansiyon sisteminden bilgi alan
yer degistirme sensortniin kullanilmasi halinde ise diiz
yoldaki bozukluklardan kaynaklanan yanlis dlciimlere
neden oldugu belirtilmistir. Ryu ve Gerdes (2004) yanal
yol egimi (bank angle) ve tasit devrilme agisinin anbean
birbirinden bagimsiz bir sekilde hesaplanabilmesini
saglamak amaciyla bir yontem gelistirmistir. Gelistirilen
yontemde devrilme agis1 ve yalpa acisini belirlemek icin
Global koordinat belirleme sensorii (GPS) ve atalet
Olcim sensoriinden alinan veriler kullanilmaktadir.
Nguyen ve Nguyen (2023) tasit hizinin ve agirhik
merkezi yiiksekliginin degisiminin farkli manevralar
esnasindaki tasit kararliligina etkisini incelemis, tasit
hizinin artmasi ve agirhik merkezinin yilikselmesinin
daha erken devrilmeye neden oldugu ifade edilmistir.
Zhang ve ark. (Zhang, Dong ve Du, 2008) yaptiklari
calismada binek araglarinin devrilme ve savrulma
kararhliklarim1 kurduklar: bir tasit dinamik modeli ile
incelemis, farkli manevra tiplerini simiile ederek
slispansiyon sertliginin devrilme tlizerindeki etkilerini
arastirmiglardir.  Siispansiyon sertliginin  artmasi
sonucunda yatma miktarinin azaldigl ancak sinis
egrisini andiran yollardaki manevralarda tasitin
devrilmesini kolaylastirdigi belirtilmistir. Hamblin ve
ark. (Hamblin, Martini, Cameron ve Brennan, 2006)
farkli karmasiklik derecesine sahip tasit dinamik
modellerinin performanslarini incelemistir. Modelin
karmasikliginin artmasinin parametrelerin
belirlenmesindeki dogrulugu arttirdigi ancak basit
modeller ile elde edilen parametrelerin de kabul
edilebilir dogrulukta oldugu ifade edilmistir. Jalali ve
ark. (Jalali, Hashemi, Khajepour, Chen ve Litkouhi, 2018)
matematik modele dayali bir yaklasim ydntemi ile tasit
devrilmesinin kontroliinii gergeklestirmistir. Yanal
ivme, savrulma orani ve yanal hiz degerleri bir gézlemci
algoritmasinda degerlendirilerek devrilme acgis1 ve
devrilme hizi1 degerleri tahmin edilmistir. Cheng ve
Cebon (2011) yarn1 romorklu cekicilerin TruckSim
yazilimi ile Gi¢ ve bes serbestlik dereceli modellerini
olusturarak veri elde etmisler, elde ettikleri verileri
Kalman filtresi ile diizeltilmis deneysel veriler ile
karsilastirmislardir. Teorik esasl verilerin deneysel
veriler ile biiytk dl¢iide uyumlu oldugu ifade edilmistir.
Ayni zamanda dogrusal ikinci dereceden tahmin
algoritmasi olarak da kullanilan Kalman filtresi Simon
(2001) tarafindan ayrintili olarak aciklanmaktadir.
Rajamani ve ark. (Rajamani, Piyabongkarn, Tsourapas
ve Lew, 2011) yaptiklar1 bir arastirmada, tasit devrilme
endeksinin (devrilme kriteri) hesaplamasinda gerekli
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olan devrilme acis1 ve agirlhik merkezi yliksekligi
parametrelerinin hesaplanabilmesi i¢in bir algoritma
dizayn etmislerdir.

Anh (2020) yaptig1 bir calismada 7 serbestlik derecesine
sahip bir tasit dinamik modeli kurmustur. Serbestlik
derecelerinden ilk li¢li %, y ve z eksenleri etrafindaki
donmeler, digerleri ise tekerlek ve tekerlek
baglantilarinin z ekseni dogrultusundaki 6telemesidir.
Yazar tekerlege etkiyen diisey kuvvetler ile tekerlegin
yaylanmayan kisminin 6telemesi arasinda lineer bir
iliski elde etmislerdir. Menhour ve ark. (Menhour,
Koenig ve d'Andréa-Novel, 2012) yol yanal egim agisini
ve tasitin yalpa ag¢isini (roll angle) belirlemek amaci ile
sanal bir algilayic1 tasarlamiglardir. Bu algilayic1 P10
olarak adlandirilan algoritmaya dayanmakta olup
sagladigl veriler tasitin gilivenlik sistemi tarafindan
kullanilmaktadir. Yol egim agis1 ve tasit devrilme
acisinin dogrudan ve anlik olarak ol¢iilmesi diisiik
maliyetli sensorler tarafindan yapilamadigi i¢cin PIO
algilayicisina ihtiya¢ duyulmaktadir. Yu ve ark. (Yu,
Wang, Li, Wang ve Wang, 2013) yol egim agis1 ve yanal
kayma agisinin dinamik sartlarda belirlenebilmesine
yonelik bir simpleks hesaplama yontemi gelistirmistir.
Yazarlar yol egim acisi ile tasitin devrilmesi arasindaki
iliskiyi incelemislerdir. Xu ve Tseng (2007), devrilme
acisinin ~ hesaplanmasinda  olusabilecek sistemsel
hatalarin ve kaynagi bilinmeyen bozucu girdilerin
belirlenmesi i¢in bir yontem gelistirmistir. Tasit
devrilme acis1 ve devrilme hizi belirlenirken basit
devrilme modeli ve model tabanli Kalman filtresi
kullanilmistir. Jeong ve ark. (Jeong, You, Kang ve Ahn,
2017) dlgme yolu ile belirledikleri yanal yol egimi (bank
angle) ve tasit donme (roll angle) acilarimi farkh
filtreleme yontemleri ile diizelterek, bisiklet modeli ve
tasit devrilme modeli olarak adlandirilan teorik
analizlerden elde ettikleri acilar ile kiyaslayarak farkl
veri dlizelticilerin glivenilirlik derecesini incelemisledir.
Yazarlar Finite Impulse Response (FIR) filtresi olarak
adlandirilan veri diizelticinin Kalman Filtresi ve
Dinamik Filtreye gore ¢ok daha hassas ve dogru
sonuglar ortaya koydugunu belirtmistir. Zhang ve
arkadaslar1 (Zhang, Yan, Guo, Yang ve He, 2022), tasit
devrilme merkezi ile tasit agirlik merkezi arasindaki
mesafenin statik ve dinamik sartlarda hesaplanmasina
yonelik bir yontem gelistirmislerdir. Sadece devrilme
hizinin kullanildigi, Adaptif Sliding Mod Gozlemcisi ve
Genisletilmis ~ Kalman  Filtresi  yaklasimlarindan
faydalanilarak devrilme merkezi ile agirhk merkezi
arasindaki mesafe belirlenmistir. Bir serbestlik dereceli
tasit devrilme modeli kullanilarak farkli manevralar i¢in
simiilasyonlar gerceklestirilmistir. Yazalar her iki
yaklasimin da mesafenin tahmini i¢in olduk¢a kullanish
oldugunu belirtmisledir. Genisletilmis Kalman Filtresi
yaklasiminin dinamik sartlar i¢in, Adaptif Sliding Mod
gozlemci yaklasiminin ise statik sartlar i¢in daha iyi bir
performansa sahip oldugu agiklanmistir.
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Donme eylemi yapan dinamik sistemlerin analizi
yapilirken dogrusal momentum denklemleri
(translational momentum equations) kullanilirsa
belirsiz parametrelerin sayis1 ve analizde kullanilan
denklem sayisi artmaktadir. Bu Kkiilfetten kurtulmanin
ve daha hizli ¢alisan bir simiilasyon programi
hazirlamanin  yolu doéner pargalarin hareketini
tanimlamada  ag¢isal momentum  denklemlerini
kullanmaktir. Ac¢isal momentum denklemlerinin
tiretilmesinde ve  ¢6zlimlenmesinde  kullanilan
metodolojiler Karabulut ve arkadaslar1 (Karabulut,
Oztiirk ve Cinar, 2011), Oztiirk ve Karabulut (2012) ve
Solmaz ve Karabulut (2015) tarafindan yapilan
calismalarda agiklanmistir.

Mevcut ¢alismada dort tekerlekli bir binek tasiti (C
sinifi) ti¢ parcali bir dinamik sisteme benzetilerek acisal
mometum  denklemleri ile  dinamik  modeli
olusturulmus, Taylor serisine dayanan bir niimerik
yontem kullanilarak ¢éziimlemesi yapilmis ve bir tasit
modeli olusturularak s6z konusu tasitin egrilik yarigapi
25 m ye kadar diisen bir virajdaki dinamik davranislari
2

incelenmistir. S6z konusu viraj YZEdenklemi ile

tanimlanmistir. Dinamik model ¢ adet agisal
momentum denkleminden olusmaktadir. U¢ agisal
momentum denklemi ile yapilan bir dinamik
modellemenin daha 6nce kullanilmadig goriilmektedir.

3. Fiziki Mekanizma ve Matematik Model

3.1. Fiziki Mekanizma

Tasitlarin devrilmesi sag veya sol tarafa yan yatmasi

anlamina gelmektedir. Devrilme yolun saga veya sola

egiminden ya da tasitlarin virajda hizli hareket

etmesinden kaynaklanmaktadir. Baz1 hallerde her iki

faktor birlikte ortaya ¢ikabilir. Bu ¢alismada viraj profili
2

X
y:% parabolii ile tanimlanmis olup Sekil 1 de

goriilmektedir. Bu virajda egrilik yarigapinin en kii¢iik
oldugu yer x=0 civarinda olup burada egrilik yarigap1 25
m ye kadar diismektedir. X — —00 veya X —> o0 iken
egrilik yaricapr biiylimekte ve devrilme riski ortadan
kalkmaktadir. Tasit x in artugl yonde hareket
etmektedir. Tasit —00 dan x=0 a dogru ilerlerken
devrilme riski siirekli artmakta ve x=0 da azami
degerine ulagsmaktadir.

Bu ¢alismada tasitlarin virajda hizli hareket etmesinden
kaynaklanan devrilme olayr analiz edilmektedir. Bu
devrilmenin fiziki sebebi merkezcil ivmeden dogan
atalet kuvvetidir. Virajda hizli hareket eden tasitlarda
merkezcil ivime yer ¢ekimi ivmesine gore daha baskin
olmakta ve merkezcil ivmeden dogan atalet kuvveti
tasiti devirecek biiytiklige wulasmaktadir. Atalet
kuvvetinin yonii merkezcil ivmeye gore zit olup tasita
virajin dis normali yoniinde etkimektedir. Atalet kuvveti
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ve yer cekimi kuvveti tasitin kiitle merkezine etki
etmektedir. Devrilme dar bir zaman araliginda zuhur
eden bir siirectir. Devrilme siireci kendi icerisinde iic¢
asamaya ayristirilabilir.

5000

4000 4

3000

¥ (m)

2000 ~

1000 +

T T T T
-600 -400 -200 0 200 400 600

X (m)
Sekil 1. Viraj Profili

Birinci asama tasitin gévdesinin simetrik goriiniimiiniin
(dengesinin) bozulmasidir. Tekerleklerin yer ile temasi
devam eder. Bununla birlikte virajin dis dairesindeki
tekerleklerin yere baskisi artmakta i¢ dairedeki
tekerlerin yere baskisi azalmaktadir. Dis daire
tarafindaki tekerlek salincagi (siispansiyon) yaylari
sikismakta i¢ daire tarafindaki yaylar genislemektedir.
Dis daire tarafindaki tekerleklerin ezilmesi (elastik
deformasyon) artmakta, i¢ daire tarafindaki
tekerleklerin ezilmesi azalmaktadir. Birinci asamada
tekerleklerin ezilme miktarinin degisimi ile ezilmeden
dogan kuvvetlerin degisimi arasinda lineer bir iliski
vardir. Tekerlek salincak sisteminin c¢esidinin de
devrilme iizerinde etkisi vardir. Bu ¢alismada analizi
yapillan aracin sematik goriiniimi Sekil 2 de
verilmektedir.

Sekil 2. Matematik Modelde Kullanilan Arag Sekli

Sekil 2 de gorilen tasitta hem sag hem de sol
tekerleklerin salincak kollar1 tasit govdesine O
noktasindan mafsalli olarak baglanmistir. Salincak
kollar1 birinden bagimsizdir. Tasitin kiitle merkezinin
statik denge durumundaki yeri O noktasi ile ayn1 diisey
dogrultuda bulunmakta olup kiitle merkezi O noktasinin
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yukarisinda kalmaktadir. Tasit virajda giderken kiitle
merkezinin O noktasindan uzakligi sabit kalmakla
birlikte O noktasin1 kiitle merkezine birlestiren
vektorin dogrultusu degismektedir. Sol tekerin ezilme
miktarinin artacagli g6z oOniine alindiginda 0Q
cubugunun (sol salincak kolu) O noktasi ¢evresindeki
mutlak donme hareketinin ters saat yoniinde
gerceklesecegi anlasilmaktadir. Bununla birlikte 0Q
c¢ubugunun tasita gore rolatif donmesi saat yoniinde
gerceklesmektedir.  Sagdaki  tekerlegin  ezilme
miktarinin azalacag: dikkate alindiginda OW ¢ubugunun
(sag salincak kolu) mutlak dénmesinin de ters saat
yoniinde olacagy, tasita gore rolatif ddonmesinin ise saat
yoniinde olacagl gériilmektedir. ikinci asamada da
tekerleklerin hepsi yerle temastadir. ikinci siiregte sol
ve sag tekerleklerin ezilme miktarlarinin degisimleri
birbirinden farkli degerler alacaktir. Tekerleklerin
ezilmesinden dogan kuvvetler ezilme miktarinin
degisimi ile lineer orantili olmayacaktir. Hatta tasitin
govdesi takoz olarak adlandirilan esneklik sinirlama
elemanlarina temas edebilir. Uglincii asama virajin i¢
dairesi tarafindaki tekerin yerden irtibatinin kesilmesi
ile baslayan bir asamadir. Bu asamada tasitin tamaminin
sol tekerlegin yere temas ettigi nokta etrafinda blok
olarak doéndigii kabul edilebilir. Bu ¢alismada birinci
asamanin analizi yapilmistir. Birinci asama i¢in yapilan
analizin ikinci asama i¢in de gecerli oldugu kabul
edilerek devrilmenin basladigi an belirlenebilir. Sag
tekerlek ile yol arasindaki kuvvetin sifir oldugu an
devrilmenin baslangi¢ ani olarak kabul edilebilir. Sekil 2
de gc noktasini H noktasina birlestiren bir dogru
goriilmektedir. Govdeye etkiyen ivme kuvveti
vektoriiniin bu dogru ile ¢akistigl an ivme kuvvetinin
tasiti devirmek i¢in etki gostermeye basladigi andir.

3.2. Matematik Model

Sekil 2 de analizde kullanilan sembollerin bir kismi
gosterilmistir. Sekil 2 de goriilen 0, B ve ¥ agilan
sabit  degerler olup, aracin geometrisinden
belirlenebilen acgilardir. Diger acilar degisken olup
bunlardan «, ¥ ve ¢ momentum denklemlerinden

belirlenmekte, / acisi da acilarin toplaminin 27 olma

sartindan belirlenebilmektedir. Ayrica «, } ve ¢

acillarinin  baslangic degerlerinin de belirlenmesi
gerekmektedir. Bunlar da  statik  sartlardaki
kuvvetlerden belirlenmektedir. Acgisal momentum
denklemleri tiiretilirken Sekil 2 deki O noktas1t moment
alma noktasi olarak kullanilmaktadir. O noktasinin yeri
degisken bile olsa analizin gergekeiligi agisindan sakinca
olusturmamaktadir. Bu analizde arag iizerinde viraj
denge cubugu olarak adlandirilan elemanin olmadigi
varsayllmistir.

Sagdaki salincaga; tekerlegin lastik kisminin esneme
miktar1 ile orantih olan zemin kuvveti, tekerlegin
esneme hizi ile orantili olan zemin kuvveti, gévde ile sag
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salincak arasindaki yayin kuvveti, gévde ile sag salincak
arasindaki damperin kuvveti ve sag salincagin kiitle
merkezine etkiyen atalet kuvveti olmak iizere toplam 5
adet kuvvet etkimektedir. Sekil 3 te bu kuvvetler
gosterilmistir.

Bunlarin O noktasina gére yarattigit momentler sirasi ile
Twrr Twarr Tsr, Tar ve Tar ile gosterilerek sagdaki
salincagin acisal momentum denklemi

d2(9+a)

a2 =Twr +Twar +Tsr +Tar +Tar 1)

lw

seklinde yazilabilir. 0 acisinin sabit oldugu dikkate
alinarak bu denklem

d’a 1 1 1 1 1
— = Twr +—Twar +—Tsr +—Tar +—Tar (2)
dt lw lw lw lw lw

sekilde diizenlenebilir. Sag tekerlegin lastik kisminin
esnemesinden dogan kuvvet,

Fr =FW0—kW(a—ao)W (3)

Sekil 3. Sag Salincak Koluna Etkiyen Kuvvetler

seklinde ifade edilebilir. Bu esitlikte bulunan (o —ay)

tekerlek ekseninin (OW dogrultusu) ters saat yoniindeki
donmesini, Fuo tekerlegin lastik kisminin statik

sartlarda  salincaga  ilettigi  zemin  kuvvetini
gostermektedir. Esitlik (3) ile tamimlanan kuvvetin
momenti

Tor :CWI:F\A/O_kW(a_aO)O_W] (4)

seklinde ifade edilebilir. Tekerlegin lastik kisminin
esneme hizini sdniimleme 6zelliginden dogan kuvvet

Far :—Ccmd (5)

1666



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1662-1678

seklinde ifade edilebilir. Bu kuvvetin O noktasina gore
momenti

—2 .
Twar =—C.OW « (6)

olur. Govde ile sag salincak arasindaki yayin kuvveti

For =Fb0_ks[7_70]OB (7)

olarak ifade edilebilir. Bu kuvvetin O noktasina gore
momenti

Ty =~OB| oo —ks (¥~ ) OB | (8)

olur. Bu esitlikte bulunan Fy ile yayin statik sartlardaki
kuvveti gosterilmektedir. Damper yayin icerisine
yerlestirilebilir. Bu durumda damper kuvveti

Far =Cq 7OB 9)

olur. Bu kuvvetin momenti

—2
Tar =C4 7 OB (10)

seklinde ifade edilebilir. ivme kuvveti salincagin Sekil 2
de D ile gosterilen kiitle merkezine etkimektedir. D
noktasinin kesin yerini teorik yontem ile belirlemek zor
olmakla birlikte tekerlege yakin bir yer olarak kabul
edilebilir. vme kuvveti vektér olarak

- V2. )
Far=—mN;|—mNgJ (11

seklinde ifade edilebilir. ivme kuvvetinin O noktasina
gore yer vektorii

Sgr =OD[sin(0+a)i—cos(0+a) ] (12)

seklinde tamimlanabilir. ivme kuvvetinin O noktasina
gore momenti

_ 2
Tar :—ngODsin(9+a)—mNV—ODcos(9+a) (13)
ol

olur. Tanimlanan momentler kullanilarak sagdaki
salincagin acisal momentum denklemi

— — — —
G GOW , KOW_ kOB cijOB _
O_WFW0+kWO_W2aO

lw lw

OB
——FRo -k —n+—
lw

seklinde diizenlenebilir.

Govdeye; Sekil 2 de gorillen sag ve sol salincak
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yaylarinin kuvvetleri, sag ve sol salincak damperlerinin
kuvvetleri ve yercekimi ile merkezcil ivmeden dogan
kuvvet olmak tizere 5 adet kuvvet etkimektedir. Bu

kuvvetlerin momentleri sirasi ile Mg, Mg, Mg, My
ve M, ile gosterilirse govdenin acisal momentum
denklemi,

d2
Ibﬁ(0+a+p’+y) (15)

= Msr +Mdr +M5| +Md| +Ma

olur. Bu denklemde bulunan Mg ve Mg, yukarida
tanimlanan Tsr ve Tgr momentlerinin zit isaretlisidir.
0 ve S nin sabit oldugu da dikkate alinarak son
denklem

d’a d? 1. 1

4o Ty =Ty +
2 2 | sr | dr

dt dt b b (16)

i|V|s| +1Mdl +1Ma

Iy Iy Iy

seklinde diizenlenebilir. Son esitlik ile Esitlik (2) nin
bilesiminden

2
dt bl b lw Iy

(17)
1 1 1 1 1
- Mdl +— Ma __Twr __der __Tar
Iy Iy lw I Iy

esitligi elde edilir. Bu esitlikte bulunan Tsr ve Tgr nin
tanimi hali hazirda yukarida mevcuttur.

Tasitin govdesi ile sol salincak arasindaki yayin kuvveti
R =Fo—ks (6—¢b) OA (18)

seklinde tanimlanabilir. Bu kuvvetin O noktasina gore
momenti

My =—| Foo —ks (¢—¢b) OA |OA (19)

olur. Sol salincak ile govde arasindaki damper yayin
icerisine yerlestirilebilir. Bu durumda sol salincak
damperinin kuvveti

Fai =Cq 4 OA (20)

olur. ¢ min negatif bir say1 oldugu da dikkate alinarak bu
kuvvetin momenti

Mgi =g § OA” 21)

seklinde ifade edilebilir.
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Govdeye etkiyen yer c¢ekimi ivmesi ve merkezcil
ivmeden kaynaklanan kuvvetin vektor sekli

- Ve :
Fo=tmy iy | (22)

olur. Bu kuvvetin etkime noktasi Sekil 2 de gc ile
gosterilmistir. Bu noktanin O noktasina gore yer vektoru

Sgb =—Sgp Sin(9+0{+ﬂ+7+%—ﬂ')i+
(23)
SgbCOS(9+a+ﬂ+7+%—ﬁjj

seklinde ifade edilebilir. Bu durumda Esitlik (22) ile
tanimlanan ivme kuvvetinin O noktasina gére momenti

MaZrTngngin(e-i-a-f-ﬂ-i-)/-i-%—ﬂ')-l-
(24)
v? v
My, —Sgp COS| O+ +fB+y+——7m
P 2
olur. Tsr, Tar, Mg, Ma, Twr, Twsr momentlerinin
tanimlari Esitlik (17) de yerine yazilarak
7 +Cy @2 i+i 7+k3(§2 i+i Y-
b lw lh lw

> K,OW’

——2

ks OA 1 =

g CapOA -
b

Iy

a_
w
i%mzd=(ﬁ[%+%jﬁ)o+ (25)

Iw b w

esitligi elde edilir. Tarve Mz  momentlerinin
tanimlarinin son denkleme yazilmasi herhangi bir
avantaj saglamamaktadir.

Soldaki salincaga tekerlegin lastik kisminin esneme
miktar1 ile orantili olan zemin kuvveti, tekerlegin
esneme hizi ile orantili olan zemin kuvveti, gévde ile sol
salincak arasindaki yayin kuvveti, gévde ile sol salincak
arasindaki damperin kuvveti ve sol salincagin kiitle
merkezine etkiyen ivme kuvveti olmak iizere toplam 5
adet kuvvet etkimektedir. Bunlarin O noktasina gore

yarattig momentler sirast ile Twi, Twar, Tsi, Tar ve Tal

ile gosterilerek soldaki salincagin agisal momentum
denklemi
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2

d
IWF(€+a+ﬁ+7/+W+¢) 26)

=Tot +Tat + Tt +Twar +Ta

seklinde yazilabilir. 0, B ve ¥ acilarinin sabit oldugu

ve T ==Mg, Tyt ==Mg oldugu dikkate alinarak bu
denklem

dt?  dt® dt?

1 1 1 T, 1
— = Mg == Mg+ =Ty + 4+ =T
IW IW IW IW IW

d?a d%y d%
2
(27)

seklinde diizenlenebilir. Son esitlik ile Esitlik (16) nin
bilesiminden

2
d_2¢:_£l+ijMS| _(i+ijMd| +
dt IW Ib IW Ib

1 1 1 1 1

—Tw +—Twat +—Tar +—Tsr +—Tar —— M,
lw lw lw b Iy Iy

(28)

elde edilir. Son esitlikte bulunan Twi, Twa ve Ta
momentlerinin disinda kalan momentler halihazirda
yukarida tanimlanmis durumdadir. Yer c¢ekimi ve
merkezcil ivme nedeni ile sol salincaga etkiyen kuvvet
vektor olarak

- V& .
Fa =—mw7l—mng (29)

seklinde tanimlanabilir. Bu kuvvet sol salincagin kiitle
merkezine etkimektedir. Sol salincagin kiitle merkezi
Sekil 2 de E harfi ile gosterilmistir. S6z konusu kiitle
merkezinin O noktasina gore yer vektorii

Sal :Esin(6+a+2ﬂ+y+y/+¢)i
_ (30)
—OEcos(0+a+2B+y+y+9)]j

seklinde tanimlanabilir. Esitlik (29) ile tanimlanan ivme
kuvvetinin O noktasina gére momenti

Tal :—mg(ﬁsin(0+a+2/}+y+w+¢)—
(31)

2 ___
mWV—OECOS(6?+a+2ﬂ+}/+1//+¢)
Yol

seklinde tanimlanir. Sol tekerlegin esneme miktari ile
orantili olarak degisim gdsteren zemin kuvveti ve
momenti

Rt = Fvo —kw (11— 16)OQ (32)
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Tui :—O_Q[Fwo —kw (#—ﬂo)@] (33)

olur. Sol tekerlegin esneme hizi ile orantili olarak
degisim gosteren zemin kuvveti

Fudl =COQ /2 (34)

seklinde tanimlanabilir. £ nin negatifbir say1 oldugu da
dikkate alinarak bu kuvvetin momenti

—2
Twal =C0Q 4 (35)

seklinde ifade edilir. Sekil 2 de gorilen agilarin
toplaminin 27 olma sartindan Esitlik (32) ve (33) de
bulunan K agisi

U=2r-20—a-2p-y-y—¢ (36)

seklinde tanimlanabilir. Bu a¢inin (34) ve (35) numarali
esitliklerdeki zaman tiirevi

fi=—ci—7—¢ (37)

olarak belirlenir. Yukarida tanimlamasi yapilmis olan

Mg, Mar, Twr, Twdi, Tsr ve Tar momentleri Esitlik (28)

de yerine yazilarak ve bilinmeyenleri iceren terimler

solda toplanarak

. —2 .

¢+cq OA (Ii+%)¢+ks(li
b

w

+i]a\2¢
w Ib
kOO 1 =2 . kOB
- u-—c0Q pi-=

|w |w Ib

e

_ 108 -0al Ltk (38)

Iy T
1 1)—2. 00 00’
RN I, I,

—2

kOB 1 1

- 1+—Ta——Mj

Iy L2,

OB
_FDO_
I

denklemi elde edilir Tai ve M; momentlerinin
tanimlamasini  Esitlik (28) e yazmak avantaj
olusturmamaktadir. Esitlik (14) ile & , Esitlik (25) ile ¥
ve Esitlik (38) ile § hesaplanacaktir. i nin hesabr icin
Esitlik (37) nin tiiretilmesinden

fi=—G-7-¢ (39)

elde edilir. Buraya kadar tanimlanan esitlikler degisken
acilarin hesabint miimkiin kilmakla birlikte baslangi¢
degerlerinin yani sira tasitin boyutlari, virajin egrilik
yarigapl, statik kuvvetlerin ve analizde kullanilan bazi
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girdilerin belirlenmesinde kullanilmak tizere asagida
ilave esitlik veya matematiksel tanimlamalar
verilmektedir.

Tekerleklerin yere temas eden kisminin statik sartlarda
yarigapl

Rwo = Rw —ﬁ[\l\?/b +WW) (40)

esitligi ile hesaplanabilir. Bu esitlikte bulunan Ry, Wh

ve Wy sirasi ile tekerlegin tasita baglanmadan énceki
yarigapini, tasitin govdesinin agirhigimi ve Sekil 2 de
goriillen tasitin sag veya sol tarafindaki teker ve
salincagin toplam agirligini gostermektedir. Sekil 2 de
gorilen «, 7, ¢ ve 4 acglarmn statik sartlardaki

degerleri
RWO
Ho oW (41)

_o_ L R
Y| @ O_B @ks

(42)

esitlikleri ile hesaplanir. Son esitlikte bulunan L
salincak yayinin yerine takilmadan 6nceki uzunlugunu
gostermektedir. Sekil 2 de goriilen f ve 6 agilar

Rw + S
=arct —
/ arcg( ow j *3)
H:ﬁ——yzl—j/o—ﬁ—ao (44)

esitlikleri ile hesaplanabilir. Esitlik (44) te bulunan ¥

acisi Sekil 2 de goriilmekte olup degeri keyfi olmakla
birlikte 90 derece civarinda bir deger vermek
gerekmektedir. Egrilik yaricapinin hesabinda yol profili
kullanilmaktadir. Yol profili yukarida

y=—x (45)

seklinde verilmis olup egrilik yarigapr ve egrilik
yari¢apinin zaman tirevi

X2 1.5
=25/1+—
p ( 625] (46)
75
) =——VX 47
P=65 (47)

olur. Bu analiz her tiirli yol profilinin kullanilmasina
imkan vermektedir. Tekerlege etkiyen zemin kuvvetinin
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statik sartlardaki degeri

Fuwo = V% +Wly (48)

olur. Bu esitlikte Wy ile tasitin gévdesinin agirhigi, Wy
ile salincagin tekerlek ile birlikte toplam agirlhig:
gosterilmektedir. Salincagin statik sartlardaki moment
dengesinden salincak yaylarinda statik sartlarda olusan
kuvvetin hesabi i¢in

ow Rwoj
=—F0- —sm g+arctg — 49
Foo o5 wo — Mg o6 ( g oW (49)

esitligi tiretilmistir. Yukarida tlretilen momentum
denklemlerinin ¢6zlimiinde Tg¢lincli dereceden bir

Taylor serisi kullanilacagi icin « , 7, ¢ ve 4 acilarinin
liclincli mertebe tiirevlerine de gereksinim vardir.
Esitlik (14), (25), (38) ve (39) un zaman tiirevleri
alinarak

-2 -2 -2 -2
_GOW_ , kOW_ , kOB OB ;

lw lw lw lw

mygODe cos(0+a)— 50)
_L mWVZO_Dsin(¢9+oc)g
ly P
-myV ODcos(9+a)£
L P J
¥ =—Cq @2 i+i j/'—ks(ﬁ2 i+i 7+
Ib Iw Ib IW
KOA . 1 =—2. kOW . 1 =2
S f+—cg OA g +—X a+—c.OW" &
I Ib Iw w
~mygODcos(0+a)d +
2__
1 mWV—ODSin(0+a)0'z +
ly P
. 2_
m, 2Y (0+a)
L P i
mbgsgbCOS(«9+a+ﬂ+}/+%—7zj(d+}})
V2Syp .
1 —MSIn(H+a+ﬂ+y+z—ﬁ)(d+7)
Iy o 2
myV 2 pSgp v
-————"%cos| 6 L.
i p2 +a+ﬂ+;/+2 Vd (51)
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§ = oxf[ll |j¢ k(+ JOA¢+
b

w I

—2
kW?Q I CCOQ k (I)B }/+Iicd OB v+
w b

—mwgﬁcos(9+a+2,B+;/+z//+¢)(d+}?+¢5)
—
1|, my?0E

sin(0+a+28+y+y+4)(a+7+9)

Mcos(e+a+2ﬂ+y+y/+¢) (52)

rﬁagSgbCOS(9+[l+ﬂ+]/+%—7Ij(d+}})

1 Vil y o
—=|-my—Sgysin| 0+a+p+y+—-x |(a+7)
Ib P 2

/2
—%%SgbCOS(0+a+ﬂ+}/+K77[J
L P 2

fi=—i -y ~§ (53)
esitlikleri elde edilir.

3.3. Sayisal Coziim Yontemi

Denklemlerin ¢6ziimii icin FORTRAN dilinde bir
simiilasyon programi hazirlanmistir. Aracin
davranislarinin simiilasyonuna X =-500 m gibi egrilik

yarigapt yeterince biylik olan bir noktadan
baslanmistir. Bu noktada araca etkiyen atalet kuvveti
yeterince kii¢iik olup aracin statik sartlardaki goériiniimi
devam etmektedir. Programin en basinda degeri
degismeyen girdiler tamtilmistir. Degeri degismeyen
girdileri takiben ¢ =0, % =0, & =0, =0
seklindeki sinir sartlar1 tanitilmistir. Sonra (40) dan
(49) a kadar olan esitlikler metin icerisindeki verilis

sirasina gore kullamlarak Rwo, a0, o, 0, b, B, 0,
0, Mo, Fwo ve Ry degerleri hesaplanmustir. yg ile Foo
arasinda birbirine bagimlilik oldugu i¢cin bu hesap
iteratif islem yapmay1 gerektirmistir. Foo 1 Esitlik (42)
de kullanilan atma degeri ile Esitlik (49) dan hesaplanan

degeri esitleninceye kadar birkag¢ iterasyon yapmak
gerekmektedir. Sonra (14), (25), (38), (39) esitlikleri

kullamlarak acisal ivmelerin baslangi¢ degerleri olan ¢
, 7, ¢, ko hesaplanmistir. Agisal ivmeleri takiben
(50), (51), (52) ve (53) esitlikleri kullanilarak tiglincii
mertebe tiirevler o, 7%, ¢ ve X hesaplanmis ve
baslangi¢ noktasinin verileri tamamlanmistir.

Birinci zaman adiminin sonundaki agilar
o = oo+ 20 A+ %0 a2 4 0 2 54
LT o1 3l (54)
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1 DAt PO a2 P A
71_y/0+l! At+2!At +3!At (55)
PR VO O
¢1_¢b+iAt+5At +§At (56)
Ww=2r-20-0-2-n-y—-¢ (57)

esitlikleri ile hesaplanmistir. Birinci zaman adiminin
sonundaki a¢isal hizlarin hesabi

o+ B 0 5
o =0+ T At+ o1 At (58)
.. 70

=70 +%At+zAt2 (59)
W YT o

qﬁ_aﬁﬁAHZAt (60)
f=—61—n—h (61)

esitlikleri kullanilarak yapilmistir. Sonra,

Ax— VAL (62)

2

1+(dy]

dx Jg
esitligi kullanilarak birinci zaman adimi boyunca tasitin
x dogrultusunda aldig1 yol hesaplanmistir. Hesaplanan
yol ¥ =X +AX esitliginde kullanilarak tasitin birinci
zaman adiminin  sonunda bulundugu konum
belirlenmistir. Tasitin yeni konumu (46) ve (47)
esitliklerinde kullanilarak tasitin yeni konumunun
egrilik yaricapt o ve egrilik yarigapinin zaman tiirevi
A hesaplanmistir. Sonra (14), (25), (38), (39)
esitlikleri kullanilarak agisal ivmelerin yeni degerleri
olan 4, n, q'fl, f4 hesaplanmistir. Agisal ivmeleri
takiben (50), (51), (52) ve (53) esitlikleri kullanilarak
{iciincii mertebe tiirevler &, % ve ¢ hesaplanmis ve

birinci zaman adimmnin  sonundaki  veriler
tamamlanmistir. Simiilasyonun sonraki adimlarinda
ayni islemler tekrarlanmaktadir.

Bu ¢alismada arastirma ve yayin etigine uyulmustur.

4. Bulgular

4.1. Tasitin Ozgiin Degerleri

Devrilme simiilasyonunda kullanilan tasit geometrisi
Sekil 2 de goriilmektedir. Bu tasit Mac Pherson tipi bir
salincak mekanizmasina haizdir. Saghikli bir devrilme
simiilasyonunun yapilabilmesi icin gercek¢i 6zgiin
degerlerin kullanilmasi gerekmektedir. Tasitin salincak
yaylarinin tasita takilmadan o6nceki uzunlugu, tasita
baglandiktan sonra statik sartlardaki uzunlugu, yay
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sabiti, yayin dogrultusu, yayin O noktasindan uzakligy,
salincak damperlerinin soniimleme sabiti, tekerleklerin
capi, lastik kisminin dlgiileri ve yay sabiti, soniimleme
sabiti, Sekil 2 de gérilen Y, 6 ve [ aglarinin

degerleri, salincak kollarmin statik sartlardaki
dogrultusu, gévdenin ve salincaklarin kiitle merkezleri,
salincaklar ve govdenin kiitle atalet momentleri,
belirlenmesi gereken belli basli 6zgiin degerlerdir.
Devrilme similasyonunda kullanilacak olan 6zgiin
degerlerin bir kismi yiike baglhh olarak degisim
gosterirken bir kismi sabit kalmaktadir. Tablo 1 de
verilen 6zgiin degerler yiikli ve yiiksiiz tasitta ayni olan
degerlerdir. Tasit yiiklendiginde degisim gosteren
ozgiin degerler Tablo 2 ve 3 te kiyaslamali olarak
verilmektedir.

Sekil 2 de goriilen sag ve sol tekerleklerin her birisi
tasitin on ve arka tekerleginin ikisini temsil etmektedir.
Tablo 1 de birinci satirda tasitin bir tarafindaki 6n ve
arka tekerler ve salincaklarinin toplam kiitle atalet
momentinin yaklasik degeri verilmektedir. Ikinci
satirda ise yliksiiz tasitin govdesinin (1200 kg) O
noktasina gore kiitle atalet momenti verilmektedir.
Tasit yliklendigi zaman kiitle artarken kiitle merkezinin
O notasindan uzakligi artabilir veya azalabilir. Govdenin
kiitle atalet momenti bir miktar degisim sergileyecektir.
Bu degisimi belirlemek kapsaml bir is oldugu i¢in bu
calismada kiitle atalet momenti sabit kabul edilmistir.
Tablo 1 in {iglincii satirinda verilen kiitle sol ya da
sagdaki 6n ve arka tekerleklerin salincaklar ile beraber
toplam kiitlesidir. Satir 8 ve 9 da salincak yayinin boyu
ve yay sabiti verilmektedir. Boy artarken yay sabiti
azalmaktadir. Yayin boyunun azaltilmasi ve sertliginin
arttirilmasi yolcularin konforu agisindan olumsuzdur.
Yayin boyu istatistik bilgiler kullanilarak belirlenmistir.
Satir 10 da verilen damper sabiti de 6n ve arka
tekerleklerin birlesik sabitidir. Satir 15 te takdim edilen
OA ve OB mesafeleri keyfi degerler olup tasitin dis
goriinimi, Montaj Sartlar1 ve Karayolu Trafik
Isaretleme Standartlari-1 yénetmeligi (Trafik Giivenligi
Dairesi ~ Bagkanligi,  2020) dikkate  alinarak
belirlenmistir. Yayin sertligi arttikca OA ve OB
mesafeleri kisalmaktadir.

Tablo 2 ve 3 te ylike gore degisen 6zgiin degerlerin
kiyaslamas1 verilmektedir. Yikstz tasitin salincak
yayinin uzunlugu 298.2 mm iken tasit 400 kg ile
yiuklendiginde yaymn uzunlugu 2614 mm ye
diismektedir. Yayin boyunda yaklasik 36.8 mm kisalma
olmaktadir. Bu degisim tasitin konforunun yeterli
oldugunu gostermektedir c¢iinkii mevcut tasitlarda
degisim daha azdir. Yiksiz tasitta tekerlek ezilmesi 35.3
mm iken yikli tasitta 45.1 mm ye yiikselmektedir.
Tekerlek ezilmesinin mevcut tasitlardakine yakin
oldugu goriiliiyor. Yiiksiiz tasitta salincak yayinda
olusan kuvvet 7349 N iken yiklii tasitta 9702 N ye
ylukselmektedir. Yaydaki kuvvet artisi1 2353 N olup,
yayin kisalmasi ile yay sabiti carpildiginda ayni1 deger
elde edilmektedir. Bu netice tasitin statik hesaplarinda
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kullanilan matematik modelin dogrulugunu teyit

etmektedir.

Tablo 1. Yiike Bagli Olmayan Ozgiin Degerler
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Tablo 3. Yiiklii Aracin Ozgiin Degerleri (1600 kg)

Ozgiin degerin ad1 Sembolii | Birim | Degeri
Kritik hiz \' m/s 18.22
Salincak yayinin arag (7/ % OB) mm 261.4
izerindeki uzunlugu 0 ’
Tekerlegin ezik kisminin Ruo mm 254.9
yarigapl

Statik sartlarda salincak F

yaylarinda olusan kuvvet b0 N 9702
o agisiin statik degeri ay derece | 20.00
4 acisinin statik degeri Ho derece | 20.00
¥ acisinin statik degeri 70 derece | 25.82
¢ acismin statik degeri Po derece | 25.82
6 agisinin statik degeri 0 derece | 60.36

Ozgiin degerin ad1 Sembolii | Birim Degeri
On ve arka teker ve
salincaklarinin toplam kiitle Iy mzkg 60
atalet momenti
Govdemp kiitle atalet l, mkg 300
momenti
On ve arka teker ve
salincaklarinin toplam my, kg 120
kiitlesi
Bos aracin govdesinin kiitlesi my, kg 1200
Salincak kollariin uzunlugu ow, 0Q mm 700
Bos aracta tekerlek
merkezleri arasindaki 2L mm 1400
mesafe
Tekerlegin tasita R
takilmazdan 6nceki yarigapi W mm 300
Salincagin kiitle merkezinin
0 noktasindan uzaklig1 0D, OF mm 595
Salincak  yaymmin  araca L
takilmadan énceki uzunlugu * mm 413
Sagdaki yada soldaki iki
salincaga ait iki yayin toplam ks N/m | 2x32000
sabiti
Sagdaki ya da soldaki iki
salincaga ait iki damperlerin Cy Ns/m | 2x2500
toplam sabiti
Sagdaki yada soldaki iki k
tekerlegin toplam yay sabiti W N/m | 2x10000
Hfl ) lastik - tekerlegin C, Ns/m | 2x1500
soniimleme sabiti
Govdenin ¢atal agis1 v derece 90
Govdenin ]Sutle merkezinin O Sgb mm 500
dan uzakhg:
Yay tablas1 ile tekerlek S
arasindaki mesafe w mm 85
Salincak yaymin baglama
noktalarinin (Sekil 2 de Ave | OA, OB mm 580
B noktalar1) O dan uzaklig

Tablo 2. Bos Aracin Ozgiin Degerleri (1200 kg)
Ozgiin degerin ad1 Sembolii | Birim | Degeri
Kritik hiz Vv m/s 19.2
Salincak yayinin arag < OB
tizerindeki uzunlugu (7/0 ) mm 298.2
Tekerlegin ezik kisminin Ruo mm 264.7
yarigapl
Statik sartlarda salincak F
yaylarinda olusan kuvvet b0 N 7349
a agisinin statik degeri Q) derece | 20.71
4 agismin statik degeri Ho derece | 20.71
y acisinin statik degeri 70 derece | 29.45
¢ agisiin statik degeri Po derece | 29.45
6 agisinin statik degeri % derece 56

Sekil 2 de goriilen € acisi tasit yiiksiiz iken 56 derece
olup tasit yiiklendiginde 60.36 dereceye ¢cikmaktadir. Bu
ac1 tasitin tabaninin (O noktasinin) yerden yiiksekligini
tayin etmektedir. Tasita 400 kg yiik bindirildigi zaman
salincak kolunun yatayla yaptigi a¢1 9.64 derece
olmaktadir. Azami yiik sartlarinda salincak kolunun
yatay konuma yaklasmasi damperin ¢alisma genligini
genisleterek yol piriizliliigiiniin  sebep oldugu
titresimlerin salincak damperleri tarafindan daha iyi
soniimlenmesini saglamaktadir. Bu sartlarda O
noktasinin yerden yiiksekligi en az 372 mm civarinda
bir degere sahiptir. Bu deger tasarlanan tasitin koti
yollarda rahatlikla kullanilabilecegini gostermektedir.

Yiiksiiz tasitta Qo ve i acilari 20.71 derece iken

yiikleme yapildiginda 20 dereceye diismektedir. Bu
acillarin azalmasi tekerlek ezilmesinin sonucudur.
Yukarida da agiklandig1 tzere yiikleme yapildiginda
tekerlek ezilmesi 9. 8 mm daha artmaktadir. Yiksiiz
tasitta yp ve ¢p agilar1 29.45 derece iken yiiklemeden

sora 25.82 dereceye diismektedir. Bu acilarin azalmasi
salincak yayimin kisalmasinin bir neticesidir. Tablo 2 ve
3 te yer alan @ ve Qo acilarimin toplami salincak
kolunun egimini tayin etmektedir. Yiiksiiz aracta
salincak kolunun yatayla yaptig1 a¢1 13.3 derece iken
yuklii aracta 9.64 dereceye diismektedir. Salincak
kolunun egimi dikkate alinarak tekerlekler arasi distan
disa mesafe yiiksiiz aracta 1562 mm, ytikli aragta 1580
mm olarak belirlenir. Tekerleklerin distan disa
mesafesinin azalmasi devrilme olayinin daha diisiik
hizlarda olmas1 yoniinde etki yapmaktadir. Bununla
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birlikte fark 18 mm gibi kiiciik bir say1 oldugu icin etkisi
oldukca az olacaktir. Tekerleklerin distan disa mesafesi
karayollar1 nizamnamesi ile uyumludur.

4.2. Aracin Virajdaki Dinamik Davranislari

Aracin yliksiiz ve tam yiik sartlarinda Esitlik (45) ile
taniml bir yol izerinde sabit hizlar ile hareket ederken
sergiledigi yalpalanmalar Sekil 4 ve Sekil 5te o, ¥, ¢
ve M agilarinin degisimi cinsinden gosterilmistir. Arag
yuksiiz iken kritik devrilme hiz1 19.2 m/s olarak, tam
ylkte iken 18.22 m/s olarak belirlenmistir. Kritik hizlar
virajin en dar oldugu yerde sagdaki tekerlegin yere
temas basincinin sifira diistiigii hizlardir. Bu hizlarin
tizerinde tasit devrilme siirecine girmektedir. Aracin
davraniglart x=-500 m ile x=+500 m arasinda
incelenmistir. Baslangi¢ noktasi x=-500 m gibi biiytik bir
deger olmadig siirece gergekei sinir sartlari belirlemek
miimkiin olmamaktadir. Virajin en dar yeri x=0 da olup
burada egrilik yarigap1 25 m ye diismektedir. Sekil 4 ten
goriildigii iizere arag yiiksiiz iken ¥ ve ¢ acilarmin

degisimi x=-200 m civarinda belirgin hale gelmektedir.
Arag yiiklii oldugu zaman ¥ ve ¢ acilarinin degisimi x=-
200 m den daha 6nce belirgin hale gelmektedir. Bu
acilarin smir degerleri x=0 1n ¢ok az saginda ortaya
cikmaktadir. Arag¢ yiiksiiz iken « ve g acilarinin

degisimi x=-150 m civarinda belirgin hala gelmektedir.
Arag yiikli oldugu zaman degisim x=-200 m den 6nce
belirginlesmektedir. Bu agilarin maksimum degerleri de
x=0 1n ¢ok az saginda ortaya ¢ikmaktadir. Salincak
yayinin yay sabiti belirlenirken dikkat edilmesi gereken
o6nemli hususlardan bir tanesi soldaki yayin virajdaki
minimum uzunlugudur. Bu yayin minimum uzunlugunu
¢ agismin minimum degeri tayin etmektedir. Her iki

sekilden gorildigi tlizere ¢ acqis1 asin azalmalar
sergilemektedir. Yiiksiiz ve tam yiik sartlarinda ¢

agisinin minimum degerleri 15.82 derece ve 8.76 derece
olarak belirlenmistir. Buna gére tam ytikte virajin en dar
yerinde soldaki salincak yayinin uzunlugu 89 mm ye
diismektedir. Bu durumda yayin sarimlar1 arasindaki
bosluk sifira diismekte ve mekanik temas hali ortaya
c¢ikmaktadir. Kullanilan yayin yay sabiti 32000 N/m
olup bu degerin kritik bir deger oldugu goériilmektedir.
Yay sabiti daha da arttirilirsa tasitin konforundan taviz
vermek, daha da azaltilirsa virajda gidis hizindan taviz
vermek gerekmektedir. Yay sabitinin matematik tanimi

dF
kza seklinde verilmektedir. Eger k sabitse bu

yaylara lineer yay denmektedir. Hem konforu yiiksek
hem de viraj alma hiz1 yiiksek bir tasitin
tasarlanabilmesi icin lineer olmayan bir yay kullanmak
gerekmektedir. Lineer olmayan yaylarda k sabit olmayip
esneme miktar1 ile degisim gostermektedir. Lineer
olmayan yaylarin farli ¢esitleri bulunmaktadir.
Sarimlarinin ¢ap1 veya tel capi degisken olan yayalar
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lineer olmayan yaylardir. Tel cap1 ve sarim ¢ap1 ayni
olup sarim siklig1 degisen yaylar lineer olmayan yaylarin
bir diger sekli olup otomotiv sektériinde bunlar daha
¢ok kullanilmaktadir. Viraj denge c¢ubugu olarak
adlandirilan elemanlar da devrilmeyi onlemek igin
kullanilan teknolojilerden olup, belirli bir yalpa acisin
sonra salincaga ilave kuvvet uygulayarak tasitin
devrilmesini 6nlemektedir.
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Sekil 4. Yiukslz Aracin Kritik Hizda Virajdaki
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Sekil 5. Tam Yukli Aracin Kritik Hizda Virajdaki
Davraniglari

Sekil 4 ve Sekil 5 ten goriildiigi tizere ara¢ x=0 civarinda
iken yiikstliz ve tam yiik sartlarda 4 agis1 17.87 derece

ve 16.4 derece olmaktadir. Bu agilar sol tekerlegin yere
basan kisminin yarigapinin yaklasik 74 ve 94 mm
kiiglilmesine karsilik gelmektedir. Bu 6l¢iide bir ezilme
tekerlegin yay sabitinin yetersiz oldugunu géstermekle
birlikte, tekerlegin yay sabiti yikli sartlarda
ky =2x150000N/m degerine yiikseltildiginde bile
ezilme 72 mm civarinda olmaktadir. Bu netice
tekerlegin yanak genisliginin en az 150 mm gibi bir
degere haiz olmasini gerektirmektedir. Mevcut
tasitlarda ise tekerleklerin yanak genisligi 120 mm yi
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gecmemektedir. Bu netice tekerlegin yay sabitinin lineer
kabul edilmesinin bir miktar hataya sebep oldugunu
gostermektedir. Hakikatte tekerlegin ezilmesi zemin
kuvveti ile lineer degismemektedir. Tekerlege etkiyen

zemin kuvveti arttikca tekerlegin Kw degeri arti
gostermektedir. Bu sebeple £/ agisinin yiiksiiz ve yiikli

sartlarda 17.87 ve 16.4 dereceye diismesi miimkiin
degildir. Wang ve arkadaslar1 (Wang ve dig., 2021)
tekerleklerin yay sabitinin ytlike bagli olarak degisimini
belirlemek icin yaptiklar1 bir deneysel c¢alismanin
bulgularini bir grafik ile gostermislerdir. Tablo 3 ten ve
Sekil 5 ten goriildiigii tizere tam ylikte ve diiz yolda &
acist 20.00 derece iken x=0 m civarinda 23.7 dereceye
ylkselmektedir. Sag tekerlegin yere basan kisminin
yarigapl yaklasik 45 mm genislemekte ve tekerlege
etkiyen zemin kuvveti sifira diismektedir.

Sekil 6 da ve Sekil 7 de aracin kritik hizla yiiksiiz ve tam
yukte Esitlik (45) ile tanimlanan virajda ilerlerken
tekerleklerine etkiyen zemin kuvvetleri goriilmektedir.
Ayni sekiller tizerinde Esitlik (22) ile tanimlanan ivme
kuvveti vektoriiniin egimi de gosterilmistir. Yiiksiiz tasit
diiz yolda 19.2 m/s hiz ile ilerlerken tekerleklere
etkiyen zemin kuvveti 7060 N olup, x=0 m civarinda sag
tekerlege etkiyen zemin kuvveti sifira diismekte, sol
tekerlege etkiyen zemin kuvveti 14004 N ye
ylikselmekte ve devrilme baslangici ortaya ¢ikmaktadir.
Sekilde 6 da goriilememekle birlikte bu sartlarda egim

Ea =\/;—g =0.668 olmaktadir. Yiiklii tasit diiz yolda
18.22 m/s hizla ilerlerken tekerlege etkiyen zemin
kuvveti 9020 N olup x=0 m civarinda sag tekere etkiyen
zemin kuvveti sifira diismekte, sol tekere etkiyen zemin
kuvveti 17907 N ye ylikselmekte ve devrilme baslangici
ortaya cikmaktadir. Sekil 7 de goriilmemekle birlikte bu
P9

durumda egim Ea=V—2=0.688 olmaktadir. Tasitin

geometrisinden Sekil 2 de goriilen o agisinin tanjanti

ow ow
tgo = - =
cg nin yerden Rw + Sgb
yuksekligi

=0.875 (63)

olarak hesaplanir. E; <tgo durumunun ortaya ¢ikmasi

aracin govdesine etkiyen ivme kuvveti vektoriiniin tasit1
devirmeye c¢alisan net bir moment rettigini
gostermektedir. Bu sebeple E; <tgo esitsizligi yaklagik

bir devrilme kriteri olarak kullanilabilir. Kritik hizda,
yuksliz durumda tasitin toplam agirlign 14126 N iken
virajin en dar yerinde sol tekere binen yiik 14004 N,
kritik hizda ytiklii durumda tasitin toplam agirlig1 18050
N iken virajin en dar yerinde sol tekere binen yiik 17907
N olmaktadir. Her iki durumda sol tekere binen yiik
tasitin toplam agirhgindan ¢ok kii¢lik bir miktarda eksik
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kalmaktadir. Bu farkin sebebi net olarak belirlenememis
olmakla birlikte dinamik bir kuvvetin etkisi olabilir.
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Sekil 7. Tam Yiikli Aragta Kritik Hizda Zemin Kuvvetleri
ve Ivme Kuvveti Vektériiniin Egimi

Sekil 8 de kritik hizin govdenin kiitlesi ile degisimi
verilmektedir. Govdenin kiitlesi tasita bindirilen yiik
nedeni ile degismektedir. incelemeler yine Esitlik (45)
ile tanmimlanan yol kullanilarak yapilmistir. Sekilden
goriildigl iizere biiyiik yiiklerde devrilme daha kiigiik
hizlarda olabilmektedir. Bununla birlikte tasitin kiitlesi
%33 degisirken tasitin devrilme hizinin degisimi % 5.5
seviyesinde kalmaktadir. Devrilme hizinin yiik artarken
degisiminin baslica sebebi gévdenin maruz oldugu
merkezcil ivmeden dogan atalet kuvvetidir. Salincaklara
etkiyen atalet kuvvetlerinin de devrilme tizerinde etkisi
vardir. Sekilden goriildiigii tzere yiik artarken hiz
egrisinin egimi biraz azalis sergilemektedir. Arabanin
agirhk merkezinin degismesi, salincaklarin agirlik
merkezinin degismesi ve tekerlekler arasindaki
mesafenin degismesi hiz egrisinin egiminin azalmasi
tizerinde etkili olabilecek faktorlerdir.
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Sekil 9 da devrilme hizinin salincak yayinin sertliginin
(yay sabiti) degisimi ile iliskisi goriilmektedir. inceleme
Esitlik (45) ile verilen yol profili ile yapilmistir. Tasit
kiitlesi 1200 kg olarak secilmistir. Diger girdiler Tablo 1
ve 2 de mevcuttur. Sekilden gorildigi tlizere yay
sabitinin artmas1 devrilmeyi geciktirmektedir. Yay
sabiti 30 kN den 36 kN ye degisirken devrilme hizinin
gecikmesi % 1.3 kadar olmaktadir. Yay sabiti artarken
devrilme hiz1 egrisi yavaslayan bir artis gostermektedir.
Bu yavaslama kiitle merkezinin degisiminden
kaynaklanabilir.

19,4 T T T T T
1924 l 1600 18,21

1500 18,42
19,0 - 1400 18,65| ~

& . 1300 18,91

£ 188+ \ 1200 19,19
N )

<€ 186- \ ]
=
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[EEY

©

N
1

18,0 T T T T T
1100 1200 1300 1400 1500 1600 1700

Govde kutlesi (kg)
Sekil 8. Govdenin Kiitlesinin Kritik Hiza Etkisi

19,8 T T T T
19,6 - i
19,4 - — .
w0 ./o/.
€ 19,2 e 4
- /.
N ¢ 30000 19,107
T 19,01 31000 19,157 1
= 32000 19,199
¥ 18,8 33000 19,242 -
34000 19,2835
18,6 - 35000 19,322 i
36000 19,36
1814 T T T T
30000 32000 34000 36000

Yay sabiti (N/m)

Sekil 9. Kritik Hizin Salincak Yayi Sabiti ile Degisimi

Tasitlarin virajlarda devrilme kritik hizinin arttirilmasi
icin kullanilabilecek en etkili yontem kiitle merkezinin
ylksekliginin  azaltilmasidir.  Kiitle = merkezinin
yuksekligi azalirken moment kolu kisalmakta, neticede
govdenin kiitle atalet momenti de azalmaktadir. Bu
durum tasitin devrilme ivmesini azaltmaktadir. Ancak
onceden belirtildigi gibi atalet momentinin degisimini
hesaba katmak zor bir is olup, bu analizde gévdenin
kiitle atalet momenti sabit kabul edilmektedir. Govdeye
etkiyen atalet kuvvetinin moment kolu Sekil 2 de
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goriilen O noktasi ile gc noktasinin arasinda kalan
mesafedir. Kiitle atalet momenti sabit tutularak atalet
kuvvetinin moment kolu azaltilirsa virajdaki devrilme
kritik hizinin degisimi Sekil 10 da gorildigiu gibi
olmaktadir. Sekil 10 da kullanilan veriler 1200 kg tasit
govde Kkiitlesi icin elde edilmistir. Sekilden gorildigii
lizere govdenin kiitle merkezinin O noktasindan uzakligi
azalirken kritik hiz ivmelenen bir artis sergileyerek
aracin istikrarini iyilestirmektedir.

36 T T T T T T
| . 02 3288
321 03 2601
1 04 21,97
281 05 19,19| T
2 . 06 17,13
E 241 \ 0,7 1550| A
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T 1 ®
= 201 \, .
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Govdenin kitle merkezinin O noktasindan uzakhgi (m)

Sekil 10. Govdenin Kiitle Merkezinin O Noktasindan
Uzakliginin Kritik Hiza Etkisi

Sekil 11 de yiiksiiz tasitin devrilme noktasinin tasit
hizina gore degisimi verilmektedir. Goruldigi Utzere
tasit hiz1 19.2 m/s iken x=0 civarinda devrilme meydana
gelmektedir. Hiz artarken devrilmenin x=0 dan daha
onceleri vuku buldugu goriilmektedir. Hiz 50 m/s olursa
devrilme x=-39 m noktasinda meydana gelmektedir.
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Sekil 11. Tasit Hizinin Devrilme Noktasina Etkisi

Sekil 12 de tasit gévdesinin agirlik merkezi ile O noktasi
arasindaki mesafenin ayni1 kalmasi sartiyla, gévdenin
kiitle atalet momentindeki degisimin kritik hiza etkisi
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goriilmektedir. Kiitle merkezinin yeri O noktasina gore
degismedigi  halde  kiitle atalet momentinin
degismesinin sebebi yiikil tasitin yan tarafina dogru
genislemesinden olabilir. Govdenin kiitle atalet
momentinin degisimi ile tasitin istikrar1 ¢ok hizli bir
degisim gostermemektedir. Govdenin kiitle atalet
momenti 250 m2kg dan 350 m2kg a artarken kritik hiz
19.23 m/s den 19.17 m/s ye dismektedir.

19.30
19.28 +
19.26 1

19.24 4
19.22 4
19.20
19.18 4
19.16 4
19.14 4
19.12 4
nvIO0+——Fr"—"——7T—T
220 240 260 280 300 320 340 360 380
I, (m’kg)
Sekil 12. Govde Atalet Momentinin Kritik Hiza Etkisi

Kritik Hiz (m/s)

5. Sonugclar

Yiiksiiz iken toplam kitlesi (govde ile tekerlek-
slispansiyon sisteminin toplam kiitlesi) 1440 kg, yikli
iken 1840 kg olan bir tasitin egrilik yarigapt 25 m ye
kadar diisiis gosteren bir yolda 18 m/s den daha hizh
gidebilmesi icin salincak yay1 sabitinin 32000 N/m den
daha biiyiik olmasi gerekmektedir. S6z konusu tasitin
daha hizli kullanilabilmesi i¢in lineer olmayan yay
kullanmak gerekmektedir.

e Yay sabitinin artma yoniindeki degisimi tasitin
devrilme riskini cok diisiik seviyede etkilemektedir.

e Arag kiitlesinin artmasi devrilme riskini az miktarda
arttirmaktadir.

e Yiiksliz iken toplam kiitlesi 1440 kg olan bir aracin
tekerleklerinin yay sabiti 100000-150000 N/m
civarinda tahmin edilmektedir.

e ivme kuvveti vektériiniin egimi tasitin kiitle
merkezini tekerlegin tabanina birlestiren dogrunun
egiminden daha az ise devrilme sartlan
olusmaktadir.

e Govdenin kiitle merkezinin asagi cekilmesi devrilme
riskini azaltan en 6nemli faktordir.

o Gelistirilen simiilasyon programi bir saniyeden daha
az bir siire icinde 1000 m uzunlugundaki bir virajli
yolda dinamik simiilasyon islemini
tamamlamaktadir.

e Tasitin gévdesinin agirlik merkezinin moment alma
noktasindan uzaklig1 sabit kaldig1 siirece gévdenin
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kiitle atalet momentinin degismesi kritik hizi ¢ok az
etkilemektedir.

e Tasit kritik hizin Ustiindeki hizlarda kullanilirsa
devrilme noktasinin hiza bagh olarak yer
degistirmesi ¢ok ani olmaktadir.

Arastirmacilarin Katkisi

Yazar adi ve soyadi Katki
Fiziki mekanizma ve
Halit KARABULUT matematik modelin
olusturulmasi
Analizlerin gercgeklestirilmesi
Emre YILDIRIM
ve literatlr arastirmasi
. Kontrol, uyarlama ve revizyon
Mesut DUZGUN
stireglerinin gerceklestirilmesi
Analizlerin gercgeklestirilmesi
Kazim Melih TURGUT
ve bulgularin elde edilmesi

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢cikar ¢atismasi beyan
edilmemistir.
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Anahtar Kelimeler 0z

Deney Ev tipi ankastre firinlar giinliik yasantida sik¢a kullanilan mutfak ekipmanlaridir. Bu
Enerji ekipmanlarin 1s1l verimliliginin artirilmasi, enerji maliyetlerinin yiikseldigi ve enerji
Firin krizinin yasandigi giintimiiz Diinya’sinda kritik éneme sahiptir. Farkli boyutlarda
HAD tiretimleri gerceklestirilebilen firinlarin bu ¢alisma kapsaminda 610 x 545 x 579 mm
Verimlilik boyutlarinda ic hacmi 72 L olan mevcut bir firinin enerji verimliliginin iyilestirilmesi hem

deneysel hem de Solidworks Flow Simulation (SWFS) ticari yazilimi kullanilarak
Hesaplamali Akiskanlar Dinamigi (HAD) sayisal ¢alismast gerceklestirilmistir.
Deneylerde firin dis saclari ve i¢ bélgelerinden alinan sicaklik degerleri karsilastirma
parametresi olarak élgiiltirken HAD sayisal ¢alismasinda rezistanslarin ist giicii, ortam
kosullart (Ps =101235 Pa), sicakligi (To = 22 °C), malzemelerin yogunlugu, isil iletkenligi,
ozgiil 1s1 degerleri ve emaye kaplamalarin olan yiizeyler icin emisivite katsayisi
tanimlanarak iletim, 1sinim ve tasinim 1s1 transferi calismalari yapilmistir. HAD sayisal
calismasinda k-& Reynolds Averaged Navier-Stokes (RANS) tiirbiilans modeli secilmis ve
dogrulanan ag yapisinda Deney-HAD arasinda merkez sicaklik degerleri arasinda %1,02
ve firinin sac yltizeyleri ve sogutma fani etrafinda en fazla %8,56 ve cam bdlgesinde 3
bélge haricinde %9 altinda fark oldugu tespit edilmistir. Farkl fan koruma saci (FKS)
tasarimlari ile yapilan iyilestirme ¢alismalarinda 40 Wh ve cam ytinii yerine altiminyum
kapmali cam yiinii yalittim kullanimi ile 37 Wh enerji tasarrufu elde edildigi tespit
edilmigtir. Calisma kapsaminda yapilan iyilestirmelerin hepsi uygulandiginda 131 Wh
enerji tasarrufu saglanarak A+ seviyesine ulasmasi saglanmistir.

INCREASING THERMAL EFFICIENCY IN BUILT-IN OVENS TO ENSURE SUSTAINABILITY

Keywords Abstract

CFD Increasing the thermal efficiency of built-in ovens is crucial due to rising energy costs and
Efficiency the current energy crisis. This study, both experimental and Computational Fluid
Energy Dynamics (CFD) simulations were conducted to improve the energy efficiency of an
Oven existing oven with internal dimensions of 610 x 545 x 579 mm, resulting in a volume of
Experiment 72 L, which can accommodate productions of different sizes. While temperatures were

measured as the comparative parameter for the outer sheets and internal regions of the
oven during experiments, in the CFD simulation, heat power of the resistors, ambient
conditions (P, = 101235 Pa), temperature (T, = 22 °C), material densities, thermal
conductivities, specific heat values, and emissivity coefficients for surfaces with enamel
coatings were defined to conduct studies on heat transfer through conduction, radiation,
and convection. In the CFD simulation, the k- Reynolds Averaged Navier-Stokes (RANS)
turbulence model was selected, and within the validated mesh structure, it was
determined that there was a maximum difference of 1.02% between the central
temperature values of the experiment and CFD, and a maximum difference of 8.56%
around the oven sheet surfaces and cooling fan, with a difference of under 15% in all
areas except for 4 zones in the glass area. Improvement studies conducted with different
Fan Protection Sheet designs resulted in an energy saving of 40 Wh with the use of
aluminum-coated glass wool insulation instead of glass wool, yielding a total energy
saving of 131 Wh when all improvements were applied to reach A+ level.

Arastirma Makalesi Research Article
Basvuru Tarihi :07.02.2024 Submission Date :07.02.2024
Kabul Tarihi :09.01.2025 Accepted Date :09.01.2025

* Sorumlu yazar: mkeyfoglul6@gmail.com
https://doi.org/10.31796 /ogummf.1433107

hiikiimlerine gore agik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License

@ ® Bu eser, Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
(http://creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6601-0784
https://orcid.org/
mailto:mkeyfoglu16@gmail.com
https://doi.org/10.31796/ogummf.1433107

ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1679-1694

1. Giris

Firinlarin enerji tiketimine gore siniflandirilmaya
baslanmasi firin iretici firmalarini, firinin enerji
tilkketimi Uzerinde de c¢alismalar yapip, yiiksek verimli
firinlar iiretmeye yéneltmektedir. Uriinlerdeki enerji
verimliligi ile ilgili sartlar 2014 yilinda Ecodesign ile
yayimlanmistir. Bu direktifin uygulanmasiyla ilgili,
kademeli bir gecis yapilmis ve yildan yila enerji tiikketim
limitleri asagi cekilmistir. Son olarak 2019 yilinda
Avrupa Birligi tiye iilkelere satis yapilabilmesi icin enerji
verimliligi indeksinin (Energy Efficiency Index - EEI) 96
altinda olmasi sarti  getirilmistir.  Calismanin
yuritildigi Esalba Metal Sanayi A.S. firmasi
bilinyesinde iiretilen firin modelinde ise EEI degeri 103
olarak hesaplanmistir. Avrupa pazarinda satisa devam
edilebilmesi icin enerji verimliligi dusiikk {riinlerde
verimlilik artirma ¢alismalarinin yapilmasi kaginilmaz
bir hal almistir.

Bu calisma kapsaminda c¢alismalarin yiriatildiagi
mevcut firinda, 72 litrelik kavite hacmi ve 801 Wh'lik
enerji tiketimiyle “A” enerji sinifinda
konumlanmaktadir. Mevcut firnin HAD sayisal
calismas1 dogrulandiktan sonra yapilan iyilestirmeler
asagidaki gibi 6zetlenebilir:

— FKS sacinda bulunan deliklerin mevcut kalip
iiretim kosullar1 diisiiniilerek parametrik olarak
bazi deliklerin kapatilmas,

— Is1 yaliim boyas1 kaplanmis cam yiinii yalitim
yerlestirilmesi,

— Cam ylni yalitimin aliminyum folyo kaplamal
cam yiinli yalitim ile degistirilmesi,

— Firinda kullanilan cam sayisinin 3’e ¢gikarilmasi.

AB standartlarina gore yapilan enerji verimlilik
hesaplamas1 sonucuna goére firiminin 699 Wh ve
altindaki tiketim degerleri “A+” enerji sinifina
girmektedir. Calismanin nihai amaci enerji tiiketiminin
bu degerin altina indirilmesidir. Literatiir taramasi
kapsaminda tespit edilen yontem ve tekniklerin HAD
calismasiyla bilgisayar ortaminda simiilasyonun
yapilmasi ve laboratuvarda yapilan deneyler sonrasinda
firnin enerji tiiketiminde iyilestirmeler yapilmistir.
Iyilestirilmis firimin enerji verimlilik sinifi “A+” smifina
ylkseltilmistir.

2. Bilimsel Yazin Taramasi

Teknolojinin gelismesiyle birlikte 1sitma, pisirme,
kurutma fonksiyonlarinin en azindan birini igeren
cihazlardan verimlilik, hizli pisirme, homojen pisirme ve
hizli kurutma gibi 06zelliklerin performanslarinda
iyilesme giderek artmaktadir. Enerji maliyetlerindeki
artis termal islemler icin daha fazla verimlilik ihtiyaci
olusturmaktadir.

Firin icindeki sicaklik ve hiz dagilimini degerlerini tespit
etmek, firinin performansini arttirmak i¢in énemli bir
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adimdir. Sicaklik ve hiz dagiliminin tespiti deneysel
olarak miimkiinken prototip maliyetlerini azaltmak,
iretim siireci olmadan bilgisayar ortaminda
dogrulanmis sayisal modelin olusturulmasi
iyilestirilmis tasarimi hizli bir sekilde olusturmak icin
faydali bir yoldur (Mirade, Kondjoyan ve Daudin, 2002)
(Mistry, Subbu, Dey, Bishnoi ve Castillo, 2006).
Dogrulama ¢alismalar icin ticari veya basitlestirilmis
model olusturulabilirken temelde HAD sayisal
calismalar1 gereklidir. Kurutma firini, aliiminyum
eritme firini, 1sitma firini, zincir sertlestirme firini ve
ekmek pisirme firini gibi endiistrinin kullandig1 bircok
firinda HAD sayisal ¢alismalari yapilarak iyilestirme
stireglerine gidildigi belirtilmektedir (Niamsuwan,
Kittisupakorn ve Suwatthikul, 2015). Hem deneysel hem
de HAD sayisal ¢alisma ile kiiciik 6lgekli bir ekmek
pisirme firim1 inceleyen Khatir ve ark. yiiksek hizla
carpan hava jetlerine sahip bir firini 2 boyutlu
modelledigini gostermislerdir. Firin nozul boyutu ve
firin derinligi tzerine farkli parametrik tasarimlarla
optimum ¢alismay1 belirlemislerdir. 25 farkli noktadan
yapilan 6l¢iim sonuglarina gére HAD ve deney arasinda
%0,91 sicaklik farki olustugu tespit edilmistir (Khatir,
Paton, Thompson, Kapur ve Toropov, 2012) (Khatir,
Taherkhani, Paton, Thompson, Kapur ve Toropov,
2015). Pensek ve ark. tarafindan yapilan ¢alismada bir
ankastre firinin enerji tiketimi analiz edilmistir.
Calisma kapsaminda firinin enerji verimlilik sinifinin AB
standartlarma  gore “A” smifina  ¢ikarilmasi
amacglanmistir. Tablo 1'de detay1 verilen c¢alismada
firmin kapak aciklil, baca ¢ikisinin optimizasyonu,
yalitim kalinliginin artirilmasi, 1s1mnimla 1s1 transferinin
kesilmesi i¢in aliminyum folyo kaplamasi ve firin
camlarinin 2 adetten 3 adede cikarilmas1 i{izerine
calisimistir. Her konfiglirasyon test edilerek ener;ji
tilketimine etkisi incelenmistir. (Pensek, Holecek,
Gierkes ve Golobic, 2005)

Tablo 1. Yapilan Revizyonlara Gore Enerji Tiiketimi
(Pensek ve dig., 2005)

No Acgiklama E (Wh)
1 Standart 917
2 Kapakta ve Firinin Genelinde Bulunan

Is1l Kagaklarin Engellenmesi 801

Kapakta ve Firinin Genelinde Bulunan
Is1l Kagaklarin Engellenmesi ve Bacalarin

3 Kapatilmasi 772
4 Firin Merkez Sicakligindaki Salinimlarin
Azaltilmasi (PID) 745
5 Firin Cevresine 30 mm Kalinliginda
Ekstra Yalitim Eklenmesi 846
6 Firin Kazani i¢ine Aliiminyum Folyo
Kaplanmasi 845
7 3 Camh Firin Kapagi 837

Buna gore 4 numaral ¢alismada goriildiigii gibi firin
sicaklik Kkontroliiniin elektronik olarak yapilarak
merkez sicaklik  saliniminin  azaltilmasit  enerji
tiiketimine en olumlu etkiyi saglayan yontem olarak
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gozlemlenmistir. Altun ve ark. tarafindan yapilan
calismada firin kapagindan dis ortama i1sinimla 1s1
transferi ele alinmistir. Firin kapagindan isinimla 1s1
transferinin azaltilmasi amaciyla, emisivite katsayisi (g)
disiik olan aliiminyum folyo ile kapak caminin
kaplanmasinin enerji tiiketimi {lizerindeki etkisi
incelenmistir. Firinda iki farkli iyilestirme yapilarak
testler gerceklestirilmistir. Ik testte firin i¢ cami
tamamen aliiminyum folyo ile kaplanmustir. ikinci testte
ise firin caminda 8x32cm boyutlarinda bir pencere
acilarak aliminyum folyo Kkaplanmistir. Testlerin
gerceklestirildigi firinin mevcut halinde ener;ji tiiketimi
811 Wh olarak olgiilmiistiir. Penceresiz aliminyum
folyo kaplanmis kapak ile yapilan test sonucunda firinin
720 Wh enerji tiiketimi tespit edilmistir. Pencereli
aliminyum folyo kaplanmis firinda yapilan testte ise
firinin enerji tiketimi 711 Wh olarak o6l¢tilmistiir.
Ayrica buna gore firinin EEI degeri ise 93’ten 82’ye
disirilmistir (Altun, Yildiz ve Anik, 2018).

Iyilestirme ¢alismalarinda kullanilan HAD sayisal
calismasinda model dogrulamasi ve ag yapisi 6nemli bir
konudur. k-¢ RANS tiirbillans modeli endiistride de
siklikla kullanilan ve tutarli sonuglar verdigi ispatlanmis
bir modeldir (Wakes, Maegli, Dickinson ve Hilton, 2008).
Wakes ve ark. tarafindan yapilan bu ¢alismada akis hiz1
ve sicaklik ol¢iimleri belirli noktalarda 6lgiilerek HAD
modeli dogrulanmistir. HAD modelinin
dogrulanmasinda firin 6n kapagindaki akis hizlar1 ve
firnin  ¢esitli noktalarindaki sicaklik ol¢limlerine
yogunlasilmistir. Sicakliklardaki ve akiskan hizindaki
HAD - Deney verileri paylasilarak birbiriyle
karsilastirilmistir. Firin  kapagindaki hava ¢ikisinda
akiskan hiz1 HAD sayisal ¢alismasinda %3 hata payi ile
gozlemlenmistir. Sicaklik 6l¢iimii yapilan noktalarda ise
ortalama hata orani %2 olarak tespit edilmistir. Ag
yapisinin iyilestirilmesiyle daha tutarli sonuglarin
alindig1 raporlanmistir. Kayithan (Kayithan, 2003)
tarafindan yapilan ¢alismada ise 58L kavite hacmine
sahip bir elektrikli firin ele alinmistir. Firinda ist
1siticilarin izerine yansitici plakalarin konmasi, firin
kavite ylizeylerinin yansitici plakalarla kaplanmasi, firin
baca ¢ikisinin kapatilmasi, firin kapaginda “O” conta
kullanilmasi, firin kapak ¢ercevesinin-cam araliginin ve
altisitic1 koruma sacinin cam yiinii ile izole edilmesi gibi
yontemler denenmistir. Calismada en fazla enerji
verimliligi saglayan yontemin firindaki 1s1l kayip ve
kacaklarin  engellenmesi  oldugu  gorilmiistiir.
Iyilestirilmis firmin mevcut durumuna gére %17 daha
disiik enerji tiketimi saglanmistir. Piaia ve ark.
tarafindan yapilan ¢alismada icerisinde hava akimi
bulunan bir kurutma firin1 ele alinmistir. Firin
icerisindeki sicaklik dagiliminin, pisirilen yiyeceklerin
kalitesi tlizerinde Onemli bir etkisi oldugundan
bahsedilerek tasarim ve performans
degerlendirmesinin 6nemine dikkat ¢ekilmistir. Firinin
performansinin tahmin edilmesi i¢in bir HAD sayisal
calismas1 gerceklestirilmistir. RANS yaklasimi ile k-
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tiirbiilans modeli kullanilmistir. HAD sayisal ¢alismasi
deneyde kullanilan hiz sensorlerinden alinan verilerle
dogrulanmistir. Elde edilen sonuglarin gercek deney
verileriyle uyumlu oldugu gorilmiistiir. Deneylerle
Olctlen degerlerle HAD sayisal calismasindan alinan
degerler arasindaki hata orami %18,14’tiir (Piaia,
Claumann, Quadri ve Bolzan, 2018). Niamsuwan ve ark.
tarafindan yapilan ¢alismada toz boya ile boyanmis
klima pargalarinin pisirilmesi icin kullanilan firinin HAD
sayisal calismasi ile performansinin artirilmasi ele
alinmistir. Calismada biiylik 6lgekteki boya pisirme
firimin icerisindeki sicaklik ve akis hizi dagilimim
incelemek icin HAD sayisal calismasi
gerceklestirilmistir.  HAD sayisal c¢alismas1 gergek
deneylerle  elde  edilen  sicaklik  verileriyle
dogrulanmistir. Dogrulama igin toplam 14 noktada
sicaklik 6l¢imii yapilmistir. Bu noktalardaki hata
oranlart %1,9-2,4 arasinda degismektedir. Firin
icerisindeki ortalama sicaklik yapilan ¢calismalarla 1,3 °C
ve 1,9 °C artirilmistir (Niamsuwan ve dig., 2015).

Firinlarin ¢alisma prensibi tasinim, zorlanmis ve 1s1n1im
1s1 transferi yaparak icerdeki havay ya sirkiilasyon ile
ya da dogrudan isitarak gerceklestirmeye dayanir
(Stinger, Scheerlinck, Nicolai ve Impe, 2001). Zorlanmis
tasimimla 1sitilan firinlarda kullanilan sogutma fan
sayisl, fanlar arasi mesafe ve fanlarin yilizeye olan
mesafeleri akisin firin icindeki dagilimim
etkilemektedir. HAD - Deney sonuglari1 benzer bir trend
gosterirken motor ¢evresinde 6l¢iim belirsizligi daha
fazlayken %25,58 olciim farki olusmaktadir (Sahin,
2023). Uriin pisirme siirecleri icin kullanilan elektrikli
bir firinda sicaklik dagiliminmi tespit ederek firinin
pisirmeye olan etkisini arttirmaya yonelik SWFS HAD
sayisal calismasi kullanilan c¢alismada 1s1 transferi
katsayisi, sicaklik ve basing degerleri elde edilmistir.
HAD - Deney arasindaki sicaklik farkinin maksimum
%7,6 oldugu belirlenmistir (Constantin, Munteanu,
Voicu, Paraschiv ve Stefan, 2023). Pisirme performansi
degerlendirmek icin  elektrikli firinda ekmek
modellemesi yapilabilirken pisirme surecini
degerlendirmek icin farkli giliclerde HAD sayisal
calismasinda k- RANS tiirbiillans modeli kullanilarak
¢ikan iirtin kalitesi iyilestirilmistir (Khatibi, Zamani ve
Mirzababaee, 2023).

Bu c¢alisma kapsaminda mevcut bir firinin enerji
verimlilik degerinin iyilestirilmesi iizerine hem
deneysel hem de HAD sayisal ¢alismasi yapilmistir. Fam
koruyan FKS sacinda bulunan havalandirma delikleri
lizerinde parametrik calisma ile yeni FKS tasariminin
belirlenmesi ve 1s1y1 firin icinde tutmaya yarayan cam
yinli yaliimin degistirilmesi {izerine iyilestirme
¢alismalari gergeklestirilmistir. Firin i¢i hava sicakligi ve
komponentlerin sicaklik degerleri ile dogrulanan HAD
sayisal calismasi deney sonuclari ile karsilastirmalari
paylasilirken enerji titketiminden 131 Wh kazang tespit
edilmistir.
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3. Yontem
3.1. Standart Performans Deneyi Prosediirii

Ic hacmi 72 L olan deney calismasinda kullanilan firin
Sekil 1’de gosterilen dis sac, sogutma fani yonlendiricisi,
kapak kulpu, fan koruma saci (FKS), cam, sogutma fani,
turbo fan, list-alt-turbo-grill rezistans, tel raf ve baca gibi
pargalardan  olusmaktadir. Calisma kapsaminda
iyilestirme parametresi olarak kullanilan parcalardan
olan FKS, firin i¢cinde bulunan turbo fanin korunmasi
saglarken sac ytlizeyinde bulunan delikler (bosluklar)
sayesinde firin i¢indeki havanin dagiliminda rol
oynamaktadir. Firin i¢i hava sirkillasyonu ile firin
performansi degisirken yemeklerin homojen pismesine
ve enerji verimliligi gibi firin tasarimi i¢in kritik olan
konulara direkt etki etmektedir. Firinda kullanilan baca,
ic ortamda olusan buharin tahliye edilmesini saglayan
bir agikliktir. Baca, firin i¢indeki hava dolasimim
dizenler ve pisirme siireci sirasinda meydana gelen
buharin etkin bir sekilde disariya atilmasini temin eder.

Dis Sac

Sogutma Fani
Yonlendiricisi
Kapak Kulpu

Fan Koruma
Saci (FKS)

Cam

Sogutma Fani

Ust Rezistans

Grill Rezistans
Turbo Rezistans

Turbo Fan

Alt Rezistans

Sekil 1. A) Firin Dis Parcalar B) Firin I¢ Parcalar

Calismada kullanilan mevcut firinin performans testleri
EN60350-1 (EN 60350-1, 2013) standardinda belirtilen
performans testine gore Sekil 2'de detaylari gosterilen 1
adet hipor tugla ile gerceklestirilmistir. Hipor tuglanin
boyutlar1 230 x 114 x 64 mm’dir. 32 mm derinliginde, 50
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mm uzaklhiginda, iki adet 1mm c¢apinda termokupl
yuvasi bulunmaktadir ve ilgili 6l¢iiler sirasiyla d, b, c ile
gosterilmistir. Firinin merkezinde bulunan tuglanin
yuvalarina montajlanan termokupl ile tugla icindeki
sicaklik degerleri o6lciilmistiir. Enerji verimlilik
hesaplamalar i¢in gerekli olan bir diger veri ise hipor
tuglanin firina girmeden onceki yas agirlig1 ve firindan
¢iktiktan sonraki kuru agirligidir. Hipor tugla standarda
gore i¢ sicakliginin 5 2 °C olmasi gerekirken 1050 + 50
gram suyu emmesi gerektiginden dolay1 sogutucu
dolaplarda su dolu kaplarda  tutulmustur.
Sogutucundan ¢iktiktan sonrasinda 1 dakika siire
zarfinda Ustiinde bulunan suyun akmasi beklenir ve
stire sonunda firin i¢ine alinarak deney siireci aktif hale
getirilmistir.

iki adet K tipi
151l gift . b €
: 7
¢ -_._:r_-_-_-_- L] 3{__/" {PIF__ oy 4
1 H vz [ d
..... = — = — m <

T ——————— S ——————————— -
e
7 )
#
F.
; ’

Sekil 2. Deneylerde Kullanilan Hipor Tugla Gdsterimi
(Altun ve dig., 2018)

Standartta belirtilen kosullara gore deney ortam
sicakligi ve firinin 23 +2 °C olmasi gerekmektedir. Firin
i¢c sicakligy, firin merkezine yerlestirilen bir termokupl
ile merkez sicakligi 6lciilerek firin set sicakliginin ortam
sicakligina gore Tablo 2’de belirtilen sicaklik limitleri
icinde oldugu teyit edilmistir. Bu artiglarin sonunda firin
merkez sicakliginin, merkezde kullanilan termokupl
araciligi ile es zamanli sicaklik degerleri alinarak istenen
sicaklik artisinin saglanmasi kontrol edilmistir.

Deney, hipor tuglanin 32 mm derinlikli yuvalarda
bulunan termokupllarda okunan sicaklik degerlerinin
baslangi¢ sicaklik degerine gore 55 °C artis oldugunda
sonlandirilmistir. Bu siire zarfinda elde edilen enerji
tiiketimi  hesaplanir. Enerji tiiketimi bir sayac
yardimiyla Olgiiliirken deney oOncesi ve sonrasinda
olusan enerji farkina bakilarak elde edilmektedir. Hipor
tuglanin yas ve kuru agirliklari, enerji tiiketimi gibi
degerler yardimiyla EN60350-1 standardinda bulunan
hesaplama teknigi ile enerji sinifi belirlenir.

Tablo 2. EN 60350-1 Standardina Gore Test Sicakliklar:

Isitma Fonksiyonlar1

Sicaklik

Artist Konvansiyonel ~ Zorlanmig Kizgin
Tasinim Buhar

AT} 140 + 10°K 135+10°K 135 10°K

AT 180 + 10°K 155+ 10°K 155+ 10°K

AT} 220 £10°K 175+10°K 175+ 10°K
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3.2. Hesaplamali Akiskanlar Dinamigi Simiilasyonu
3.2.1. Geometri

Mevcut firinin HAD sayisal ¢calismalar gergeklestirilerek
1s1l kacaklarin tespit edilmesi, kavite icerisindeki 1s1
dagilimmin incelenmesi, performans iyilestirmesi
yapilabilecek komponentlerin belirlenmesi ve baca
acikligindaki akis hizinin hesaplanmasi amaglanmistir.
HAD sayisal c¢alismalart SWFS ticari yaziliminda
yapilmis olup dogrulanabilmesi icin mevcut firin
tizerinde cesitli enerji verimlilik testleri ve sicaklik
olciimleri gerceklestirilmistir. Sekil 3’te toplamda 3 adet
sicaklik 6l¢iim noktasi gosterilmistir. On kapak cami
dahil olmak tizere toplam 170 noktada sicaklik dl¢timi
yapilmis ve ortalama sonuglar alinmistir.

A FKS Sicaklik Olciim Noktas -

B

Sekil 3. Firin Sicaklik Ol¢ciim Noktalar1 A) FKS B) Arka Sac

Sekil 4’te firinlarda kullanilan mekanik termostatlarin
sicakligl olgen kismi olan bulb (firin termostati)
gosterilmistir. Firin ag-kapa mekanik termostatla
kontrol edilmektedir. Bulb bulundugu konum itibariyle
firin merkezindeki sicaklik ile ayni sicakliga sahip bir
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bolgede konumlandirilmalidir. HAD sayisal
¢alismalarinda bu bolgedeki sicaklik kritiktir.

Sekil 4. Bulb

Sicakliklarin tiimi “K” tipi 1sil ¢iftler kullanilarak bir veri
toplayict tlizerinden almmistir. Firin  bir mutfak
dolabinin icine yerlestirilerek deneyler
gerceklestirilmistir.

3.2.2 Sinir Sartlan

RANS tiirbiilans modeli endiistriyel HAD sayisal
c¢alismalarinda sikga kullanilan bir modelleme
yaklasimidir (Fahey ve Karagoz, 2007). RANS yaklasimi
cok cesitli problemler iizerinde yillarca dogrulanmistir.
RANS, endiistriyel problemlerin ¢éziimii icin kullanilan
en pratik yaklasim olarak kabul gérmektedir. Tutarlilik
ve gerekli hesaplama giicii arasinda ideal bir denge
yakalamaktadir. Cesitli  tilirbiilans modelleme
seceneklerine ragmen, k-€ modeli kullanilan en yaygin
ve dogrulanmis iki denklemli modeldir. Endiistriyel
akislar icin (bir firin icindeki akis gibi), k ve €'nun
dagilimi 6nceden bilinmez ve genellikle giris hiz1 ve bir
uzunluk  6lgegi  arasinda  tiirbiilans  iretimi
baglantilarindan yaklasik olarak hesaplanir. RANS
denklemleri ortalama alinmis siireklilik ve momentum
denklemlerini igerir ve akiskanlar i¢in denklem (1) ve
(2) kullanilarak hesaplanmaktadir. Burada belirtilen w;

hiz bilesenlerini, (pu{u}) ise tlirbililans gerilmelerini, p

akigkanin yogunlugunu gostermektedir.

dpu;

—a”x’: =0 (D
AT IS ORI Y (AL ) By

p (u] ij> - ax,- + pgl + aX]' I:u (an + axi) pulu]:l (2)

Momentum denkleminde ortaya ¢ikan tiirbilans
gerilmelerinin hesabiigin tlirbtilans modelleri kullanilir.
Tirbiilans kinetik enerjisi (k) ve dissipasyon orani (&)
icin yazilan iki transport denkleminin ¢6zliimiini ve
tiirblilans viskozitesinin hesabini igerir. Kaldirma
kuvvetleri etkisi ihmal edildiginde, bu transport
denklemleri k ve € i¢in sirasi ile denklem (3) ve (4)’te
belirtilmektedir. Denklemlerde belirtilen R kayma
oranlar1  akim  c¢izgisi  egriliklerini  agisindan
hesaplanmaktayken kayma oraninin () kuvvetli oldugu
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bolgelerde € degeri artmaktadir. Bu denklemlerde yer
alan G, ortalama hiz gradyanlarindan kaynaklanan
tiirbiilans kinetik enerji tiretimini temsil etmektedir ve
denklem (7)’de akiskanin tiirbiilans vizkozitesine (p) ve
farkl yonlerdeki hiz degisimine (u) bagh denklemlerle
ifade edilmistir. Tirbiilans viskozitesi denklem (7)’de
belirtildigi tizere SWFS, HAD calismasinda kullanilan
k — ¢ tirbiilans modelinde bulunan tiirbiilans kinetik
enerjisini (k) ve dissipasyon orani (&) icermektedir. C,
ise sabit bir katsayidir (Modelling Turbulence, 2006).

P%ﬂ%((“z_ﬁ :—Z)+C1£Gk—62p§—R (4)
R= Cupnji;;/%)§ (5)
Gr = 1t (g—] +%)§—J (6)
Ht=PCuk?2 (7)

Diger ampirik sabitleri; C; = 1,44, C, = 1,92, ¢, = 0,09,
k ve € i¢in tanimlanan tiirbiilans prandtl sayilari o}, = 1,
o, = 1,3'tiir (Kaya ve Karagoz, 2007).

SWFS HAD c¢alismasinda RANS tiirblilans modeli
yaklasimi icin standart k-e alternatifi olarak Lam-
Bremhorst tarafindan diizenlenmis k-g¢ modeli
kullanilmaktadir. Bu model standart k- modeline gore
duvar fonksiyonlarini daha tutarh hesaplamak i¢in eddy
viskozitesi ve dissipasyon orani formiiliinde cesitli
katsayilar icermektedir. Lam-Bremhorst k-¢ tiirbiilans
modeli i¢in dissipasyon orani ve eddy viskozitesi
denklem (8) ve (9)'da belirtilmistir (Lam ve Bremhorst,
1981). Burada belirtilen f,, f; ve f, katsayilar1 denklem
(10)-(12) arasinda aktarilmistir. Bu katsayilarin 1’e esit
olmasi durumunda denklem standart k-e modeli haline
gelmektedir.

D¢ a (v1 )a‘E efou; , 9Uj\auU;
—=—— =TV ) Cifivi-|——+—=|——
D¢ 6x]-[ og + 1 ox;j + 1f1 1k ox;j + ox; ) 0xj

Cfo ®
v, = B8 9)
fi=@—e 2 (1+3) (10)
fi=(+@al/f) (D
f,=1—eR (12)

As, Ay, Cy, G, , tirbiillans model sabitleridir ve Ry, R;
tiirbiilans Reynolds sayilarini ifade eder. Burada C;, C,
sabitleri daha 6nce verilmis olup A;, A;, sabitleri ise
deneme yanilma yoluyla bulunmaktadir. Ancak ampirik
olarak bu degerler A4,=20,5 ve A; = 0,05 olarak
belirlenmistir (Lam ve Bremhorst, 1981).
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K2

Re=1— (13)
k2
R ==— (14)

HAD sayisal ¢alismasinda incelenen bir diger konu ise
firnin 1s1 akisidir. Is1 akist birim alana etkiyen 1s1
enerjisinin birim zamandaki miktarini ifade etmektedir.
Firinlarda 1s1 kagaklarini indirgemek icin kullanilan cam
ylniinden ve camdan kacan 1s1 miktarina goére firin
icindeki ~minimum-maksimum sicaklik degerleri
degismektedir. Bu durum enerji verimlilik, firin igi
sicaklik, merkez sicaklik ve pisirme performanslarini
etkilemektedir. Is1 akis1 denklem (15)'te belirtildigi
tizere sicakliga (T), 1sinin gectigi ylizeyin uzunluguna (x)
ve 1s1 iletim katsayisina (k) baghdir.

s
q= k3 (15)

Calismada iletim, tasinim ve 1sinim 1s1 transferleri
bulunurken farkli malzemeler iceren firin HAD sayisal
calismasinda kati cisimler arasindaki 1s1 iletim denklem
(16)’te ifade edilmistir. Burada Q birim hacim basina
0z1s1 yayimy, A; 1s1l iletkenlik tensori 6zdegerleridir. “e”
ozgul i¢ enerjidir ve denklem (17)’de verilmistir. Burada
kullanilan c 6z 1s1 ve T sicaklik olarak ele alinmaktadir.
Isinim 1s1 transferi ise HAD sayisal ¢alismasinda ayrik
ordinatlar (DO) modelini kullanir. Bu model denklem
(18)'de belirtilmistir. Burada “s” 1sinimin yoniinii
gosteren birim vektordiir (Modest, 2013).

dpe _ @ oT

e a—xi(/li a_xi) + Qu (16)
e=cT (17)
HOD = —(K + 0)IG,7) + Kn?I, (7) +

0. 7 2 7 = I

Z @3 (57) an (18)

Mevcut firin modeli, tahmini akis ve 1sinma
karakteristigi goz oniline alinarak HAD sayisal ¢alismasi
icin diizenlenmistir. Bu diizenleme ile sivri koseler i¢ ice
gecen pargalar, vida ve vida delikleri gibi tekillik
problemleri  olusturmasi muhtemel ylizey ve
komponentlerin ortadan Kkaldirilmasiyla hesaplama
suresinin azaltilmasi hedeflenmistir. Yapilan
diizenlemeler sonras1 gereksiz komponentler ve
geometriler kaldirilmistir. ignelenmis cam yiinii gibi
katlanabilen = malzemeler = modellenirken  firinin
kapatilan yiizey alani esas alinmistir. Kazan igerisinde,
rezistanslarda, fan kanat yapilarinda, 1s1l yiikii yiiksek
saclarda degisiklik yapilmamistir. Isitic1 rezistanslarin
ve fanlarin HAD sayisal calismasinda gercek modeli
tanimlanmistir. Is1 transferinin yiiksek oldugu ve
montaj1 sebebiyle 1s1 akis1 yiiksek olan parcgalarda
herhangi bir degisiklik yapilmamistir. Hazirlanan firin
modelinin sinir sartlar1 deney ortaminda alinan verilere
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gore hazirlanmistir. Calismada hem i¢ akisin hem de dis
akisin simiile edilebilmesi i¢in Sekil 5'te boyutlari
gosterilen dis ortam hazirlanmistir.

700 mm

Sekil 5. HAD Modeli D1s Akis Hacmi Boyutlari

Firin iizerinde bulunan rezistanslarin giicleri gii¢ 6lglim
cihazi ve fanlarin devirleri takometre ile 6l¢iilerek HAD
sayisal calismada tanimlanmistir. Deneylerde kullanilan
rezistanslarin biitiin ytlzeyleri 1sinmadig1 icin HAD
sayisal calismasinda da bu durum dikkate alinmistir.
Boylelikle rezistanslara Tablo 3’te belirtilen “yiizey gii¢”
sinir sarti tanimi yapilirken sicakligin rezistans iizerinde
olustugu ilgili ytlizeyler secilmistir. Turbo fan ve
sogutma faninin RPM degerleri Tablo 4’te aktarilmistir.
Rotasyon sinir sart1 sogutma fani i¢in 126 mm ¢apinda
19 mm kalinhiginda ve turbo fani i¢in 154 mm ¢apinda
22 mm kalinliginda olusturulan silindir kontrol hacmi
ile saglanmistir. Bu degerler fanlariigine alacak minimin
degerlerdir.

Tablo 3. Rezistans Giicleri
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calismasinda PSEUDO =zamanina gore rezistanslari
sicakliga bagl olarak acip kapatarak gergek sartlarda
firmin yapmis oldugu sicaklik salinimlarini simiile
edilmistir. Firin rezistanslari set sicakliga kadar a¢-kapa
yapmasi durumu firin icinde merkez sicaklik degerini ve
firndaki komponentlerin sicakliklarinin belirli bir
aralikta salinim yapmasina sebep olmaktadir. Bu
durumda nihai deney sicaklik sonuglar firinin 1 saat
calistirilmasi ile tespit edilmistir. 1 saat deney siiresi
EN60350-1 standardindan alinarak elde edilmistir.

lletim, tasinim ve 1s1mim 151 transferinin aktif oldugu
firinda kullanilan komponentlerin malzeme 6zellikleri
Tablo 5’daki gosterildigi gibi tanimlanmistir. Degerler
literatlirde bulunan farkli ¢alismalardan ve kullanilan
tiriinlerin kataloglarindan saglanmistir.

Tablo 5. Malzeme Ozellikleri

Kullanilan ; 0 (W
Komponent Malzeme Is1 Iletkenlik (ﬁ)
Camlar Temperli Cam 1 (Schott, 2004)

Yaliim Ignelenmis 0,043 (Cengel ve Ghajar)

Cam Yiinu
Su Bazli Akrilik 0,023 (isollat, n.d.)
(Yamaly, 2019)

0,68 (Shanks, Maycock,
Didles ve Danielson,

Arka Yalitim
Plakasi Boya

Silikon Yapistiric Silikon

1963)
Tiim Metal . 60 (Material data sheet
Komponentler Celik thermally broken steel
p USA, 1997)

Kapak Ust Citas1 ve .
Kapak Profil PAGG 3ﬁ3§§ﬁﬁﬁiﬁaﬁd)
Kapaklar1 y P

Sogutma Fani 0,30 (Material: Polyamide

Yonlendirici Kanat PA66GF30 66 GF 30, n.d.)
Kapak Kulpu Alliminyum 237 (Cengel ve Ghajar)
Rezistans Dis Paslanmaz 15,1 (Material data sheet
Kilflar: Celik thermally broken steel
USA, 1997)
Serigrafi 0,2 (Guerin, Morin,
Serigrafi 5 Chaussy ve Auriault,
Boyasi

2001)

Rezistans Gii¢ (W)
Ust Rezistans 980
Grill Rezistans 1200
Alt Rezistans 1100
Turbo Rezistans 2100

Tablo 4. Fan Devirleri

Fan Devir (devir/dakika)
Turbo Fan 960
Sogutma Fani 1160

Firin rezistanslar1 HAD sayisal ¢alismasinda 200 °C’ye
ulasana kadar aktiftir. 200 °C'yi gectikten sonra
kapanirken 200 °C’nin altina distiigiinde tekrardan
aktiflesmektedir. Calisma kapsaminda set sicakliginin
200 °C secilmesinin sebebi EN60350-1 standardinda
merkez sicaklik gibi bir¢ok testin bu sicaklik degerinde
yapilmasidir. Firin rezistanslari deneyde set sicakligina
gore acilip kapanirken, zamandan bagimsiz HAD sayisal

Firin iginde bulunan sicakligt korumak ve enerji
verimliligini  korumak/arttirmak i¢cin firm i¢
yluzeyindeki sicakliga maruz kalan saclar emaye ile
kaplanmaktadir. Ayrica firin camlari da diisiik emisitive
iceren noktali bir yapiya sahiptir. Bu komponentlerin
1s1n1m ozellikleri Tablo 6’de ifade edildigi gibi 151n1m 151
transferi iceren komponentlerin i¢in emisivite
katsayilar1 tanimlanmistir. Ayrica emaye veya galvaniz
(¢cinko) kaplama olan parcalar i¢cin de HAD sayisal
¢alismasi yaziliminda bulunan “Isimimsal Yiizey” 6zelligi
kullanilmistir. Bu 6zellik sayesinde parcalarin iizerine
fazladan kat1 veya cidar modellemesi yapmaya gerek
kalmadan emisivite katsayis1 secilen ylizeylere
tanimlanabilmektedir. Firindaki 1sil etkilerin icerisinde
1s1n1m dnemli bir yer tutmaktadir. Ozellikle {ist rezistans
ve kavite icerisindeki emaye kaplama i1sinim etkisiyle
sicakligi ve 1s1 akis1 degisecek komponentlerdir. Bu
sebeple 1s1nim aktif hale getirilmistir.
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Tablo 6. Isinim Yiizeyleri ve Emisivite Katsayilari

Isinimsal Yiizey Emisivite Katsayisi

Kavite Emaye Kaplamas1 0,90 (Kokolj, Skerget ve
Ravnik, 2017)

¢ Cam Low-e Kaplama 0,02 (Schott, 2004)

Dis Cam 0,90 (Kokolj, Skerget ve
Ravnik, 2017)

HAD sayisal ¢alismasinda, firin dis akis kontrol hacmi
firinin boyutlarindan daha fazla tanimlanarak (Sekil 5)
firina dis ortaminda gelen hava kosullar1 yansitilmistir.
Bu kosullar deneylerin gerceklestigi acik hava basinci
(Ps = 101235 Pa), ortam sicakhigl (T, = 22 °C) ve hiz
degerleri 0 m/s olarak tanimlanmis boylelikle firinin dis
yluzeylerinden gelen tasinim 1s1 transferi i¢in zemin
hazirlanmistir. I¢ ortam sicaklig firlnin ¢alismasindan
dolay1 +1 °C degismektedir. HAD sayisal calismasinda bu
deger ihmal edilip sabit 22 °C sicaklik tanimlanmistir.
Yer ¢ekimi 9,81 m/s? olarak tanimlanmistir. Calisma
kapsaminda vida delikleri ve vida gibi 1s1 transferine ve
havanin akis cizgilerini ¢alismaya olan etkisi yok
denecek kadar az oldugu icin ihmal edilmis ve ag
yapisinin kalitesini bozacak veya eleman sayisini
arttiracak etmenler ihmal edilmistir.

3.2.3 Ag Yapisi ve Agdan Bagimsizlik Calismasi

HAD sayisal calismasinda bir ag yapist stratejisi
belirlenmesi gerekmektedir. Bu noktada akisin kritik
oldugu noktalar, duvarlar, 1s1 kaynaklar1 ve o6l¢iim
noktalari i¢in bazi ag yapist denetimleri uygulanmistir.
Bu noktalara daha ince bir ag yapisi uygulanarak
sonuglarin daha tutarl olmasi ve analizin yakinsamasi
amaglanmistir. A yapisinda bulunan eleman sayisi bu
yapilan iyilestirmelerin kuvvetine gore degismektedir.
Ag yapisinda bulunan elemanlarin sayisi ile hesaplama
stresi birbirine paraleldir. Ayrica bilgisayardaki islemci
cekirdek sayis1 (10) ve RAM (128 GB) miktarina bagh
olarak hesaplamalarin yapilabilmesi i¢in ag yapisi
eleman sayisinin optimize edilmesi gerekmektedir.
Optimum dengenin bulundugu noktada model iizerinde
calismalara devam edilmektedir. Bu c¢alismalara ag
yapisindan bagimsizlik (mesh independency study) adi
verilmektedir. Modelde farkli ag yapisi eleman sayilari
ile yakinsama grafikleri ve hedef degerler kontrol edilir.
Ag yapisi eleman sayisi diislikten yliksege dogru giderek
denemeler yapilir. Bu denemelerin sonunda eleman
sayisinin artmasina ragmen bulunan deger veya
yakinsama grafiklerinin degismedigi noktada ag
yapisindan bagimsizlik ¢alismast tamamlanir. Ag
yapisindan bagimsizlik ¢alismasinin sonucunda analiz
sonuclarinin degismedigi en diisiik eleman sayisina
sahip ag yapisi islem giicii acisindan en verimli ¢6ziim
olmaktadir. Bu ag yapisi ile HAD sayisal calismasina
devam edilmektedir (Lu, Rane ve Kovacevic, 2022).
SWFS ag yapisimt li¢ boyutlu dikdortgen hiicreler
seklinde olustururken buna sonlu hacim (FV) yoéntemi
denilmektedir. Akigkanin  bulundugu dikdoértgen
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hiicrelerde Navier-Stokes (NS) denklemleri
¢ozlilmektedir. SWFS smir katmanlar igin 6zgiin bir
yaklasim sergilemekte ve duvardaki hiz profillerini
olusturmak ve hesaplayabilmek icin Prandtl sinir tabaka
yaklasimini kullanir. Sinir tabakasi ¢éziimiini kitlesel
akis ile birlestirmek icin iki yéntemden olusan iki
Olgekli Duvar Fonksiyonu (2SWF) kullanilir (Kirmizigél
ve Ugar, 2024). Bunlardan iki akis ve termal profillerin
olusumu icin eleman sayisi yeterli degilse ince sinir
tabaka isleminin uygulanmasi ikincisi ise smir tabaka
profillerinin ¢dziimi i¢cin katman boyunca kullanilan ag
yapist gerekenden fazla ise kalin bir smir katmani
yaklasimi uygulanmasidir (Sobachkin ve Dumnov). Bu
¢alisma kapsaminda kaba (2.7 M), secilen (4.3 M) ve iyi
(6.6 M) olmak tizere 3 fakli ag yap1 incelenmistir. Sekil
66A’da firin kesiti lizerinde incelenen ag yapisinin
bolgelerine yer verilmistir. Buna gore firinin kritik
bolgeleri olan hava vakum bdélgesinde, sogutma fani
bolgesi, turbo fan bélgesi, firin merkezinde ag yapisi
inceltilerek ele alinmistir. Hava vakum bélgesi cam
tizerinde olusan sicakligi belirlerken, fan bolgeleri
icerde olusan hava dagilimi etkiler ve merkez sicakligin
degismesine neden olur. 2,7 M - 4,3 M ve 6,6 M eleman
sayili ag yapilar ve ilgili bolgelerde olusan degisimler
Sekil 6B-D arasinda verilmistir. Bu ag yapilarindan elde
edilen sonuglar Sekil 7°de paylasiimistir.

Turbo Fan

Sogutma Fani
y Bolgesi

YA Firin Merkezi
Bolgesi « /

HaV§ Vak'um incelenen Ag Yapisi Bolgesi
Bolgesi
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Sekil 7. Ag Yapisi Eleman Sayisina Gore Firin Merkez
Sicaklik Salinimu (Ust), ince Ag Yapisina Gére Yakinsama
Grafigi (5) (Alt)

Sekil 7’de verilen sonuglara gore firin merkez sicaklik
degerlerinin ag yapisindan bagimsizlik ¢alismasindan
elde edilen merkez sicaklik sonuglari karsilastirilmistir.
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Ankastre firinlarin sicaklik kontrolii, termal dengeyi
saglamak amaciyla belirli bir set sicakligin1 koruyarak
kesikli 1sinma slreglerine dayanir. Firin igindeki
sicaklik, siirekli bir sekilde 1sitilmak yerine, belirli bir
hedef sicaklik ayarlandiginda, elektrikli rezistanslar
belirli bir siire boyunca devreye girer ve firin ortamini
1sitarak hedef sicakliga ulasmayi saglar. Bu siireg,
termokupl adi verilen sicaklik sensorleri araciligiyla
izlenir ve hedef sicaklik ayarmma ulasildiginda
rezistanslar  otomatik  olarak  kapanir.  Ancak,
rezistanslarin kapanmasinin ardindan firin igindeki
hava ve malzeme, 1s1 kaybi ile soguma egilimindedir. Bu
noktada termokupl, i¢ ortam sicakligini algilar ve
sicaklik hedef degerinin altina diistiigiinde rezistanslar
yeniden devreye girer. Boylece, 1siticilar tekrar aktif
hale gelir ve ortamin 1s1s1 yeniden yiikseltilir. Ancak bu
1sinma sirasinda, termokupl hala soguma egilimindedir,
clinkii sensoriin algiladigi sicaklik, rezistanslardan gelen
dogrudan 1sidan once ¢evresel 1sil dengeye
ulasmamaktadir. Bu dongiisel 1sinma ve soguma siireci,
ic ortamda strekli bir termal dalgalanma yaratir. Bu
dalgalanmalar, firin igindeki sicaklik profilini zamanla
stabilize etmeye ¢alisirken, HAD sayisal ¢alismalarinda
da benzer sekilde modellenir. Termokuplun yanit,
1sinan rezistanslardan gelen dogrudan 1s1 ve firin
icindeki hava akisinin etkilesimiyle belirlenir. Bu
nedenle, modelleme siirecinde sicaklik dagilimi, hava
akiskanlarinin davranisi, 1sitic1 elemanlarinin yerlesimi
ve c¢evresel kosullar dikkate alinarak zamanla degisen
bir termal denge simiile edilir.

Bu tir sayisal ¢alismalar, firin igindeki 1s1l dagilimy,
sicaklik dalgalanmalarini ve enerji tiiketimini daha
dogru bir sekilde tahmin etmek i¢in kritik 6neme
sahiptir. Boylelikle, firin tasarimi ve sicaklik kontrol
stratejileri, daha verimli ve giivenilir bir c¢alisma
saglamak icin optimize edilebilir.

Deneysel calismada ankastre firin ¢alisma prensibinden
dolay1 firin termokupl sicakligi ayarlanan 200 °C set
degerine geldiginde rezistanslar kapanmaktadir.
Rezistanslarin kapanmasina ragmen merkez sicaklik bir
stire daha artarak 200 °C'nin tstiine ¢ikmaktadir. Ayni
sekilde firin termokupl sicakligi 200 °C’nin altina
indiginde firin rezistanslar1 tekrar aktif olmaktadir.
Rezistanslar 1sinana kadar gecen siirede merkez
sicakligt diismeye devam etmekte ve Sekil 7’'de
gosterildigi gibi salinmim olusmaktadir. HAD sayisal
calismasinda rezistanslar, deney siirecindeki gibi 200
°C’'de ag-kapa sistemi olusturulmustur. Sekil 7’de
belirsizlik ¢calismasinda gosterildigi lizere, HAD sayisal
calismalar1 2,7 M-4,3 M-6,6 M eleman sayisi1 olmak tizere
3 farkli ag yapisinda incelenmistir. 4,3 M eleman
sayisinin sonuglari, 6,6 M eleman sayisi sonuglarina gore
%0,4 olarak tespit edilmistir. Bu kosullar daha fazla ince
ag yapist denemeye gerek olmaksizin c¢alisma
asamasinda hem bilgisayar giiciinii korumak hem de
calisma siiresini uzatmamak i¢in 4,3 M elaman sayisi
secilmistir.
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Tablo 7'de gosterilen elde edilen HAD sayisal
sonuglarina gore merkez sicaklik salinimi 2,7 M eleman
sayisl i¢in 203,6 °C 4,3 M eleman sayisi icin 206,3 °C ve
6,6 M eleman sayisii¢in 205,6 °C olarak tespit edilmistir.
Ortalama sicaklik degerleri sonuglarin yakinsagi 400-
1000 iterasyonlar arasindaki degerler baz alinarak
hesaplanmistir. Sonuglarin ag yapisindan bagimsizligini
degerlendiren calisma, en ince ag yapisina iliskin
yakinsama grafigi Sekil 7’de sunulmustur. 4,3 milyon
elemanli ag yapisy, bilgisayar giicii ve sayisal ¢6zim
suresi acisindan sagladigl verimlilik nedeniyle tercih
edilmistir. Bu ag yapisinin merkez sicaklik sonugclari ile
deneysel veriler arasindaki ortalama fark %1,02 oldugu
icin bu ag yapis1 secilmistir.

Tablo 7. Ag Yapisina Bagh Olarak Sicaklik Degisimi

Ag Yapisi Eleman Sayisi Firin Merkez Ortalama
(Milyon Eleman) Sicakligi (°C) (iter 400-1000)
2,7 203,6

4,3 206,3

6,6 205,6

Deney ve HAD sayisal sonuglari firin {izerinden alinan
farkli bolgelerde sicaklik karsilastirmasi yapilmis ve
Tablo 8'de paylasilmistir. Buna goére en fazla hata
oranlar1 sogutma fanm etrafinda olusmustur. Sogutma
fan1 etrafinda olusan hata orani, fanin yapisinin
modellenmesinde olusan geometrik farkliklarindan
gelmektedir. Ayrica denklem (19)'da belirtilen
belirsizlik analizinden gelen %2,4 hata orani termokupl],
takometre ve gii¢ 61¢ciim cihazindan kaynaklanmaktadir.
Firin icindeki sicaklik degerleri belirsizlik analizi
limitleri i¢inde olup, firin icinde emaye duvarlardan
kaynaklanan 1sinim 1s1 transferi tahmini daha zor
olmaktadir.

Tablo 8. Deneyde Alinan Sicakliklar ile HAD Sayisal
Calismasi Sicakliklarinin Karsilastirilmasi

Bolge HAD Deney Hata
Orani (%)

Sogutma Fani Sensori

(Maksimum) 75,17 80,1 6,15
Firin Merkez Sicaklig 206,3 204,2 1,02
(Ortalama)

FKS Sag Ust (Ortalama) 200,61 200 0,31
Kazan igi sag duvar 202,45 197,39 256
(Ortalama)

Kazan igi sol duvar 198,87 199,26 0,20
(Ortalama)

Bulp (Ortalama) 212,43 198,9 6,80
Sogutma Saci Sol 6197 67.77 8,56
(Ortalama)

Sogutma Saci i¢

(Maksimum) 72,87 67,5 7,96

Tablo 9’da ise Avrupa Birligi giivenlik standartlarina
gore firin caminin belli noktalarindan alinmis sicaklik
verileri bulunmaktadir. Bu bélgeler camin iizerinde
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belirlenmis alanin karelere boliinmesiyle olusmaktadir.
Deneyde alinan sicakliklar ve HAD sayisal galismasi
sonucundaki sicakliklara gore 3 bdlgenin ortalama
sicakligl disindaki tim boélgelerde %9 hata oraninin
altinda kalinmistir. ilgili 3 bolge sirasiyla camin sol iist
(1. Kutu), sag tust (6. Kutu) ve sol orta (7. Kutu)'dir. Bu
bolgeler cam iizerinde yer alan emaye yiizeyler oldugu
icin bu noktalarda HAD sayisal ¢alismanin tahmin
kabiliyeti kotii olmakla birlikte diger noktalarda iyi
tahmin edebilmesi ¢alismanin iyilestirme yapilabilmesi
icin yeterli olarak gorulmustiir.

Tablo 9. Firin Cami Deney ve HAD Analizi Sicaklik
Degerleri ve Hata Oranlari

1. Kutu 2. Kutu 3. Kutu 4. Kutu 5. Kutu 6. Kutu

HAD Deney HAD Deney HAD Deney HAD Deney HAD Deney HAD Deney
66,8 49,1 72,0 664 72,0 67,1 71,2 646 709 62,2 67,5 53,8
Hata (%) Hata (%) Hata (%) Hata (%) Hata (%) Hata (%)

35,9 8,3 -4,9 -6,6 -8,7 -13,7

7. Kutu 8. Kutu 9. kutu 10. Kutu 11. Kutu 12. Kutu

HAD Deney HAD Deney HAD Deney HAD Deney HAD Deney HAD Deney
63,1 50,4 629 622 631 629 630 622 624 60,7 598 533
Hata (%) Hata (%) Hata (%) Hata (%) Hata (%) Hata (%)

-12,7 -0,7 -0,2 -0,8 -1,6 -6,4

13. Kutu 14. Kutu 15. Kutu 16. Kutu 17. Kutu 18. Kutu

HAD Deney HAD Deney HAD Deney HAD Deney HAD Deney HAD Deney
559 47,3 554 56,7 552 586 551 594 552 583 54,8 49,2
Hata (%) Hata (%) Hata (%) Hata (%) Hata (%) Hata (%)

-8,6 1,3 3,4 4,3 3,1 -5,6

1.000
0.817
0.833
0750
0.667
0.583
0.600
0.417
0.333
0.250
0.167
0.083
0

Hiz [rmisn]

Sekil 8. Baca Akis1

Firin  bacasinin  fonksiyonunu yerine  getirip
getirmediginin kontroli icin laboratuvarda bulunan
firinda turbo fan kapali modda firin ¢alistiritlirken kazan
icine bir duman kaynagi konmustur. Bu kaynaktan ¢ikan
dumanin bacadan vakum edilip edilmedigi gdzlenmistir.
Ancak duman kazanin igerisinde kalmakta ve bacadan
kazan icine dogru (olmasi gerekenin tam tersi yonde)
hava girisi olmaktadir. Bu durum ayrica HAD sayisal
calismasinda da gozlemlenmis ve Sekil 8'de
paylasiimistir.

ESALBA Metal Sanayi A.S. Ar-Ge laboratuvarinda
bulunan enerji tiiketimi 6l¢lim cihazlarinin akredite
laboratuvarlardaki testlerle ayni sonuglar1 verip
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vermediginin goériilmesi amaciyla iki adet firin
tretilmistir. Bunlarin bir tanesi Ar-Ge laboratuvarinda
bir tanesi ise bagimsiz test kurulusunda test edilmistir.
Bagimsiz test kurulusunda yapilan enerji tiiketim
testinin sonucu turbo modunda 801 Wh iken Ar-Ge
laboratuvarinda yapilan testin sonucu ise 791 Wh
bulunmustur. Yaklasik %1’lik hata orani kabul edilerek
testlere devam edilmistir.

3.2.4 Belirsizlik Analizi

Deneysel calismalar termokupldan gelen sicaklik
degerleri, takometreden gelen RPM degerleri, 1sitic1 giic
O0lcim degerlerinden gelen sistematik Dbelirsizlik
icermektedir. Calismanin belirsizlik analizi deney
¢alismalarinda kullanilan 6l¢iim komponentlerinin
hassasiyet degerlerine bagli olarak degismektedir.
Deney calismalarinda kullanilan termokupl #1,5 °C
hassasiyetle, takometre +%0,03 RPM ve 1s1tic1 gli¢ 6l¢lim
cihazi ise +%0,1 Ol¢iim hassasiyetine sahiptir. HAD
sayisal calismalarda bu degerler hem pozitif hem de
negatif yonde degistirilerek yeni sonuclar elde
edilmistir. Belirsizlik analizi denklem (19) kullanilarak,
1s1tici giigleri, firin set sicakligi ve fanlarin RPM degerleri
degistirilerek Dbelirsizlik c¢alismasi sonucu merkez
sicakhigl pozitif yonde %2,1 ve negatif yonde %2,4
olarak degismektedir.

or = [AT 1, + ATgRpMt 96003 + ATr w0601 ¢ @19

3.3. lyilestirme Calismalari

FKS, 6zellikle fanin aktif oldugu modlar i¢in kritik 6nem
arz etmektedir. Kavitenin 1sinma karakterini direkt
olarak etkileyen faktorlerden biridir. FKS tizerindeki
yonlendirme bosluklar1 ve fan kanatlarinin tasarimi
turbo rezistans tarafindan iretilen 1s1 enerjisinin kavite
icerisindeki  dagilimimi  etkilemektedir.  Isinma
karakterinde iki ana ister bulunmaktadir. Bunlarin
birincisi kavite icerisindeki sicaklik dagiliminin
miimkiin oldugunca homojen olmasidir. ikincisi ise
tuglanin mevcut duruma goére daha az zamanda
1sitilarak az enerji tiiketmesini saglamaktir. Sekil 9'da
mevcut ve iyilestirilmis FKS tasarimlarina yer
verilmistir. Mevcut FKS'nin iiretim sartlarini, kalip
revizyonunu ve maliyeti arttirmayacak sekilde 8 farklh
hava ¢ikis alanini, 38 farkli kombinasyon tasarimlarinda
farkli bolgeler kapatilarak elde edilen iyi tasarim
“lyilestirilmis tasarim” olarak ele alinmistir. Bu tasarim
Sekil 9B’de gdsterilmis ve mevcut duruma gore 3, 6 ve 7
numarali hava ¢ikis alanlarinin kapatildig1 FKS tasarimi
se¢ilmistir.
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A) Mevcut FKS

B) iyilestirilmis FKS

Sekil 9. A) Mevcut FKS B) lyilestirilmis FKS

Kavite icerisindeki sicaklik dagiliminin homojenize
edilmesi, akis hizlarinin homojenize edilmesinden
gecmektedir. Buna istinaden kavite igerisindeki akis
konturlari incelenmistir.

Sekil 10’da kavite merkezinden alinan mevcut FKS'nin
akis konturu ve iyilestirilmis FKS'nin akis konturu Sekil
11'de paylasilmistir. Sekil 9A’da gosterilen mevcut
FKS’de sagda bulunan delikler fanin déniisiinden dolay1
firinin altina dogru akisi yonlendirirken, solda bulunan
delikler firinin stiine dogru akisi yonlendirmektedir.
5,6,7 ve 8 numarali deliklerden ayn1 anda gelen hava
akis1 firmin sag tarafinda kaotik veya girdapl bir akisa
sebebiyet vermektedir. 6 ve 7 numarali deliklerin
kapatilmasi ile firinin sag tarafindaki hava akis1 mevcut
duruma goére daha diiz ve girdap olusturmadan
ilerlemektedir. Ayrica hava hiz degerleri azaltilarak
tepsi ilizerinde homojen bir akis olmasi saglanmistir.
Diger bir taraftan firinin sol tarafinda 3 numarali deligin
yok edilmesi ile firin merkezine ydneltilen akisin
kesilmesi saglanarak sagdan ve soldan gelen akislarin
birbirleri ile carpismasi azaltilmistir.

Buna gore;

— Firin merkezinde akis dagilimi daha homojen hale
getirilmigtir.

— Akis hiz farki mevcut duruma goére minimize
edilmistir.

— Deneysel calismalarda iyilestirilmis FKS 40 Wh
daha iyi sonug verdigi tespit edilmistir.
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1.000
0917
0.833
0.750
0.667
o 0.583
- 0500
0.417
0.333
0.250
0.167
0.083
0

Hiz [misn]

1.000
0917
0.833
0.750
0.667
0.583
0.500
0.417
0.333
0.250
0.167
0.083
0

Hiz [misn]

Sekil 11. Revize FKS ile Kavite ici Akis Konturu

Sekil 12’de 200 °C’de alt, iist rezistanslarin ve turbo
fanin aktif acik oldugu sicaklik dagilimi goriilmektedir.
Hem akiskanin homojen dagilmasi hem de yapilan
iyilestirmelerle firin i¢cindeki sicaklik dagilimi homojen
yayllmistir. Bu durum merkez sicaklik degerlerinin daha
az bir aralikta dalgalanmasina, firin termostatinin
erkenden soguyup erkenden i1sinmasina yarar
saglamaktadir. Boylelikle iyilestirilmis FKS tasarimi
daha iyi enerji verimliligi saglamaktadir. Calisma
kapsaminda firin rezistanslar1 ag¢-kapa ilkesine dayali
oldugu icin mevcut ve iyilestirilmis FKS HAD sayisal
calismasindan elde edilen sicaklik konturu + 10 °C fark
gozetilerek degerlendirilmelidir.
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A) Mevcut FKS

B) lyilestirilmis FKS

Sekil 12. 200 °C-Alt, Ust Rezistans HAD Sayisal Calismasi
A) Mevcut FKS B) Yeni FKS

Firinda revize edilen FKS ile akis konturunda daha
homojen bir dagilim gézlenmektedir. Buna bagh olarak
tugla daha az siirede 1sinarak tiiketilen toplam enerji
azalmaktadir. Firinda bulunan 1s1l kacaklarin enerji
verimliligine etkisi olumsuz yansimaktadir. Buna
istinaden hazirlanan ve dogrulanan HAD modelinde
firinin ytiksek 1s1 akist bulunan bélgeleri incelenmistir.
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18.889
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Sekil 13. Firin Yalitimi Is1 Akis1 Konturu

Sekil 13’de gosterildigi iizere konturun kirmizi oldugu
bolgeler 1s1 akisinin yiiksek oldugu bélgelerdir. Turbo
fan modunda firinin arka kisminda bulunan 1s1 akisinin
engellenebilmesi icin bu kisma su bazli akrilik boya ile
kaplanmis 5 mm kalinhiginda cam yiini plaka
hazirlanarak yerlestirilmistir. Yapilan ¢alismayla
birlikte firinin enerji tiiketimi azaltilmistir. Firinin 1s1
yalitimi enerji tiiketiminin azaltilmasi agisindan biytik
onem arz etmektedir. Firin kavitesinin i¢ kismi emisivite
katsayisi 0,90 olan siyah emaye kaplama oldugundan
1sinim  ile 1s1 transferi yiiksektir. Isinim ile 1s1
transferinin azaltilmasi amaciyla firinda bulunan
yalittmin dis kismina aliiminyum folyo sarilmistir.
Aliiminyum folyo ile yapilan enerji verimlilik testlerinde
enerji tiiketiminin 37 Wh azaldig1 gézlenmistir. Firin 6n
kapag 1s1 transferinin yogun oldugu boélgelerden bir
digeridir. Firin kapag 2 adet camdan olusmaktadir.
Kapakta bulunan i¢ camin firin kavitesine bakan
kisminda diisiik emisivite katsayisina sahip bir kaplama
bulunmaktadir. Buradaki 1s1 transferinin azaltilmasi
amaciyla kapaga lgilincii cam eklenmistir. Bununla
birlikte HAD sayisal calismasinda asagidaki 1s1 akisi
konturlari elde edilmistir.

250.000
2111
192222
163.333
134.444
105.556
76.667

47.778

18.889

-10.000

3 caml kapak 2 camli kapak

Sekil 14. On Cam Is1 Akis1 Konturlar1 Karsilastirmasi

Firin kapagindan 1s1 akisinin azaldigr Sekil 14’te
goriilmektedir. Bu da daha fazla 1sinin firin kavitesi
icinde kaldigin1 gostermektedir.

4. Bulgular

Yapilan ¢alismalar sonucunda ev tipi ankastre firin icin
hedeflenen AB standartlarina gore A+ enerji verimlilik
sinifina ulasilmistir. Tablo 10’da gosterildigi gibi en
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yliksek enerji verimliligi FKS'nin revize edilmesi
sonucunda elde edilmistir. Toplam 38 farkli FKS
geometrisi HAD sayisal calismasinda ¢alisilmis olup
maliyet-performans orani en yiiksek model secilmistir.
Boylelikle ekstra kalip maliyetine gerek kalmadan
kavite icerisindeki akis diizenlenmis, firinin 1s1l
verimliligi artirlmistir. FKS revizesi yapilirken HAD
modelinin yaninda bir alt model olusturulmustur. Bu alt
modelde yalnizca kavite bulunmaktadir. Bdylelikle
¢6zUm siiresi 1/10 oraninda azaltilmistir.

Tablo 10. Revizyonlara Gore Enerji Tasarrufu

No Yapilan Calisma Saglanan Enerji
Tasarrufu (Wh)

1 FKS Revizyonu 40
Is1 Yaliim Boyasi ile
2 Kaplanmis Cam Yiinii Plaka 23

Yerlestirilmesi
Aliminyum Folyo Kaplamali
3 37
Yaliim
4 3 Caml Firin On Kapag 16
5 4 Calismanin Toplam 131
Uygulanisi

Tablo 11'de paylasilan mevcut firinda 801 Wh enerji
tasarrufu saglanirken, iyilestirilmis tasarimda 670 Wh
enerji tasarrufu elde edilirken mevcut duruma gore
%16,4 enerji tasarrufu saglanmistir.

Tablo 11. lyilestirme Oncesi ve Sonrast Wh Degerleri
Tasarim Saglanan Enerji Tasarrufu (Wh)
Mevcut 801

lyilestirilmis 670

Sogutma fani etrafinda HAD - Deney arasinda en fazla
%8,56 (5,8 °C) sicaklik farki olusmaktadir. Firin merkez
sicakliginda HAD sayisal g¢alismasi deney verisini iyi
tahmin ederek ortalamada %1,02 sicaklik farki
olusmustur. Cam ytizeylerinde 3 bolge haricinde sicaklik
farki %9’in altinda olurken diger 3 bolge, emisivitenin
oldugu yerler oldugundan dolay1 bu boélgelerde HAD
sayisal ¢alismasi tahmini azalmaktadir.

Calismada kullanilan standart cam yiinii yalitim yerine
aliminyum folyolu cam yiini enerji verimliligi 37 Wh
disiirerek mevcut duruma gore %4,6 kazang
getirmistir. FKS’de yapilan iyilestirme %5 kazang
saglarken 40 Wh enerji tasarrufu saglamistir. Firin
caminin sayisinin 2’'den 3’e ¢ikarilmasi 16 Wh enerji
tasarrufu saglarken %2 kazang¢ getirmektedir. Biitiin
yapilan degisiklerde en fazla kazan¢ FKS'nin degisimi ile
elde edilmistir. Isinim ile 1s1 transferinin azaltilmasi
firmin enerji verimliliginin artirlmasinda 6nemli
faydalar saglamaktadir. Ozellikle kaviteden disariya
olan 1smimla 1s1 transferinin azaltilmasi yalitimin
emisivite katsayisi diisiik olan aliminyum folyo ile
kaplanmasiyla miimkiin hale gelmistir. Ayrica Sekil
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14’te gosterilen 6n cam 1s1 akisinin azaltilmasi ile kavite
disina 1s1 transferinin azaltilmasi saglanmistir.

Diger bir taraftan ¢alisma kapsaminda
degerlendirilmeyen fakat elde edilen homojen akisin ve
olusan iyilestirilmis enerji verimliliginin pisirme
performansinin artirilmasinda onemli rol
oynamaktadir.

Ankastre firin sektoriinde daha 6nce kullanilmamis bir
yalitim malzemesi olan su bazli akrilik boya ile
kaplanmis 5mm kalinliginda cam yiinii plaka yalnizca
turbo rezistansin arka kismina yerlestirilmesiyle firin
enerji tiiketimini %6,6 azaltarak 670 Wh degerinden
626 Wh degere indirerek 44 Wh enerji tasarrufu
saglanmistir. Su bazlh akrilik boya firinlarda kullanilmak
lizere gelecek calismasi kapsaminda kullanilabilir bir
iirtin oldugu tespit edilmistir.

5. Tartisma

Yapilan ¢alismalarda bir ankastre firin ele alinarak 1s1l
verimliligin artirilarak enerji verimlilik seviyesinin
yukseltilmesi amaglanmistir. Firindaki 1s1 transferi
mekanizmalar1 dikkatlice incelenerek bazi onlemler
alinmistir. Ayrica HAD sayisal ¢alismalariyla firin
icerisindeki 1sinin daha verimli kullanilabilmesinin 6nii
acilmistir. Tim c¢alismalarin sonucunda firinin enerji
tiketimi 670 Wh'e dusiriilerek enerji verimlilik
siifinin  AB standartlarina goére “A+” olmasi
saglanmistir. Firinda yapilan calismalar, literatiirdeki
calismalarla paralel olarak benzer 1s1l verimliligi
saglamistir. Ancak bahsi gecen ekstra yalitim malzemesi
parcas1 ile kayda deger derecede verim elde
edilebilmistir. Ozellikle halihazirda bulunan FKS iizerine
yatirim maliyeti olmadan yapilan revizyonlarla 1sil
verimliligin artirilmasi miimkin hale gelmistir.

6. Sonuglar

Gerek ilkemizde gerek diger iilkelerde siklikla
kullanilan ankastre firinlarin enerji verimliligi ener;ji
kriziyle birlikte kritik hale gelmektedir. Yapilan
calismada cesitli yontemlerle ankastre firinlarin enerji
verimliligi artirilmis olup AB standartlarina goére enerji
verimlilik sinifi “A+”a ¢ikarilmistir.

Yapilan literatiir arastirmalarina gore ankastre
firinlarda kullanilan mekanik termostatlarin yerine PID
kontrollii termostatlarin kullanilmasi firinin 1sinma
karakteristigine Onemli oranda etki etmektedir.
Boylelikle enerji verimliliginin daha da artirilmasi
miimkiin hale gelebilmektedir.

Firinin igerisinde bulunan baca ¢ikisindaki akis hizinin
ve baca pozisyonunun HAD simiilasyonlari ile optimize
edilerek enerji verimliliginin artirilabilecegi
ongoriilmektedir. Kavite disina 1s1 transferinin yogun
oldugu bir diger bolge baca ¢ikisidir.
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FKS iizerinde bulunan agikliklarin ve FKS formunun
optimize edilmesiyle kavite i¢ci akisin iyilestirilmesi
mimkiindiir. Farkli FKS cesitleri ile yapilacak HAD
sayisal  ¢alismasi  sonucunda 1sil  verimliligin
artiritlmasinin 6ni acilabilir.

Firinin sicaklik kontrolérii olarak gérev yapan mekanik
ac-kapa tipi termostatin yerine elektronik olarak PID
veya bulanik mantik algoritmasi ile kontrol edilen bir
kontrolor kullanilmasi  enerji  verimlilik  sinifim
artirilabilir. Kavite icerisine yerlestirilebilecek bir
PT100 sicaklik sensoriinden alinan verilen islenmesi ile
merkez sicaklik salinimi azaltilip hipor tuglanin daha
cabuk 1sinmasi saglanabilir. Bu durumda sicaklik
sensoriiniin kavite icerisindeki konumu kritik olmaktan
cikarillarak daha kolay optimizasyon imkam
saglanacaktir.
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Keywords Abstract

Binary optimization, Modeling the foraging behavior of honey badgers, the Honey Badger Algorithm (HBA) is
Crossover strategy, a recently proposed metaheuristic algorithm. In this study, a binary version of this
Honey badger algorithm, algorithm that was proposed for solving continuous optimization problems was
Knapsack problems, developed. The S-shaped transfer function and crossover strategy were used to
Time-varying transfer transform the continuous algorithm into a binary algorithm. Eight S-shaped transfer
function functions with constant and time-varying features were used, and the most successful

function was determined. Additionally, the effect of time-varying transfer functions was
examined. Three strategies, single-point, two-point, and uniform, were applied as
crossover strategies, and the uniform strategy, which was more successful than others,
was integrated into the algorithm. The binary algorithm (BinHBA) developed in this
way was tested on a total of twenty-seven knapsack problems, fifteen small-scale and
twelve large-scale. Statistical tests were employed to analyze the results and compare
them with methods found in the existing literature. The results showed that the
proposed BinHBA for binary optimization problems is effective and preferable.

ZAMANLA DEGISEN SiGMOiD TRANSFER FONKSiYONU VE CAPRAZLAMA STRATE]JiSi iLE
GELISTIRILMIS iKiLi BAL PORSUGU ALGORITMASI

Anahtar Kelimeler Oz

Ikili optimization, Bal porsuklarinin yiyecek arama davranisini modelleyen Bal Porsugu Algoritmasi
Caprazlama stratejisi, (HBA), yakin zamanda onerilen bir meta-sezgisel algoritmadir. Bu ¢alismada, siirekli
Bal porsugu algoritmasi, optimizasyon problemlerinin ¢éziimii icin 6nerilen bu algoritmanin ikili versiyonu
Sirt cantasi problemleri, gelistirildi. Stirekli algoritmayi ikili bir algoritmaya dénlistiirmek icin S-sekilli transfer
Zamanla-degisen transfer fonksiyonu ve caprazlama stratejisi kullanildi. Sabit ve zamanla degisen ézelliklere
fonksiyonu sahip sekiz adet S-sekilli transfer fonksiyonu kullanildi ve en basarili fonksiyon

belirlendi. Ayrica zamanla degisen transfer fonksiyonlarinin etkisi de incelendi.
Caprazlama stratejisi olarak tek nokta, iki nokta ve tekdiize olmak iizere li¢ strateji
uygulandi ve digerlerinden daha bagarili olan tekdiize stratejisi algoritmaya entegre
edildi. Bu sekilde gelistirilen ikili algoritma (BinHBA), on besi kiiciik olgcekli ve on ikisi
biiyiik olgcekli olmak tizere toplam yirmi yedi sirt cantasi problemi lizerinde test edildi.
Sonuclart analiz etmek ve mevcut literatiirde bulunan yéntemlerle karsilastirmak icin
istatistiksel testler kullanildi. Sonuglar, ikili optimizasyon problemleri icin Onerilen
BinHBA'nin etkili ve tercih edilebilir oldugunu gésterdi.
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1. Introduction

The 0-1 knapsack problem optimization problems are
binary optimization problems (BOPs), which are an
important class of combinatorial optimization
problems. BOPs take the value 0 or 1 as the decision
variable. The algorithms used to solve these problems,
where the solution space is expressed as {0,1},, are
inadequate, especially for large-scale problems. For this
reason, researchers in this field have turned to non-
deterministic algorithms in recent years, and
evolutionary algorithms have become the most
prominent in this category (He, Zhang, Mirjalili, and
Zhang, 2022).

The number of evolutionary algorithms has been
increasing rapidly in recent years. Most algorithms are
initially proposed for continuous problems and then
binarized to solve binary optimization problems. One
of these algorithms is the Honey Badger Algorithm
(Hashim, Houssein, Hussain, Mabrouk, and Al-Atabany,
2022). The algorithm has advantages such as exhibiting
a dynamic search behavior in searching for a food
source, thus maintaining the balance between
exploration and exploitation, and having few
parameters that need to be adjusted (Yasear and
Ghanimi, 2022). On the other hand, the local
improvement ability of the algorithm is weak, and it is
insufficient to escape from the local optimum in solving
complex problems (Jin, Li, Zhang, and Zhang, 2023).
Despite these drawbacks encountered in most
metaheuristic algorithms, it has been used to solve
many problems in the literature because it is simple
and easy to implement.

Hu et al. proposed a modified HBA algorithm based on
the Bernoulli shift map, piecewise optimal decreasing
neighborhood, and strategy-adaptive horizontal
migration to solve the unmanned aerial vehicle path
planning problem (Hu, Zhong and Wei, 2023). Abasi,
Aloqaily, and Guizani proposed a modified HBA to
optimize the hyperparameters of a convolutional
neural network for sleep apnea detection (Abasi,
Aloqaily, and Guizani, 2023). A novel honey badger
optimization approach utilizing ensemble learning-
based vehicle detection and classification methods was
presented by Aljebreen et al. (Aljebreen et al., 2023).
Majumdar, Mitra, and Bhattacharya proposed a
modified HBA using lens opposition-based learning in
the initial stage to improve population quality and
diversity and achieve better discovery, and they proved
the success of the proposed algorithm on CEC functions
(Majumdar, Mitra, and Bhattacharya, 2023). Jain, Ding,
and Kotecha developed a new fuzzy deep neural
network for cloud environments with HBA for privacy-
preserving intrusion detection techniques (Jain, Ding,
and Kotecha, 2023). Altuwairiqi proposed a model to
solve security and energy problems (Altuwairiqi,
2024). He also created enhanced HBA-based multi-hop
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routing optimized for wireless sensor networks. In
order to effectively forecast COVID-19 situations,
Qasem proposed a hybrid intelligent model that
combined an artificial neural network with HBA
(Qasem, 2024). Huang et al. proposed an advanced HBA
that utilizes orthogonal opposition-based learning, a
balance pooling strategy, and differential evolution to
improve the HBA's performance. The method was
tested for CEC 2022 and engineering problems (Huang
et al,, 2024). Wang et al. developed a novel wrapper
feature selection approach based on the binary honey
badger algorithm, integrating chaotic sub-swarm and
Lévy flight approaches, to identify a traffic-based
Internet of Things device (Wang, Kang, Sun, and Li,
2024). Biyiikoz and Hakh discretized HBA using
transfer functions and used it to solve 0-1 knapsack
problems (Biiyiikéz and Hakli, 2023). To address the
portfolio selection problem, Ni et al. created a novel
hybrid method that combines quadratic programming
and the binary honey-badger algorithm (Ni, Wang,
Huang, and Li, 2022).

As can be seen above, although HBA is preferred in
many areas for solving continuous optimization
problems, its use in solving binary optimization
problems is less common. The scarcity of proposed
binary HBA versions and the desire to contribute to the
literature on the analysis of HBA's performance on
binary problems were the motivations for this study.

The following is a list of the study's contributions to the
literature:

o The effect of using time-varying transfer functions
for the binarization of HBA was investigated for
the first time.

e The effect of constant and time-varying S-shaped
transfer functions on the algorithm performance
was examined.

o The effect of integrating crossover strategies into
HBA on performance was evaluated.

e A new binary HBA algorithm was presented to the
literature by integrating the most successful
transfer function and crossover strategy
determined into the algorithm.

e Both small- and large-scale knapsack problems
were used to test the proposed algorithm. As a
result, it was possible to see how the dimension
increase affected the proposed algorithm.

e The results obtained were compared with the
algorithms in the literature to demonstrate the
success of the algorithm.

The following study sections are arranged as follows:
In Section 2, the HBA algorithm, the proposed binary
HBA algorithm, and the knapsack problem are
explained. Section 3 presents the experimental test
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results performed to demonstrate the performance of
BinHBA. Section 4 delineates conclusions and
prospective works for further research.

2. Material and Methods

2.1. Honey Badger Algorithm

The Honey Badger Algorithm (HBA) is a metaheuristic
algorithm proposed by Hashim et al. (Hashim et al,
2022) in 2022. The algorithm is inspired by the
behavior of the honey badger when searching for food,
such as smelling, digging, and following the honeyguide
bird. HBA is divided into two phases, the “digging
phase” and the “honey phase”, and is mathematically
modeled as given below.

e [nitialization

The algorithm is initialized with a population of
possible solutions. Where N is the number of honey
badgers, each individual in the population is placed at
their starting position according to Equation 1.

Xi = Lbl + r1 X (Ubl — Lbl) (1)

In the equation, r! is a random number between 0 and
1.Lband Ub indicate the lower and upper bound
values of the search space, respectively. X; represents
the i.honey badger's position.

e Intensity (I) definition

Density depends on the concentration power of the
prey and the distance between it and the honey badger.
The higher the scent, the faster the movement. The
opposite situation is expressed in Equation 2 according
to the Inverse Square Law (Kapner et al., 2007).

N

Ii = T'z X 47ZD1-2 (2)
S =X — Xi41)? (3)
D; = Xp — X; (4)

where S is the concentration power. In Equation 2, D;
represents the distance between the prey and the ith
honey badger. r? is a random number in the range of 0
to 1. Also, Xp is the prey position.

e Update density factor

The density factor (a) controls the transition from the
exploration to the exploitation phase and has a
character that reduces randomness by decreasing over
time. It is formulated according to Equation 5.

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1695-1711

a=C><exp(t_t ) (5)

max

where c is a constant value (€ = 1 (default = 2)). While
t is the iteration number, t,,,, indicates the maximum
iteration number.

e Escaping from the local optimum

This and the next two steps are used to get out of the
local optimum. In order to fully discover the search
space, the algorithm makes use of an F flag that permits
changing it.

e Updating the position of agents

HBA's position update process is divided into two
phases: "digging phase" and "honey phase".

Digging phase: In this phase, a honey badger moves in a
manner similar to a cardioid, and this movement is
formulated as in Equation 6.

Xnew=XP+FXﬁX1XXP+FXT3XaXDiX
|cos(2r*) X [1 — cos(2nr®)]| (6)

In the equation, X,,.,, is the new candidate position, and
Xp is the best prey position found so far. The honey
badger's ability to take in food is denoted by § (f = 1
(default = 6)). r3, r*, and r® are random numbers
between 0 and 1. D; represents the distance between
the prey and the ith honey badger. F is the flag that
changes the search direction and is formulated using
Equation 7.

1 <05
F= = 7
{—1 else (7)

Honey phase: It is the phase in which a honey badger
follows the honeyguide bird to reach the beehive and is
formulated according to Equation 8.

Xnpew = Xp + F X717 X a X D; (8)

In the equation, r7 is a random number between 0 and
1. At this phase, the search is affected by time-varying
search behavior (). In addition, a honey badger might
discover disturbance F.

In Figure 1, the HBA pseudocode is presented.

2.2. Binary Honey Badger Algorithm (BinHBA)

The standard HBA is proposed for continuous
optimization problems and needs to be redesigned to
solve binary optimization problems. In binary
optimization, decision variables have a search space
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where they can take the value "0" or "1". In these
problems, each solution is represented by a series of
decision variables that take "0" or "1", where the value
0 represents absence and the value 1 represents
presence (Karakoyun and Ozkis, 2022).

1. Determine parameters £, ... N, £.C

2. Initialize population of N individuals

3. Ewvaluate the fitness (f;) of each honey badger position (X;).
4. Find best position (X) and assign fitness to fp.

5. While t=<t,., do

6.  Utilize Equation 5 to update the decreasing factor a.
7.  Fori=1toN do

8. Utilize Equation 2 to calculate the intensity /;.

9. If r < 0.5 then

10. Use Equation 6 to update the position X, .

11. Else

12. Use Equation 8 to update the position X,,..,,.

13. End if

14. Examine new position (X,,,,,) and assign to f, ...
15. I frow = [; then

16. Assign X; = X, . and f; = frow

17. End if

18. If fiow = fp then

19. Assign Xp = X, and fp = frow

20. End if

21. End for

22. End while
23. Display Xp

Figure 1. HBA's Pseudocode

In this section, a binary HBA algorithm is proposed to
solve binary optimization problems, and the steps
followed in creating the proposed algorithm are listed
below.

e Transfer function

The 0-1 knapsack problems chosen for this study are
combinatorial problems, and for HBA to solve these
problems, it must be transformed to work in the binary
search space. The most common way to perform this
transformation is to use the transfer function. Transfer
functions are responsible for ensuring that if the
candidate solution defined by 0 and 1 turns into a
continuous value after the algorithm steps, this value is
converted back to 0 or 1 according to Equation 9. In the
equation, d represents the value in a certain dimension
of the solution, while F(d) indicates the value obtained
from the transfer function for the value 9. Additionally,
R is a random number in the range of 0 to 1 (Yildizdan
and Bas, 2024; Yildizdan and Bas, 2023).

if F(0) > R
else

F@={; ©)

More generally, transfer functions are used to
determine the probability that a position value will
change to 0 or 1 based on the value of the step vector
(velocity) for a given dimension in the current
iteration. The step vector is defined as the movement
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magnitude for the current individual. In the
exploitation phase of the algorithm, the step vector
value is small, and a detailed search is performed in
small steps. On the contrary, in the exploration phase,
the step vector value is large, and it explores different
regions of the search space in large steps. In an
algorithm where the probability of changing location is
calculated using the transfer function, transfer
functions significantly affect the balance between
exploration and exploitation. If the transfer function
does not change, the probability of changing positions
remains the same throughout the optimization process.
On the other hand, if the transfer function is changed,
the effect of the step vector on position updating is
utilized to explore and exploit the search space
(Mafarja et al., 2018).

To better balance exploration and exploitation, Mafarja
et al. showed that using time-varying transfer functions
is an effective strategy (Mafarja et al., 2018). One of the
transfer functions frequently used in the literature is
the S-shaped transfer function (Al-Betar, Hammouri,
Awadallah, and Abu Doush, 2021; Feda et al., 2024).
Based on what was mentioned above, in this study, the
effect of using constant S-shaped and time-varying S-
shaped transfer functions on HBA was examined. Table
1 lists the transfer functions that were employed in the
study. Figures 2 and 3 depict these transfer functions
graphically. In time-varying transfer functions, the
value of 7 is formulated as shown in Equation 10 and
starts with an initial value and progressively decreases
over the iterations, meaning it is a time-varying
variable. t,,,,, is the maximum number of iterations, t is
the current iteration, and t,,;,, and 7,,,, are the min
and max values of the control parameter t in the
equation. In this study, 7,,;,= 0.01 and 7,4, = 4 were
used, as in Mafarja et al.'s study (Mafarja et al., 2018).

t t
T= (1 - E) Tmax T Tmin(%) (10)

Table 1. S-Shaped Transfer Functions

Constant Time-varying
1
S1 F(c) = ——= S1(tv) F(0,7) = ——=
1+e 14e T
—_ 1 S2(tv) F(3,1) = ——
2 F3) = % (tv) F(0,7) =
S3 F(8) = —— S3(tv) F(3,7) = —
1+e 2 1+e 2T
S4 F(9) = —— S4(tv) F(3,7) = ——
1+e 3 1+e 37T
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Figure 3. S-Shaped Transfer Functions (Time-varying
(tmax = 50, Tipin=0.01 and 7,,,4, = 4))

e Crossover strategy

The crossover strategy was incorporated into the
proposed BinHBA to strengthen its exploitation
performance. In the crossover strategy, every solution
in the population is combined with a different solution
that has been chosen from the population based on the
crossover method that has been specified (Awadallah,
Hammouri, Al-Betar, Braik, and Elaziz, 2022). In this
study, three different crossover strategies, which are
frequently used in the literature, were integrated into
the algorithm and their effects on performance were
examined. The crossover operation is formulated as in
Equation 11. In the equation, @ denotes the crossover
operator between two solutions. X (t,1) is the existing
solution at the ith position, and X(t, b) is also the best
solution in the population (for this study).

X(t0) =® (X(t, i), X(t, b)) (11)

The following is a list of the three kinds of crossover
operators that BinHBA uses (Awadallah et al., 2022):

e One-point crossover: In this crossover strategy, a
random dimension is selected in the existing
solution. All dimensions after this point are then
swapped between the two solutions (Figure 4(a)).

e Two-point crossover: In this crossover strategy, two
dimensions are determined on the existing solution.
Then the dimensions between these two points are
swapped between the two solutions (Figure 4(b)).

e Uniform crossover: The dimensions of the existing
solution and the dimensions of the best solution are
randomly selected in a determined ratio and
swapped. For instance, if the ratio is 0.5, the
elements of the optimal solution are swapped for
half of the existing solution (Figure 4(c)).
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Figure 4. Crossover Strategies

The BinHBA algorithm proposed in this study was
created using the transfer function and crossover
strategy. In Figure 5, the BinHBA pseudocode is
presented.

Determine parameters £, .., N, 8,C

Initialize population of N individuals for binary search space (using "0" or "1")

Evaluate the fitness (f;) of each honey badger position (X;).

Find best position (X) and assign fitness to fp.

While ¢ <t,. do

Utilize Equation 5 to update the decreasing factor a.

For i=1 to N do

Utilize Equation 2 to calculate the intensity /;.

00| fon jun | o 1o |

If r < 0.5 then

Use Equation 6 to update the position X, .

Jy
[l =

Else

—
-

2. Use Equation 8 to update the position X,,,,,-

13. End if

14. Apply the selected transfer function to X,

15. Apply the determined crossover strategy to X,

16. Examine new candidate position (X,,,,,) and assign to f,,....

17. If fow </ then

18. Assign X; = X, and f; = flo0

19. End if

20. I fi.. = [p then

21 Assign Xp = X0 and fp = frow

End if

End for

nd while

.E
5. Display Xp

Figure 5. BinHBA's Pseudocode

2.3. 0-1 Knapsack Problems

The 0-1 Kknapsack problem (KP) is an NP-hard
optimization problem consisting of a knapsack and a
set of items, each with its weight and profit, the aim of
which is to place the items in the knapsack to maximize
the total profit without exceeding the capacity of the
knapsack. The following is a brief definition of the
general 0-1 KP (Pisinger, 2005). Let n be the item with
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weights wy, w,, ..., w,, and profits p;, py, ..., Pn, and let C
denote the maximum capacity of the knapsack. In such
a case, the items have two states: the jth item is put in
the knapsack (x; = 1) and it is not put (x; = 0). The
mathematical formulation of 0-1 KP is given in
Equation 12 (Li, Fang, and Zhu, 2023).

n
maximize ijxj
j=1
subject to 27:1 wix; < C, x€{0,1}, j=1,..,n (12)

3. Experimental Results

In this section, the performance of the proposed
BinHBA algorithm is tested on small and large scale 0-1
KPs. The results were evaluated using statistical tests
and compared with methods found in the literature. In
this study, the KPs used to analyze the performance of
BinHBA are considered two different datasets, as
follows:

Dataset1: Includes fifteen small-scale 0-1 KP samples.
The following link provides examples:
https://pages.mtu.edu/~kreher/cages/Data.html. The
dataset has between 16 and 24 items.

Dataset2: Includes twelve large-scale 0-1 KP samples.
The following link provides examples:
http://artemisa.unicauca.edu.co/~johnyortega/instanc
es 01 KP. The dataset has between 100 and 1000
items.

Tables 2 and 3 include the tables for Datasets 1 and 2,
respectively.

Table 2. The Small-scale Knapsack Problems Dataset

ID Capacity Size Optimum

Kpl 3,780,355 16 7,850,983
Kp2 4426945 16 9,352,998
Kp3 4,323,280 16 9,151,147
Kp4 4550938 16 9,348,889
Kp5 3,760,429 16 7,769,117

Kp6 5,169,647 20 10,727,049
Kp7 4,681,373 20 9,818,261
Kp8 5,063,791 20 10,714,023
Kp9 4,286,641 20 8,929,156
Kp10 4,476,000 20 9,357,969
Kp11l 6,404,180 24 13,549,094
Kp12 5,971,071 24 12,233,713
Kp13 5,870,470 24 12,448,780
Kp14 5,762,284 24 11,815,315
Kp1l5 6,654,569 24 13,940,099
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Table 3. The Large-scale Knapsack Problems Dataset

Characteristic ID Capacity Size Optimum
Kp16 995 100 9147
Uncorrelated Kp17 1008 200 11,238
Kp18 2543 500 28,857
Kp19 5002 1000 54,503
Kp20 995 100 1514
Weakly correlated Kp21 1008 200 1634
Kp22 2543 500 4566
Kp23 5002 1000 9052
Kp24 997 100 2397
Strongly correlated Kp25 997 200 2697
Kp26 2517 500 7117
Kp27 4990 1000 14,390

The gathered results were compared using time and
gap criteria, and the Wilcoxon signed-rank test
(Woolson, 2007) was used for statistical evaluation.
Equation 13 provides the formula for the gap, which
establishes the percentage error between the optimum
value and the obtained mean value.

__ Optimum value—-obtained mean value

Gap =

«100 (13)

Optimum value

In all KPs, the population size was determined as 20
and the maximum number of iterations was defined as
5000. Additionally, each problem was run
independently 20 times. These parameter values were
selected to align with those of the algorithms being
compared to guarantee a fair literature comparison.

First, this section evaluated the results obtained by
integrating eight different transfer functions, including
constant S-shaped and time-varying S-shaped, into the
HBA algorithm. The comparative results of the
evaluations made according to gap and time are given
in Tables 4 and 5, respectively. Based on the total gap
values shown in Table 4, the smallest values were
obtained from the S1 and S1(vt) transfer functions,
respectively, and they were the most successful
versions. Moreover, Table 5's total time values
indicated that the versions using S4 and S2(vt) transfer
functions execute all problems in the shortest time,
respectively. In addition to the evaluation in Table 5,
the run times are considered as two groups of constant
and time-varying S-shaped transfer functions, and the
total times obtained are given comparatively in Figure
6. According to Figure 6, time-varying transfer
functions solved problems in less time than constant
ones.

According to the results above, S1 was more successful
in both constant and time-varying transfer functions.
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Although the versions using this transfer function lag
behind other transfer functions in terms of run time, it
can be said that the increase in time is tolerable and the
difference between times is not too much. Upon
analyzing the gap values, it was observed that the value
0 could not yet be obtained for all problems.
Accordingly, it was decided that the algorithm needed
further improvement. To achieve this, solution
diversity was increased by applying a crossover
between the candidate solution and the best individual
in the population after the transfer function. The
crossover strategy was applied to the most successful
versions, namely BinHBA_S1 and BinHBA_S1(vt). As
mentioned in the sections above, three crossover
strategies—one point, two point, and uniform—were
selected, and their contribution to performance was
examined. The gap and time results of the versions
obtained by separately integrating three different
crossover strategies into BinHBA_S1 are given in Table
6. According to the table, the version in which the
uniform crossover strategy was integrated obtained a
gap value of 0 in all problems except KP10.
Accordingly, it became the most successful version.
When evaluated in terms of time, it was seen that the
version in which the two-point crossover strategy was
integrated found solutions faster in thirteen out of
fifteen problems. A more detailed evaluation of the
results is given in Figure 7. In the graphic, the total gap
and run-time values of the versions obtained with
different crossover strategies were compared.
According to Figure 7, in terms of the total gap, the
most successful crossover strategy was uniform, while
the least successful strategy was two-point. In terms of
total time, the crossover strategy that took the shortest
time was two-point, while the strategy that required
the longest time was one-point. Despite this, the total
time values are quite close to each other and at a
tolerable level.

The gap and time results of the versions obtained by
separately integrating three different crossover
strategies into BinHBA_S1(vt) are given in Table 7.
According to the table, the version integrated with the
uniform crossover strategy was able to obtain 0 gap
values in all problems, and it became the most
successful version. When evaluated in terms of time, it
was seen that the version with an integrated two-point
crossover strategy was faster in eleven out of fifteen
problems. A more detailed evaluation of the results is
given in Figure 8. According to Figure 8, in terms of
total gap, the most successful crossover strategy was
uniform, while the least successful strategy was two-
point. In terms of total time, the crossover strategy that
took the shortest time was two-point, while the
strategy that required the longest time was uniform.
Despite this, the total time values are quite close to
each other and at a tolerable level.
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Table 4. The Gap results of BinHBA for Transfer Functions on Small-scale KPs

Gap s1 S2 s3 S4 S1(tv) S2(tv) S3(tv)  S4(tv)
Kp1 0 0 0 0 0 0 0 0
Kp2 0 0 0 0 0 0 0 0
Kp3 0 0 0 0 0 0 0 0
Kp4 0 0 0 0 0 0 0 0
Kp5 0 0 0 0 0 0 0 0
Kpé6 0 0 0.087087 0.100851 0 0 0 0.038023
Kp7 0 0.021248 0.088065 0.198782 0 0.063744 0 0.063744
Kp8 0 0.001354 0.012924 0.018281 0 0.002709 0.012496 0.001354
Kp9 0 0.01541 0.068902 0.099723 0 0 0 0.01541

Kp10 0 0 0.00083 0.016758 0.00083 0 0.00904 0.002491

Kp11 0.059247 0.119325 0.283389 0.459879 0.155572 0.209475 0.15182  0.223807

Kp12 0.010593 0.117434 0.339589 0.374163 0.016356 0.031779 0.083946 0.262456

Kp13 0.010928 0.10126 0.28258 0.318272 0.136092 0.147541 0.089782 0.116231

Kp14 0.017821 0.191986 0.338926 0.279588 0.075097 0.09552 0.134309 0.216103

Kp15 0.0108 0.103534 0.177068 0.388096 0.02835 0.145135 0.084037 0.108163

Total 0.109389 0.671551 1.67936 2.254393 0.412297 0.695903 0.56543 1.047782
Rank 1 4 7 8 2 5 3 6

Table 5. The Time Results of BinHBA for Transfer Functions on Small-scale KPs
Time s1 S2 s3 S4 S1(tv) S2(tv) S3(tv)  S4(tv)

Kp1 6.65069 5.892792 4.872831 4.507016 5.325669 4.439543 4.711883 5.009465
Kp2 6.629714 5.695539 4.969793 4.988711 5.406604 4.717382 4.504029 4.739923
Kp3 6.816617 5.546846 4.890418 4.650769  4.84883 4.345735 4.752857 4.765454
Kp4 6.473288 5.340374 5.351684 4.830218 5.092839 4.552444 4545971 4.984927
Kp5 4.426726 5.125402 5.242635 4.663558 5.073189 3.367428 4.722582 4.650742
Kp6 6.769689 4.226241 5.458453 5.3677 5.85826 5.141575 4.849339 4.513609
Kp7 6.829454 592239 5.33276 5.237071 5.711099 4980693 5.152497 5.227866
Kp8 5.370071 5.83809 5.747943 5.080702 6.837116 5.230434 3.731661 5.358518
Kp9 5.594199 5.479169 5.235293 3.617332 5.73581 4990484 3.734037 5.08305

Kp10 4867781 5.674898 5.373873 6.15694 5.507986 4.972808 5.199535 5.274221

Kp11 5.383256 6.051872 5.466676 3.781263 6.052793 5.397622 5.741501 5.141686

Kp12 7.892347 6.112406 5.473513 4.582532 6.19244 5.4342 5.995793 5.564137

Kp13 5.694487 6.549463 5.34437 5.647101 6.579839 4.273229 5.385772 5.932589

Kp14 6.157034 6.814908 5.487054 4.056518 4.467437 5.380495 4.934439 5.40607

Kp15 8.141763 5.789737 5.381136 3.767247 4834168 5.440346 5.683747 5.451694

Total 93.69712 86.06012 79.62843 70.93468 83.52408 72.66442 73.64564 77.10395

Rank 8 7 5 1 6 2 3 4

Total time

320

315

310

305

300

Sigmoid functions Time varying sigmoid functions

Figure 6. Total Times for S-shaped and Time-varying S-shaped
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Table 6. Comparison Results of BinHBA_S1 With Crossover Strategy

BinHBA_S1
Crossover One-point Two-point Uniform
Gap Time Gap Time Gap Time
Kp1 0 438319 0.412793 4.03508 0 4.109804
Kp2 0.033756 4.242462 1.056551 3.893201 0 4.080178
Kp3 0.501881 4.175273 0.736159 3.89766 0 4.273908
Kp4 0.130475 4.781753 0.374374 4.113133 0 4.076676
Kp5 0 4366115 0.680832 3.775772 0 4.078058
Kpé6 0 4415716 0.088375 4.122253 0 4.608072
Kp7 0.377662 4.837716 1.134329 4.277449 0 4.441237
Kp8 0.071377 4.678485 0.187971 4.245522 0 4.478014
Kp9 0 4.12813 0 4.179539 0 4.652959
Kp10 0 4495505 0.122016 4.293849 0.00083 4.51974
Kp11 0.36519  4.729588 0.700267 4.580302 0 4.818838
Kp12 0.2942  4.489277 0.555171 4.389614 0 4.824257
Kp13 0.402994 4.891271 0.992989 4.696395 0 4.841823
Kp14 0.839502 5.297324 0.275875 4.556759 0 4.822083
Kp15 0.101273 4.712998 0.068385 4.306862 0 4.800877

Table 7. Comparison Results of BinHBA_S1(vt) With Crossover Strategy

BinHBA_S1(vt)

Crossover One-point Two-point Uniform
Gap Time Gap Time Gap Time
Kp1 0 3.790519  0.414203  3.358378 0 3.64086
Kp2 0.033756  3.773799  0.776256  3.505204 0 3.768489
Kp3 0.390352  3.609998  0.751007 3.554214 0 3.763693
Kp4 0.117428  4.038579 0.38316 3.523191 0 3.800585
Kp5 0 3.86185 0.680832  3.175116 0 3.657917
Kp6 0.061043  3.786714  0.079537  3.583831 0 4115571
Kp7 0.188831  4.385487  0.446363  3.637944 0 4.060471
Kp8 0.060578  5.494723 0.163389  4.383684 0 3.840681
Kp9 0 4661513 0.039671  4.290042 0 3.919826
Kp10 0 4.743587  0.140522  4.344328 0 4.19987
Kp11 0.47381 5.57457 0.490837  4.659348 0 4.20154
Kp12 0.343233  4.892168  0.566566 4.09707 0 6.714814
Kp13 0.301536  4.421041 0.831091 4.10336 0 4.204954
Kp14 0.222046  4.381411 1.005966  4.309546 0 5.829603
Kp15 0.121527  4.196752 0.068124  3.916412 0 5.96857

80
68,524803 67,426524

70 63,36339
60
50
40
30
20

7,386087
10 3,11831 — 0,00083
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Gap Time

M One-point M Two_point Uniform

Figure 7. Total Gap and Time Graphics for BinHBA_S1 Version
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Figure 8. Total Gap and Time graphics for BinHBA_S1(vt) Version

Figure 9 shows the comparative convergence graphics
of the best versions of BInHBA_S1 and BinHBA_S1(vt)
algorithms using the uniform crossover strategy in
small-scale KPs. Graphics are drawn according to the
best value obtained. When the graphics were examined,
it was determined that BinHBA_S1(vt) converged to the
optimal value faster in KP1, KP3, KP4, KP10, KP11,
KP12, KP13, and KP15. In six of the remaining
problems, BinHBA_S1 converged to the optimal faster,
while in KP8, the two algorithms converged to the
optimal in similar iterations.

The results obtained for the best BinHBA_S1 and
BinHBA_S1(vt) versions were evaluated with the help
of statistical testing. Wilcoxon signed rank test (Garcia,
Molina, Lozano, and Herrera, 2009) was used to
determine whether the algorithms had a significant
performance difference at the 5% confidence level
when compared to each other and algorithms in other
literature. In this study, the Wilcoxon signed-rank test
was applied to gap values. In Table 8, the p and h values
obtained as a result of the pairwise Wilcoxon signed
rank test for the BinHBA_S1(vt) and BinHBA_S1
algorithms were presented. An h value of 0 in the table
indicates that the results of the two algorithms are
similar (p-value >0.05), in contrast to an h value of 1 in
the table, which indicates that there is a
significant difference between the two algorithms and
that their results are not similar (p-value <0.05). The
results in Table 8 demonstrated that the algorithms
performed similarly in all problems, with no significant
differences between them. Because both algorithms
found the optimum values in other problems except
KP10. However, it can be concluded that the
BinHBA_S1(vt) algorithm is more successful due to
reasons such as finding the optimum values in all
problems, converging faster in most of the problems,
and taking a shorter total time.

BinHBA_S1 and BinHBA_S1(vt) algorithms were also
compared with algorithms in the literature. For this
purpose, Binary Aquila Optimizer with Crossover and
Mutation methods (BAO-CM) (Bas, 2023), Binary
Artificial Jellyfish Search algorithm (Bin_A]S) (Yildizdan

and Bas, 2023), Binary Equilibrium Optimization
Algorithm with V3-shaped transfer function (BEOV3)
(Abdel-Basset, Mohamed, and Mirjalili, 2021), Binary
Slime Mould Algorithm (BSMA) (Abdollahzadeh,
Barshandeh, Javadi, and Epicoco, 2022), and Enhanced
Binary Coati Optimization Algorithm (EBinCOA)
(Yildizdan and Bas, 2024) algorithms, which were run
under the same conditions, were selected from the
literature. Based on Table 9, which presents the
comparison results according to the gap values, the
Bin_AJS, EBinCOA, and BinHBA_S1(vt) algorithms,
which found the value 0 in all problems, were the most
successful and ranked first in the ranking. According to
this result, it was revealed that the proposed time-
varying BinHBA version was a successful algorithm
that competes with the algorithms in the literature.
Table 10 shows the pairwise Wilcoxon-signed rank test
results of the proposed BinHBA_S1(vt) with other
algorithms. The '+, '-', and '=' lines indicate how many
problems BinHBA_S1(vt) found better, worse, and
equal gap values than the other algorithm, respectively.
After analyzing the results, it was found that there was
no significant difference between the algorithms'
performance in most problems.

Table 8. The Results of the Wilcoxon Signed-rank Tests
for BinHBA_S1 and BinHBA_S1(vt) on Small-scale KPs
BinHBA_S1(vt) - BinHBA_S1

1D p-value h-value
Kp1 1.0000 0
Kp2 1.0000 0
Kp3 1.0000 0
Kp4 1.0000 0
Kp5 1.0000 0
Kpé6 1.0000 0
Kp7 1.0000 0
Kp8 1.0000 0
Kp9 1.0000 0
Kp10 0.3173 0
Kp11 1.0000 0
Kp12 1.0000 0
Kp13 1.0000 0
Kp14 1.0000 0
Kp15 1.0000 0
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Table 9. Comparison of the Gap results of BinHBA_S1 and BinHBA_S1(vt) With Algorithms in the Literature

BAO-CM Bin_AJS BEOV3 BSMA EBinCOA BinHBA_S1 BinHBA_S1(vt)

Kp1 0 0
Kp2
Kp3
Kp4
Kp5
Kpé6
Kp7
Kp8
Kp9

Kp10

Kp11

Kp12

Kp13

Kp14 0.0017

Kp15 0

Total 0017
Rank 3

o O O O O O ©oO o o o o
o O O O O ©O © ©o ©o o o

o
o

0

0.0036
4

RO O O O O ©O O o o o o o o o o o

0.0036 0.

S O O O O O O O o o o o o o

04

o

0.004

5

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0.00083 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0.00083 0
1 2 1

Table 10. The pairwise Wilcoxon signed-rank Test Results of BinHBA_S1(vt) and Other Algorithms

BinHBA_S1(vt) BinHBA_S1(vt)

BinHBA_S1(vt)

BinHBA_S1(vt) BinHBA_S1(vt) BinHBA_S1(vt)

BAO-CM Bin_A]JS BEOV3 BSMA EBinCOA BinHBA_S1
+ 1 0 1 1 0 1
- 0 0 0 0 0 0
= 14 15 14 14 15 14
p-value 0.317 1.000 0.317 0.317 1.000 0.317
h-value 0 0 0 0 0 0

Secondly, in this section, the performance of the
proposed algorithms was tested on the large-scale KPs
listed in Table 3. In Table 11, the gap and time values
obtained as a result of these tests are presented for
BinHBA_S1 and BinHBA_S1(vt). According to Table 11,
BinHBA_S1(vt) was more successful by obtaining
smaller gap values in eight of the twelve problems. In
terms of time, BinHBA_S1 solved six problems more
quickly, whereas BinHBA_S1(vt) resolved the other six
in less time. The total gap and time graphics obtained
according to the results in Table 11 are given in Figures
10 and 11. According to the graphic in Figure 10, the
total gap value obtained for BinHBA S1(vt) was
smaller. According to the time graphic in Figure 11,
BinHBA_S1(vt) completed the problems in a shorter
time. Accordingly, in large-scale KPs, BinHBA_S1(vt)
was more successful by obtaining smaller gap values in
a shorter time. The proposed algorithms and the
algorithms found in the literature were compared as
well. For this purpose, Binary Evolutionary Mating
Algorithm (BinEMA) (Yildizdan and Bas, 2024), Binary

Fire Hawk Optimizer (BinFHO) (Yildizdan and Bas,
2024), and Binary Mountain Gazelle Optimizer
(BinMGO) (Yildizdan and Bas, 2024) algorithms, which
were run under the same conditions, were chosen.
Comparison results are given in Table 12. In this
comparison made according to gap values, the smallest
values were mostly obtained from BinMGO. In the
ranking, BinMGO was in first place, while
BinHBA_S1(vt) was in second place. Based on the
results of the pairwise Wilcoxon signed-rank test
provided in Table 13, BinHBA_S1(vt) showed better
performance by obtaining better gap values than
BinEMA and BinFHO in all problems. When evaluated
by p-values, it was seen that there was a significant
difference between them. BinHBA_S1(vt) found better
gap values than BinHBA_S1 in eight problems and
showed better performance. There was a significant
difference between the algorithms. On the other hand,
BinMGO found a better gap value in ten of the problems
and performed better than BinHBA_S1(vt). There was
also a significant difference between the algorithms.
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When all results are evaluated in general, the proposed
BinHBA_S1 and BinHBA_S1(vt) algorithms achieve
successful results in a reasonable time. BinHBA_S1(vt)
achieved more successful results compared to
BinHBA_S1 in both small and large-scale KPs. In
comparisons made with the literature, BinHBA_S1(vt)
generally showed better or similar performances than
the compared algorithms. As encountered in most

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1695-1711

metaheuristics, the proposed BinHBA versions were
also affected by the dimension increase. Despite this,
BinHBA_S1(vt) ranked second in the literature
comparison. This result revealed that new
modifications may be needed to address the
performance decrease caused by the dimension
increase.

Table 11. Comparison Results of BinHBA_S1 and BinHBA_S1(vt) on Large-scale KPs

Gap

Time

ID BinHBA_S1 BinHBA_S1(vt) BinHBA_S1 BinHBA_S1(vt)

Kp16 0.90 1.59 361.02 360.56
Kp17 1.67 2.22 1221.15 982.88
Kp18 6.77 5.17 7142.54 2966.64
Kp19 11.94 7.68 15539.14 17127.80
Kp20 3.15 1.54 175.38 218.02
Kp21 14.89 12.28 520.28 1440.49
Kp22 22.47 12.64 3144.10 4588.00
Kp23 23.75 20.08 17941.32 14898.59
Kp24 4.23 4.27 239.53 170.82
Kp25 8.69 9.89 523.32 1003.96
Kp26 13.59 9.84 3491.35 6947.49
Kp27 18.08 14.45 17215.86 12804.83
Total gap

140

120

100

130,13

BinHBA_S1

101,65

BinHBA_S1{vt)

Figure 10. Total Gap for BinHBA_S1 and BinHBA_S1(vt) Versions
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63510,08

BinHBA_S1{vt}

Figure 11. Total Time for BinHBA_S1 and BinHBA_S1(vt) Versions

Table 12. Comparison of the Gap results of BinHBA_S1 and BinHBA_S1(vt) With Algorithms in the Literature

ID

BinEMA BinFHO BinMGO BinHBA_S1 BinHBA_S1(vt)

Kp16
Kp17
Kp18
Kp19
Kp20
Kp21
Kp22
Kp23
Kp24
Kp25
Kp26
Kp27
Total
Rank

2.79
5.18
13.59
26.09
6.26
19.47
24.59
29.50
7.63
11.49
18.62
25.48
190.70
4

2.98
20.03
38.95
49.80
15.85
19.23
33.53
37.04
10.96
24.90
36.31
40.88
330.46
5

0.00
2.29
2.94
5.88
1.47
11.13
13.54
14.62
3.40
5.24
8.74
12.51
81.75
1

0.90
1.67
6.77
11.94
3.15
14.89
22.47
23.75
4.23
8.69
13.59
18.08
130.13
3

1.59
2.22
5.17
7.68
1.54
12.28
12.64
20.08
4.27
9.89
9.84
14.45
101.65
2

Table 13. The Pairwise Wilcoxon Signed-rank Test Results of BinHBA_S1(vt) and Other Algorithms

BinHBA_S1(vt)

BinHBA_S1(vt)

BinHBA_S1(vt) BinHBA_S1(vt)

BinEMA BinFHO BinMGO BinHBA_S1
+ 12 12 2 8
- 0 0 10 4
= 0 0 0 0
p-value 0.002 0.002 0.009 0.023
h-value 1 1 1 1
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4. Conclusion and future works

The Honey Badger Algorithm (HBA) is a metaheuristic
algorithm proposed in 2022, inspired by the honey
badger's foraging behaviors such as sniffing, digging,
and following the honeyguide bird. In this study, a new
binary version of the Honey Badger algorithm
(BinHBA) was proposed. Transfer functions were used
for the binarization of HBA, which was proposed for
continuous optimization problems. S-shaped transfer
functions, which are frequently used in the literature,
were chosen as the transfer function. At the same time,
time-varying S-shaped transfer functions were used for
the HBA in this study to provide a better balance
between exploration and exploitation. Binary HBA
versions created with eight different transfer functions
obtained this way were first tested on small-scale KPs.
After this test, it was determined that the most
successful transfer functions were S1 and time-varying
S1. The results obtained revealed that using only the
transfer function was insufficient in terms of
performance. That's why the crossover strategy that
supports diversity was integrated into the algorithm.
The performance was examined by applying three
different crossover strategies: one-point, two-point,
and uniform. It was seen that the strategy that
contributed the most was uniform. The BinHBA
algorithm, which was finalized with the time-varying
S1 transfer function and uniform crossover strategy,
found the optimum value for all problems in small-
scale KPs. It has reached the performance of successful
algorithms in the literature. The algorithm was
secondary tested on large-scale KPs. The results
obtained from the test revealed that the version of
BinHBA using the time-varying S1 transfer function is
more successful. In literature comparisons, the BinMGO
algorithm ranked first, while the BinHBA_S1(vt) ranked
second. The BinHBA_S1(vt) performed better than all
the algorithms except BinMGO, and there was a
statistically significant difference between them.

Most algorithms in the literature find values that are
very close to the optimum or optimal in small-scale
KPs. Therefore, the performance differences between
algorithms are revealed mostly by the tests performed
in large-scale KPs. In this context, when the
BinHBA_S1(vt) results are examined, the success of the
algorithm in large-scale KPs compared to the literature
proves that the algorithm is preferable and effective. In
light of all these results, it can be said that the proposed
algorithm is a promising algorithm for different binary
optimization problems.

Future research can apply the BinHBA to a variety of
binary optimization problems, including uncapacitated
facility location and set-union knapsack problems.
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Anahtar Kelimeler 0z

Bitki hastaliklart Bitki hastaliklarinin giivenilir ve zamaninda tanimlanmast modern tarimda ¢ok é6nemli
Erken Tespit bir zorluktur. Geleneksel ydntemler gézle goériiliir semptomlarin manuel olarak
Toprak Senscérleri gozlemlenmesine dayanir. Gériiniir semptomlar, enfeksiyonun orta veya geg
LSTM asamalarinda ortaya ¢ikma egilimindedir; bu da yayllma veya verim azalmasi
Salatalik olasiligini artirir. Bitki hastaliklar1 gézle gériilebilir hale geldikten sonra hastalik

bulasmis olmakta ve tedavi icin ge¢ kalinmis olmaktadir. Bu sebeplerden dolay1 bitki
hastaliklarin gézle gériilmeden énce tespit edilebilmesi icin daha diisiik maliyetli olan
coziimlere ihtiya¢c vardir. Bu ¢alismada, serada yetistirilen hiyar bitkilerinde ortaya
ctkabilecek viriis etkilerinin derin 6grenme ve yapay zeka uygulamalart yardimiyla
erken donemde tespit edilmesi hedeflenmigstir. Bu amagla bitki hastaliklarinin erken
tespiti icin LSTM tabanli bir derin 6grenme modeli 6nerilmistir. Bu modelde kullanilan
veriler icin, hastalik inokiile edilen ve saglikli bitkilerin bulundugu iklim odalari
kurulmustur ve toprak sensorleri kullanilarak hiyar bitkisinden zamansal veriler
toplanmistir. Daha sonra veri hazirlama siireci igerisinde verilerin temizlenmesi,
6zniteliklerinin ¢cikarilmasi ve etiketleme gibi islemler yapilmistir. Egitim asamasindan
sonra model, tarimsal sensdrlerden gelen zaman serisi verilerini analiz ederek anomali
tespiti yapabilmekte, bu sayede bitki hastaliklarin gérsel belirtileri ortaya ¢tkmadan
hastalikli olduklarini sdylemektedir. Modelin performansini degerlendirmek icin
dogruluk, siniflandirma raporu, karistklik matrisi gibi metrikler kullanilmistir. Elde
edilen sonuclar oldukca basarili; model %99.95 dogruluk saglamis ve anomali tespiti
konusunda yiiksek basari géstermistir. Yapilan ¢alisma sonucunda bitki hastaliklarin
erken tespiti ile minimum zirai ilaglama ile maliyet diistirticii tedbirler en iist seviyede
alinabilecek insan ve cevre maksimum seviyede korunmus olacaktir.

CROP DISEASES USING AGRICULTURAL SENSOR DATA
LSTM-BASED DEEP LEARNING MODEL FOR EARLY DETECTION

Keywords Abstract

Plant Diseases Reliable and timely identification of plant diseases is a crucial challenge in modern
Early Detection agriculture. Traditional methods rely on manual observation of visible symptoms.
Agricultural Sensors Visible symptoms tend to appear in the middle or late stages of infection, which
LSTM increases the likelihood of spread or yield reduction. Once plant diseases become visibly
Cucumber detectable, the infection has already occurred, and it may be too late for effective

treatment. Therefore, cost-effective solutions are needed to detect plant diseases before
they become visually apparent. This study aims to detect the effects of viruses on
cucumber plants grown in greenhouses at an early stage using deep learning and
artificial intelligence applications For this purpose, an LSTM-based deep learning
model for early detection of plant diseases is proposed. To collect data for the model,
climate chambers housing both diseased and healthy plants were established, and
temporal data were gathered from cucumber plants using soil sensors. During the data
preparation process, steps such as data cleaning, feature extraction, and labeling were
performed. After the training phase, the model can analyze time-series data from
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agricultural sensors to detect anomalies, identifying diseased plants before visual
symptoms appear. Metrics such as accuracy, classification report and confusion matrix
were used to evaluate the performance of the model. The results obtained are quite
successful; the model achieved 99.95% accuracy and showed high success in anomaly
detection. As a result of the study, with the early detection of plant diseases, cost-
reducing measures can be taken at the highest level with minimum pesticides, and
humans and the environment will be protected at the maximum level.
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1. Giris

Tarim  sektoéridi, diinya niifusunun  beslenme
gereksinimlerini karsilamak icin vazgecilmez bir rol
oynar. Ancak, bitki hastaliklar1 tarimsal {iretimde
onemli bir tehdit olusturarak verim kaybina, kalite
diistisiine ve ekonomik zararlara yol acar (Akbas,
2019). Bu durum, siirdiiriilebilir tarim uygulamalarinin
gerekliligini ve bitki saghiginin korunmasinin Kkritik
onemini gozler 6niine sermektedir. Bitki hastaliklarinin
erken teshisi ve etkin yonetimi, sadece tarimsal
iretimin stirekliligini saglamakla kalmaz, ayni zamanda
ekosistem dengelerini koruyarak gida gilivenligine de
katkida bulunur (Kelman, Pelczar, Pelczar ve Shurtleff,
2023). Son yillarda, makine 6grenimi ve derin 6grenme
tekniklerinin hizla gelismesi, bitki hastaliklarinin
tespiti ve yonetiminde devrim niteliginde ilerlemeler
kaydedilmesini saglamistir (Patel, 2023; Jackulin ve
Murugavalli, 2022). Bu teknolojiler, hastaliklarin erken
evrede tespit edilmesine olanak taniyarak kimyasal ilag
kullanimini minimize etmekte ve daha stirdiiriilebilir
tarim uygulamalarim1 tesvik etmektedir (Bischoff,
Farias, Menzen ve Pessin, 2021). Cogu durumda bitki
hastalig1 salginlariyla basa ¢ikmak icin hastaliklarin
klasik yontemlerle 6nceden tespit edilmesi zorlu bir
problemdir. Bu nedenle, bir bitkinin saglkli olup
olmadigini veya hangi hastaliga sahip oldugunu
belirlemek icin ciftciler icin otomatik bir bitki hastalik
tanima  sistemi  6nemlidir. Son  zamanlarda
bilgisayarlar, kameralar (RGB, 3D, termal, yakin kizil
oOtesi, multi ve hiper spektral kamera vb.) ve gorintii
isleme / yapay zeka tekniklerindeki gelismeler ile
birlikte bir bitkinin hastaligini teshis etmek icin pek
cok arastirma yapilmistir (Abade, Ferreira ve Vidal,
2021; Barbedo, 2016). Bilgisayarli gérme ve yapay
zekanin gelismesiyle birlikte, bircok derin 6grenme
yontemi bitki hastaliklarinin taninmasinda
uygulamalar bulmustur.

Ancak yapilan calismalarin birgogunda goériinti isleme
teknikleri kullanilmaktadir. Bu durum ise hastalik
belirtilerin ortaya ciktiktan sonra tespit edilebilmesi
gibi sorunlari ortaya cikarmaktadir. Soyle ki bitki
hastaliklar1 gozle goriilebilir hale geldikten sonra
hastalik bulasmis olmakta ve tedavi icin ge¢ kalinmis

olmaktadir. Bu problemin o6niine gecilebilmesi adina
hiper ve / veya multi spektral kameralar kullanmak
miimkiindir. Ancak goriiniir 151k dalga boyu disinda
Olctimler alabilen ve daha detayli bilgi sunan bu tir
yuksek c¢oziiniirlikli algillayicilarin  hem maliyeti
yliksek olmakta hem de 6l¢iimlerin alinmasi sirasinda
ortiisme problemi, ortamdaki 1sik faktorleri ve en
onemlisi de 6rneklemenin tiim sahada yapilamamasi
gibi halen ¢6ziilmesi gereken problemleri icermektedir.
Bu sebeplerden dolayr bitki hastaliklarin gozle
goriilmeden once tespit edilebilmesi icin daha diistik
maliyetli olan ¢6ziimlere ihtiya¢ vardir. Bu amagla bu
calismada, toprak sensor verilerini kullanarak bitki
hastaliklarini erken tespit etmek amaciyla LSTM (Long
Short-Term Memory) tabanl bir derin 6grenme modeli
onerilmistir. LSTM, 6zellikle uzun siireli bagimliliklar
o6grenmede etkili olan bir tiir tekrarlayan sinir agidir
Gelistirilen model, sicaklik, pH, iletkenlik ve nem gibi
zaman serisi verilerini analiz ederek anomali (bitki
hastaliklar1) tespiti yapmaktadir. Onerilen yontem,
verilerin ge¢mis degerlerini kullanarak gelecekteki
olas1 anormallikleri tahmin etmeye yonelik olarak
tasarlanmis ve gercek saha kosullarinda uygulanmistir.

2. Bilimsel Yazin Taramasi

Uriinlerin ~ uzmanlar tarafindan gorsel olarak
degerlendirilmesi, bitki hastaliklarin tespiti ve teshisi
icin en sik kullanilan yéntemdir. Ote yandan, bitki
patojenlerinin insan go6zii semptomlar1 algilamadan
once tespit edilmesi, etkili bir hastalik kontrol
stratejisinin zamaninda uygulanmasinda ¢ok o6nemli
olmaktadir (Cohen, Edan, Levi ve Alchanatis, 2022).
Bitkilerde yaprak morfolojisi ve renginde degisiklikler
olarak belirgin semptomlar gelisir; ancak gorsel bir
teshis yapildiginda, patojenin konakg1
popiilasyonlarinda iyi bir sekilde yerlesmis olmasi
muhtemeldir ve bu durumda hastaligin tedavisi icin geg
kalinmasi muhtemeldir. Bu nedenle, belirgin
semptomlar gostermeyen gizli enfeksiyon bilgisinin
bilincli ve etkili bir hastalik ydnetimi saglamada
anahtar rol olabilecegini yazarlar bildirmislerdir
(Dyussembayev ve dig, 2021). Hiperspektral
goriintileme ve yiiksek ¢oziiniirliklii spektrometri gibi
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uzaktan algilama yaklasimlarinin, patojen saldirisi

degisiklikleri tespit edebildigi gosterilmistir (Thomas
ve dig., 2024). Bu nedenle, hassas tarim baglaminda
bitki hastaliklarini zamaninda tespit etmek ve erken
irin koruma Onlemleri uygulamak miimkindur
(Thomas ve dig., 2034; Terentev, Dolzhenko, Fedotov
ve Eremenko, 2022). Ornegin, Mohanty, Hughes ve
Salathé (2016), akilli telefon destekli hastalik teshisi
yapmistir. Kontrollii kosullarda toplanan 54.306 bitki
yapragl goriintiisiinii kullanarak 14 mahsul tiiri ve 26
hastaligi tanimlayan derin 6grenme modeli %99.35
dogruluk oranina ulagmistir. Nguyen ve dig. (2021),
400-1000 nm hiperspektral sensorle elde edilen
gorintiler Ulzerinde smmiflandirma yapmislardir.
Saglikli ve hastalikh bitkilerin yansima spektrumlarini
ayirt etmek icin istatistiksel yontemler kullanmis ve
hastalik merkezli bitki indeksleri olusturmuslardir.
Derin o6grenme ve geleneksel makine 0Ogrenme
yontemleri ile piksel ve gorinti bazli siniflandirmalar
gerceklestirmislerdir. Bir diger c¢alismada ise Abdu,
Mokji ve Sheikh, hassas tarimda bitki hastaliklarinin
gorlintii tabanh tespiti icin kullanilan destek vektor
makineleri (DVM) ve derin 6grenme (DL) modellerinin
karsilastirmali  bir analizini sunmaktadir. Bitki
hastaliklarinin %70-80'i patojenlerden
kaynaklanmakta olup, bunlarin %60-70'i yapraklarda
gorilmektedir. Calismada, genis bir bitki yaprag
hastalik goriintii veri seti kullanilarak, her iki modelin
performansi, mimarisi, hesaplama giicii ve egitim verisi
miktar1 gibi faktérler géz oOniinde bulundurularak
karsilastirilmistir.  Ferentinos (2018) ise, bitki
hastaliklarinin tespiti ve teshisi i¢in yaprak gorintiileri
kullanarak derin 6grenme ydntemleriyle evrisimsel
sinir ag1 (ESA) modelleri gelistirmistir. Modeller,
87.848 goriintiiden olusan ve 25 farkhh bitkiyi
kapsayan, 58 farkhi bitki, hastalik kombinasyonunu
iceren acik bir veri tabaniyla egitilmistir. En iyi
performansa sahip model, ilgili bitki, hastalik
kombinasyonunu (veya saglikli bitkiyi) %99.53 basari
oraniyla tanmimlamistir. Radovanovi¢ ve Dukanovic
(2020), bitkilerde hastalik tespiti amaciyla bitki
hastaliklari iceren imgeleri derin 6grenme yaklasiminin
klasik makine 0grenme algoritmalariyla
karsilastirmasin1  sunmaktadir. Yazarlar yaptiklari
karsilastirma sonucunda DVM, k-en yakin komsuluk,
tam baglamli sinir ag1 ve ESA modellerinin sirasiyla
0.894, 0.72, 0.892 ve 0.99 F1 skorlar1 raporlamislardir.
Chin, Ng ve Palanichamy (2024) tarafindan yapilan
calisma, YOLOv8 modelini  kullanarak  bitki
hastaliklarinin tespit ve siniflandirilmasini incelemistir.
YOLOVS8, nesne tespiti icin hizli ve dogru sonuglar veren
bir derin 6grenme modelidir. Calismada, YOLOv8
modeli dikkat mekanizmas1 yaklasimiyla entegre
edilmistir. Bu entegrasyon, modelin dogrulugunu
artirirken hesaplama maliyetini distirmeyi
amaglamaktadir. Arastirma sonucunda, YOLOv8s
modeli ile %72.2 dogruluk elde edilmistir. Smetanin,
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sirasinda bitkilerin metabolizmasindaki ince
Uzhinskiy, Ososkov, Goncharov ve Nechaevskiy (2021)
tarafindan gelistirilen c¢alisma, derin 6grenme ve
transfer 6grenme tekniklerini kullanarak bitki
hastaliklarinin  tespitini  incelemistir.  Calismada,
MobileNetV2 ile transfer 6grenme ve tli¢lii kayip (triplet
loss) fonksiyonu kullanilarak egitilmis bir goriinti
siniflandirma modeli kullanilmistir. Model, %98
siniflandirma dogruluguna ulasmistir.

Bitki hastaliklari, zamanla degisen olgular oldugu igin
derin 6grenme modelleri arasinda son yillarda siklikla
kullanilan LSTM modelleri zamansal veri analizi i¢in
uygun bir ¢6ziim olarak ortaya ¢ikmaktadir. Ornegin,
Pattle ve dig. (2022), yaptiklar1 ¢alismada LSTM ag1
kullanarak bitki hastaliklarinin tahmini i¢in akilh
sensor sisteminin saha degerlendirmesini yapmis ve
%96 dogruluk orani elde ettiklerini raporlamislardir.
Benzer sekilde, misir yapragindaki hastaliklarin
tahmini i¢in LSTM modelinin kullanildig1 bir baska
¢alisma Ashwini ve Sellam tarafindan yapilmistir. Bu
¢alisma, %90'1n {izerinde bir basar1 oranyla
hastaliklar1 tespit edebildiklerini gostermektedir
(Ashwini ve Sellam, 2024).

Bununla birlikte, hiperspektral goriintiileyiciler ve
yluksek c¢oziiniirliikli spektroradyometreler hala
maliyetlidir ve hiperspektral goriintiileme durumunda
biiyiik miktarda ¢ok boyutlu verinin islenmesi
karmasik olmaya devam etmektedir. Gergek saha
ortaminda bu tiir genis spektrumlu kameralarin
maliyetinin fazla olmasi nedeniyle su an ki teknolojik
duruma gore ticari uygulamalarda (6zellikle kiiciik ve
orta biiyiikliikte seralarda) kullanilmasi ekonomik ve
kullanish  degildir. Ayrica bu tiir kameralarin
maliyetinin fazla olmasi nedeniyle sahanin her
tarafinda konumlandirilmas1 miimkiin olmayip sahanin
her tarafin1 6rneklemesi saglanamamaktadir. Bu tiir
kameralarin konumlandirilmis oldugu ve ¢ekim
alabildigi alan disindaki bir koordinatta olusabilecek
hastaliklar1 tespit edebilmesi miimkiin degildir. Seranin
her tarafindan o6rnek alinabilmesi igin bu tir
algilayicilarin seranin tiim bdlgelerine tasinmasi ve
ornek gorilintiilerin alinmas1 gerekmektedir. Son
zamanlarda otomatik robot, dron vb. ydntemler ile
tasinma islemi veya bir kisinin tasinmasi ile miimkiin
olabilmektedir. Ancak robot, dron vb. sistemlerle
tasinmasi sera ortami diisiiniildiigii zaman su an igin
gercek saha uygulamalarin da kullanish degildir. insan
tarafindan tasinma isi ise insana bagiml oldugu i¢in
alinan érneklerin dogruluk problemini ortaya ¢ikardig:
gibi zaman ve maliyet olarak yine gercek saha
uygulamalarinda gergeke¢i bir ¢6ziim degildir. Bu tiir
genis spektrumlu kameralarin su an sadece laboratuvar
ortamlarinda veya kontrollii ortamlarda kullanilmasi
miimkiind{ir.
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3. Yontem

Derin 6grenmeye dayali mevcut bitki hastalig1 tanima
yontemi, derin aglar olusturarak ozellikleri otomatik
olarak ogrenebilir (Thakur, Khanna, Sheorey ve Ojha,
2022; Gao, Wang, Lu, Li ve Wu, 2021; Shin ve dig,
2021). By, ozellik ¢ikarma isleminde manuel miidahale
gerektiren geleneksel yapay gorme teknolojisinin yari
otomatik sorununu etkili bir sekilde ¢6zmektedir.
Bununla birlikte, derin 6grenmeye dayali yontemler,
egitim veri setinin boyutuna yiiksek oranda bagimhidir
(Jadon, 2020; Argieso vd., 2020). Ayni zamanda,
karmasik uygulama senaryolar1 ve yiiksek veri
etiketleme maliyeti nedeniyle tarimsal alanda biiytlik
miktarda yiiksek kaliteli etiketli veri elde etmek zordur.
Veri eksikligi, tarimsal otomatik tanimlama siirecinin
gelisimini de simirlamaktadir (Lu, Chen, Olaniyi ve
Huang, 2022; Sharma, Tripathi ve Mittal, 2022).
Hastalikli veriyi toplamak hemen hemen tim
calismalarin karsilastigl en biiyiik sorundur. Hastalikli
veri toplamak i¢in iirliniin izlenmesi ve hastaligin
ortaya ¢ikmasinin beklenmesi gerekmektedir. Bu siire¢
her zaman can sikici olmustur. Cogu zaman saglikl veri
kadar hastalikli veri toplanamamakta ve toplanan
veriler = uzmanlar  tarafindan dogru olarak
etiketlenememektedir. Bunun temel sebebi her iriin
icin farkli ¢ok sayida hastalik olmasi, hastalik
belirtilerin ¢ogu zaman birbirine benzer olmasi,
hastaligin ortaya ¢ikma siiresinin uzun olmasi, hastalig
etiketleyecek uzmanlarin yeterli sayida olmamasi vb.
sayilabilir. Bu ¢alismada 6rnek uygulama iiriinii olarak
orti alti yetistiricilik uygulamalariyla yil boyu
yetistirilebilen kabakgiller familyasindan tek yillik bitki
olan hiyar tercih edilmistir. Calisma kapsaminda
birbirinden izole ve farkli alanlarda birbirinin ikizi iki
iiretim hatt1 olusturulmustur.

J ESOGU Eng. Arch. Fac. 2025, 33(1), 1712-1720

1

Sekil 1. Birbirinin ikizi Uretim Hatlar1

Her bir tiretim hattinda bitkiler 4 litre hacme sahip torf
iceren tekli saksilarda yetistirilmistir. Ilk {retim
ortaminda saglikl Giriin dretilmistir (Sekil 1. a). Saghikh
hiyarda 6nemli verim ve kalite kayiplarina neden olan
Cucumber mosaic viriis hastalikli odada bulunan
saksilardaki bitkilere bulastirilmistir (Sekil 1b). Her bir
saksida sicaklik, pH, iletkenlik ve nem degerleri
Cucumber mosaic viriis bulastirildigi zamandan
itibaren hem saglikli hem de hastalik bulastirilmis
bitkilerden her bes dakikada bir toplanmistir. Veri
toplama islemi bahse konu olan viriise ait belirtilerin
yapraklarda gortilmesine kadar devam etmistir.

Saglikll tiretim yapilan ortamin ikizinde ise yapay
hastaliklandirma sayesinde iirtiniin hangi hastaliga
ugradign bilindigi icin etiketleme (hastalikli olup
olmadiginin tespiti) islemine gerek kalmamustir. Ayrica
tirintin ilk dikiminden hastalik belirtisi olasiya kadar
gecen siirede algilayicilarla izlenmesi miimkiin
olmustur. Boylece ¢ogu calismada hastalik belirtisine
gore calisan sistemlerin aksine bastan itibaren izlenen
hastalikli {iriinden elde edilen veriler analiz edilerek
hastalik belirtisi ortaya ¢ikmadan tespit edilebilmesi
icin gerekli c¢alismalarin / analizlerin yapilmasi
miimkiin hale gelmistir.
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Sekil 2. Hastalikli ve Saglikh Bitkilere Ait Sensor Verileri
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Veri seti, topraktan alinan sicaklik, pH, iletkenlik ve
nem oOlclimlerini icermektedir. Bu ol¢limler, sicaklik,
pH, iletkenlik ve nem bilgilerini ayn1 anda 6l¢ebilen bir
toprak sensori kullanilarak toplanmuistir.
Sensorlerinden alinan bilgilerin is istasyonu tzerindeki
veri tabanina kaydedilmesi i¢in 6ncelikle LoRaWAN ag1
olusturulmustur.

Toprak sensorleri, LoORaWAN agina radyo frekanslari
araciliflyla  baglanabilmek icin bir modil ile
donatilmistir. Bu modill, sensorlere kablo ile
baglanarak verilerin LoRaWAN ag gecidine iletilmesini
saglamaktadir. LoRaWAN ag gecidine gelen bilgiler,
benzersiz cihaz kimlik bilgileri (cihaz ID) ile LoRa
sunucularina aktarilmakta ve ardindan is istasyonu
iizerinde  kosan PostgreSQL  veri  tabanina
kaydedilmektedir. Verilerin toplanmasi ve islenmesi
icin Java programlama dili ile gelistirilmis web tabanl
bir uygulama yer almaktadir. Veri seti, 2024 yili Mayis
ve Haziran aylar1 arasinda kaydedilen sicaklik, pH,
iletkenlik ve nem o6lgiimlerini icermektedir. Toprak
sensoriinden elde edilen verilerin ham hali d6rnek
olmasi agisindan Sekil 2’de resmedilmistir. Veriler,
belirli zaman araliklarinda kaydedilerek zaman serisi
formatinda sunulmustur. Hastalik belirtilerin gorsel
olarak tespit edilebilmesi amaciyla her iriin
kameralarla izlenmis ve ayni toprak sensoérlerinde
oldugu gibi her bes dakikada yakalanan goriintiiler
zaman damgasiyla birlikte veri tabanina
kaydedilmistir. Sekil 3’te hastalik inokiile edilmis
bitkilere ait drnek fotograflar gosterilmektedir.

'r/ ’ .
p&_" 4
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: e % :

Sekil 3. Hastalik inokiile Edilmis Bitki Ornekleri
On islemler kapsaminda, zaman damgalar kontrol
edilerek veri seti zaman serisi analizine uygun hale
getirilmistir. Elde edilen veriler, modelin daha hizh ve
stabil o6grenmesini saglamak icin standart hale
getirmek ve normalize edilmesi amaciyla scikit-learn
kitiiphanesindeki ~ StandardScaler!  kullanilmistir.
StandardScaler aykir1 degerlere karsi duyarlidir ve
aykir1 degerlerin varliginda 6zellikler birbirinden farkl
6lceklenebilir. Ayrica, veriler belirli bir zaman adimi
kullanilarak sekanslar halinde diizenlenmis ve
anomalilerin tespiti icin etiketlenmistir. Verilerin
etiketlenmesi asamasinda, gorsel olarak sunulan veri
setinde bitki izerinde viriis goriinimiiniin tespit
edildigi tarih baz alinarak, veri seti icerisindeki

1 https://scikit-learn.org/stable/modules/generated/
sklearn.preprocessing.StandardScaler.html
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verilerde ilgili tarihten itibaren sunulan veriler virisli
olarak etiketlenmistir.

On islemden gecirilmis sicaklik, pH, iletkenlik ve nem
zaman serisi verilerini analiz etmek amaciyla bu
calismadaki problem ve girdi verilerine en uygun olan
derin 6grenme mimarisi olan LSTM tercih edilmistir.
LSTM  birimi, tekrarlanan modiillerde hicbir
etkinlestirme islevini kullanmamasindan dolayr uzun
veya kisa zaman periyotlarini hatirlar. Dolayisiyla,
depolanan deger yinelemeli olarak degistirilmez.
Yalnizca anlik veriyi (resim gibi) degil, veri dizilerini
(konusma ve video gibi) de isleyebilir. Ornegin Fischer
ve Krauss (2018) karmasik ve dinamik piyasa veriler
finansal zaman serisi tahmininde LSTM modellerinin
kullanilabildigini gdstermislerdir. Bununla birlikte
dogal dil isleme alaninda, metin verilerinin dil
modellerini  olusturmak ve dil c¢evirisi gibi
uygulamalarda LSTM modelleri etkin bir sekilde
kullanilmaktadir (Sutskever, Vinyals ve Le, 2014).
Ayrica, medikal zaman serisi analizinde, LSTM
modelleri kalp atis hizi veya EEG sinyalleri gibi
biyomedikal sinyallerin analizinde kullanilmakta ve
hastalik teshisinde 6nemli roller oynamaktadir. Lipton,
Kale, Elkan ve Wetzel (2015), LSTM modellerinin genis
bir uygulama yelpazesine sahip oldugunu ve cesitli
zaman serisi verilerinde basarili sonuglar verdigini
gostermektedir. Bu calisma kapsaminda elde edilen
veriler stirekli zamanda (her ne kadar bes dakikada bir
veri toplanmis olsa da bitkilerdeki degisimlerin bes
dakikalik periyotta fazla degismeyecegi kabullenmesi
ile stirekli zaman serisi olarak ele alinabilir) elde
edilmesinden dolayr LSTM mimarisi i¢in uygundur.
Calismada, zaman serisi veri yapisinin olusturulmasi
icin veriler belirli bir zaman adimi kullanilarak
sekanslar halinde diizenlenmistir. Bu sayede model,
gecmis bilgileri kullanarak tahmin yapabilmektedir.
Modelin asir1 6grenmesini 6nlemek amaciyla erken
durdurma teknigi kullanilmistir. Erken durdurma,
dogrulama kaybi belirli bir siire iyilesmediginde egitimi
durdurarak en iyi model agirhklarim geri
yiiklemektedir. Onerilen model mimarisi, iki katmanl
bir LSTM yapisindan olusmaktadir. ilk LSTM katmani,
32 birim ile yapilandirilmis olup geri doéntislii olarak
ayarlanmistir. Bu katman, sonraki LSTM katmanina
tim zaman adimlarinin ¢iktisini  saglamaktadir. ilk
LSTM katmaninin ardindan %30 séniimleme (dropout)
uygulanarak modelin asir1 dgrenmesi Onlenmistir.
Ikinci LSTM katmani ise 16 birim ile yapilandirilmis
olup sadece son zaman adiminin ¢iktisin1 vermektedir.
Bu katmanin ardindan da %30 soniimleme (dropout)
uygulanmistir. Cikis katmani olarak tek bir ndérona
sahip Dense katmani, sigmoid aktivasyon fonksiyonu
ile anomali tespiti i¢in kullanilmistir. Model, Adam
optimizasyon algoritmasi ve binary_crossentropy kayip
fonksiyonu ile derlenmis ve dogrulama veri setindeki
performansa gore erken durdurma geri ¢agirmasi ile
egitilmistir. Calismada kullanilan mimari Sekil 4’te
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resmedilmistir. Sekil 4’te goriilecegi iizere genel
mimari {i¢ bélimden olusmaktadir. ilk bsliim genel
itibari ile verilerin hazirlanmasi ve 06n isleme
adimlarindan olusmaktadir. LSTM mimarisi i¢in hazir

Veri Hazirlama Sureci

Veri Yukleme ve
Temizieme

Ve \ -
Veri Etiketleme Oznitelik Secimi ve Zaman Serisi Verisi
Standartizasyon Yapilandirmasi
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hale getirilen veriler LSTM mimarisine girdi olarak
verilmistir. En son b6lim ise modelin egitimi ve test
sonuglarin elde edildigi boliimdiir.

LSTM Model

Giris ‘ LSTM Katmani 1

ﬂ
J]

Model Degerlendirmesi W

Model

Dropout Katmani
7| Katmani " (32 birim) (0.3)

l Dense Cikti Katmani

Degerlendirmesi

H Model Egitimi ’]

Sekil 4. Calismada Kullanilan Mimarinin Blok Diyagrami

Bu ¢alisma kapsaminda yapilan testler ve sonuglarin
sunulmasinda arastirma ve yayin etigine uyulmustur.

4. Bulgular ve Tartisma

Bu c¢alismada, saglikli iirtiinlerden toplanan egitim
verileri ile egitilen sistemin  hastalik/zararli
inokiilasyonu yapilan triinlerden algilayicilarla elde
edilen veriler test edilerek erken uyar1 verecek sistem
gelistirilmistir. Buradaki erken uyari sistemi hastalik
belirtisinin insan gozii ile tespit edilmesinden 6nceki
zamani belirtmektedir.

Siniflandirma problemlerin basarisi, dogru sinifa
atanan 6rnek sayisi ve yanlis sinifa atanan 6rnek sayisi
nicelikleri ile alakalidir. Test sonucunda ulasilan
sonuglarin basarim bilgileri karisiklik matrisi ile ifade
edilmektedir (Tablo 1).

Tablo 1. Karisiklik Matrisi

Gercek Sonuglar

Dogru Yanlis
Tahminlenen | Dogru DP YN
Sonuglar Yanlis YP DN

Tablo 1'de yer alan;

DP: Gergekte hastalikli olan 6rnekleri dogru bir sekilde
hastalikli olarak tahmin etme durumunu ifade eder.

DN: Gergekte saglikli olan 6rnekleri dogru bir sekilde
saglikli olarak tahmin etme durumunu ifade eder.

YP: Gergekte hastalikli olan 6rnekleri yanlhs bir sekilde
saglikli olarak tahmin etme durumunu ifade eder.

YN: Gergekte saglikli olan drnekleri yanlis bir sekilde
hastalikli olarak tahmin etme durumunu ifade eder.

Karisiklik matrisinde satirlar test kiimesindeki
orneklere ait gercek sayilari, kolonlar ise modelin
tahminlenmesini ifade etmektedir. Dogruluk

Dropout Katmani
(0.3)

LSTM Katmani 2 ‘

l Aktivasyon: Sigmoid (16 birim)

on

6lgmesinin en yaygin kullanimlarindan dogru bir
sekilde siniflandirilan verinin biitiine oraninin bir
raporu olan yiizde dogrulugudur. Cogunlukla ytzde
dogruluk bir hata matrisi olmaksizin basit bir dogruluk
Olgmesi olarak tek basina kullanilir. Yiizde dogruluk tek
basina bir simiflandirmanin goéreceli olarak faydasi
hakkinda fikir verebilir. Ancak biitiin hata matrisini
inceleme firsatinin olmamasi durumunda siniflandirma
dogrulugunu kanitlayacak kadar ikna edici degildir.
Tam bir degerlendirme simiflandirmada kullanilan
kategorileri icermelidir. Ayrica belirli siniflarin
dogruluklarindaki degisimlere siniflarin
hassasiyetlerinde oldugu gibi dikkat edilmelidir. Sadece
genel siniflarin kullanildig bir siiflandirmada yiiksek
dogruluk  elde edilebilir. Model basariminin
Olgtilmesinde kullanilan en popiiler ve basit yontem,
modele ait dogruluk oranidir. Dogru siniflandirilmis
ornek sayisinin (DP+DN), toplam o6rnek sayisina
(DP+DN+YN+YP) oranidir ve asagidaki esitlik (Esitlik
1) ile ifade edilmektedir.

DP+DN
DP+DN+YN+YP

dogruluk = 1

Hata orami ise bu degerin 1’e tamlayamdir. Diger bir
ifadeyle yanls siniflandirilmis 6rnek sayisinin (YP+YN),
toplam ornek sayisina (DP+DN+YN+YP) oranidir.
Kesinlik ise hastalikli olan verilerin hangi oranda tespit
edilebildigini gostermektedir. Hastalikli olarak dogru
siiflanmis (DP) veri sayisinin, hastalikli olarak
tahminlenmis tiim o6rnek sayisina oranidir ve
matematiksel olarak gosterimi Esitlik 2’de verilmigtir.

DP

kesinlik = ——
DP+YP

(2)

Dogru siiflandirilmis pozitif 6rnek sayisinin toplam

pozitif ~6rnek sayis1 orant duyarlilik olarak
isimlendirilmekte ve formilii asagidaki esitlikte
sunulmustur (Esitlik 3);

DP
duyarlilik = EYSea. 3)
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Kesinlik ve duyarlilik 6lciitleri tek basina anlamli bir
karsilastirma sonucu ¢ikarmamiza yeterli degildir. Her
iki 6l¢litli beraber degerlendirmek daha dogru sonuglar
verir. Bunun igin f-6l¢litii tamimlanmistir. F-6l¢iiti,
kesinlik ve duyarliligin harmonik ortalamasidir ve
Esitlik 4’te gosterilmektedir.

Kesinlik«Duyarlilik

F Skoru = 2 * 4)

Kesinlik+Duyarlilik

Calisma kapsaminda elde edilen karisiklik matrisi
Tablo 2’de, kesinlik, dogruluk ve F Skoru ise Tablo 3’te
gosterilmistir.

Tablo 2. Elde Edilen Karisiklik Matrisi

Gergek Sonuclar

Hastalikli Saglhkli

Tahminlenen Hastalikli 1142 0

Sonuglar Saglhkli 2 2646

Tablo 2’de 1144 adet olan hastalikl verilerin sadece 2
tanesinin yanlishikla saglikli olarak tahmin edildigi,
buna karsilik 2646 adet olan saglikli verinin hepsinin
dogru olarak tahmin edildigi goriilmektedir.

Tablo 3. Model Sonucu Elde Edilen Basarim Metrikleri

Dogruluk | Kesinlik | Duyarlilik | F-Skoru

Bagarim | 0.9994 | 0.9982 | 1.0000 | 0.9990
(%)

Yukaridaki basarim metrikleri tablosu incelendigi
zaman ¢alisma  kapsaminda sensoér  verilerin
kullanilarak basaril bir sekilde bitkilerin hastalikli olup
olmadig tespit edilebilmektedir.

5. Sonuglar

Bu c¢alismada serada yapilan hiyar yetistiriciliginde
ortaya cikabilecek viriis etkisinin derin 6grenme ve
yapay zeka uygulamalari yardimiyla erken dénemde
tespit edilmesi amaglanmistir. Gelisen teknoloji ile
algilayicilarin artik kolay ulasilabilmesi hem de bu
algilayicilardan gelen ¢ok boyutlu bilgiyi analiz
edebilen yapay zeka destekli ¢oziimler bitkilerin
baslangic asamasindan hasata kadar olumsuz
durumlarin hassasiyetle ve hizli bir sekilde tespit
edilmesini kolaylastirmak i¢in gereklidir. Bu calismada
saglikli ve yapay hastalik olusturulabilecek iki tiretim
merkezi algilayicilar ile siirekli izlenerek hastaliklarin
erken tespitini gerceklestirilebilmek adina bir sistem
mimarisi olusturma, algilayicilarin  birlestirilerek
veriden elde edilecek bilgi miktarini1 artirmak ve uctan
uca egitim yapabilecek ve gercek saha ortaminda
calisabilecek  6zgiin bir yaklasim Onerilmistir.
Calismada Beit Alpha tipi standart bir hiyar cesidi
kullanilmistir. Fide doénemindeki hiyar bitkilerine

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1712-1720

Cucumber mosaic virusiinii (CMV) hastalikli bitki elde
edebilmek icin yapraktan zararli nematod icin bitkinin
yetistirme ortamina inokiile edilerek verilmis ve belirti
olusumu gozlemlenmistir. Bitki hastalik yonetimi i¢in
yerinde drnekleme saglayan hassas, spesifik, kullanici
dostu ve hizli yontemlere duyulan ihtiya¢ giderek daha
belirgin hale gelmektedir. Bu sayede hastalik serada
yetistirilen bitkilerin birka¢inda yayllmaya
basladiginda aksiyon almak mimkiin olacaktir. Bu
calismada zaman serilerini analizi i¢in kullanilan LSTM
mimarisi yerine ARIMA gibi istatistiksel yontemlerin
kullanilmas1 ve toprak sensorlerinden elde edilen
verilerin goriintiilerle fiizyon edilerek yeni derin
0grenme mimarileri olusturulmasi planlanmaktadir.
Hastalik ve zararlilarin sonraki yapilacak c¢alismalar
kapsaminda gelistirilecek yenilik¢i ve siirdiiriilebilir
teknoloji sayesinde erken donemde tespit edilmesiyle
zirai miicadele uygulamalarinin zamaninda ve etkin bir
sekilde uygulanmasiyla olast verim ve kalite
kayiplarinin 6ntine gegilebilecektir. Ayrica minimum
zirai ilaglama ile maliyet diisiiriicii tedbirler en {ist
seviyede alinabilecek insan ve ¢evre maksimum
seviyede korunmus olacaktir.
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Anahtar Kelimeler

0Oz

Sonlu elemanlar yontemi
Dinamik analiz

Statik analiz

Zemin lyilestirme

Plaxis

Bu ¢alisma kapsaminda farkli kat yiiksekligine sahip yapilarin statik ve dinamik ytikler
altindaki davranislari sonlu elemanlar yéntemini kullanan iki boyutlu Plaxis programi
ile diizlemsel sekil degistirme ve 15 diigiim noktali elemanlar yardimiyla modellenmistir.
Modelleme isleminde zemin iyilestirmesi yapilarak ve zemin iyilestirmesi olmadan, diisey
ylikler altinda statik ve dért farkli deprem ivme kayd: kullanilarak dinamik yiikler
altinda analizler yapilmistir. Calisma alaninin zemin etiit ve jeofizik raporu
incelendiginde zeminin aliivyon (kil, silt ve kum) ve yiiksek deformasyonlarin
olusabilecegi bir zemin oldugu gdériilmektedir. Zeminin tasima kapasitesi diisiik oldugu
icin kazik gruplariyla iyilestirme yapilmasi gerektigi diisiintilmiistiir. Kazik tasariminda
degisken parametre kazik boyu olmustur. En dogru sonuca ulasabilmek ve kapsamli bir
calisma yiiriitebilmek icin li¢ farkl yiikseklikteki kazik gruplar: kullanilmistir. Zemin
iyilestirme yapilmadan énce, statik analiz ¢alisma sonuglarina bakildiginda, olusan
diisey deformasyon miktarlarinin oturma sinir kosuluna yakin degerlerde ciktig
gobzlemlenmistir. Dinamik analiz ¢calisma sonuglarinda ise, temel seviyesinde ve yapida
ciddi hasara sebep olabilecek diisey ve yatay deformasyon degerleri gézlemlenmistir.
Zemin iyilestirme ¢alismalart sonrasinda, statik analizler neticesinde deformasyonlarin
ciddi oranda azaldigi gériilmektedir. lyilestirme sonrast yapilan dinamik analiz
sonuglarina gére, kazik boyu arttikca diisey ve yatay deformasyon degerlerinde azalma
gériilmektedir. Calisma sonrasinda elde edilen veriler dikkate alindiginda, iyilestirme
calismasinin zeminin tasima giiciinii artirdigi, statik ve dinamik yiikler altinda meydana
gelen deformasyon degerlerini olumlu yonde etkiledigi tespit edilmistir.

INVESTIGATION OF PILE PERFORMANCE OF STRUCTURES OF DIFFERENT HEIGHTS UNDER

DYNAMIC LOADS

Keywords

Abstract

Finite element method
Dynamic analysis
Static analysis

Soil improvement
Plaxis

In this study, the behavior of buildings with different storey heights under static and
dynamic loads was modeled with the help of planar deformation and 15-node elements
with the two-dimensional Plaxis program using the finite element method. In the
modeling process, analyses were performed with and without ground improvement,
under vertical loads, under static loads, and under dynamic loads using four different
earthquake acceleration records. When the ground survey and geophysical report of the
study area is examined, it is seen that the ground is alluvial (clay, silt and sand) and a
ground where high deformations can occur. Since the bearing capacity of the ground is
low, it was thought that improvement should be made with pile groups. The variable
parameter in pile design has been pile length. In order to achieve the most accurate result
and to conduct a comprehensive study, pile groups with three different heights were used.
When the static analysis results were examined before the soil improvement, it was
observed that the vertical deformation amounts were close to the settlement boundary
condition. In the dynamic analysis study results, vertical and horizontal deformation
values that could cause serious damage to the foundation level and the structure were
observed. After the ground improvement studies, it is seen that the deformations have
decreased significantly as a result of the static analyses. According to the results of the
dynamic analysis conducted after the improvement, a decrease is observed in the vertical
and horizontal deformation values as the pile length increases. When the data obtained
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after the study is taken into consideration, it has been determined that the improvement
study increases the bearing capacity of the ground and positively affects the deformation
values occurring under static and dynamic loads.
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1. Giris

Miihendisler uzun zamandir yumusak ve kaya
zeminlerin ozelliklerinin iyilestirilebilecegini
bilmektedirler (Evans vd. 2021). Zemin iyilestirme,
Milattan once 3000 yilina dayanan en eski insaat
miithendisligi uygulamalarindan birisidir (Selgukhan ve
Ekinci 2021). Modern zemin iyilestirme teknikleri,
1960'larda gelismeye baslamis ve o zamandan beri hizl
bir sekilde ilerleme saglanmistir (Evans vd. 2021).
Zemin iyilestirme yontemlerinin yayginlasma sebebi,
niifus artisina bagh olarak artan bina talebi ile tasima
giicii elverissiz yumusak zeminlere yap1 insaatlarinin
yapilmak istenmesinden kaynaklanmaktadir. Son
ylllarda yumusak zemin iizerine insa edilen bir¢ok yapi
projesi bulunmaktadir. Yumusak zeminin 6zelliginden
dolay1 lizerine insa edilen yapilar farkli oturmalara
maruz kalmaktadirlar (Wulandari ve Tjandra 2015).
Tasima giici disiik zeminlerde meydana gelen
depremlerin de etkisi sonucunda oturma miktarlari
artis gostermektedir. Depremlerin olugsmasini 6nlemek
imkansizdir (Nomaler 2018). Bu nedenle depremler
neticesinde dinamik yiiklemelere maruz kalan zemin-
yap! davranisinin degerlendirilmesi 6nem kazanmistir
(Zein vd. 2021). Giiniimiizde zemin ile yapiy1 birlikte
analiz etmek ve dinamik analizlerinin yapilmasi sonlu
elemanlar yontemi ile miimkiin hale gelmektedir. Son
ylllarda ¢ok fazla tercih edilen Plaxis 2D, geoteknik
mithendisligi analizi icin tasarlanmis sonlu elemanlar
yazilimidir. Sonlu elemanlar yontemi "pargadan biitiine
gitme" genel prensibine dayanmaktadir ( Liu ve Quek
2003). Plaxis programi, kazikli radye temeller de dahil
olmak tlizere karmasik zemin-yap1 etkilesim
problemlerinin modellenmesi i¢in gelismis yetenekler
sunmaktadir (Chimdesa vd. 2023). Zemin ve yapiy1
birlikte analiz etmek Tiirkiye icinde biyiik bir 6nem
tasimaktadir. Clnkii Tirkiye bir deprem iilkesidir
(Siinbiil 2010). Ulkemizde meydana gelen baslica biiyiik
depremler; 1999 Kocaeli, 1999 Diizce, 2011 Van, 2020
[zmir, 2020 Elazig ve son olarak 6 Subat 2023
Kahramanmaras depremleridir. Yasanan biytk
depremler sonrasinda ¢ok fazla mal ve can kaybi
yasanmistir. Bu depremlerin ardindan, ders alinmasi
gereken bir¢cok konu ortaya ¢ikmistir. Bu konularin
basinda zeminin tasima Kkapasitesinde diisiis ve
depreme bagh yatay ve diisey deformasyonlardaki
artislar zemin blyiitmesinden kaynakl olarak ortaya
cikmaktadir.

Bu problemler dikkate alinarak yapilmis olan ¢alisma
kapsaminda, Afyonkarahisar ili, Merkez ilcesi, Selcuklu
mahallesi, 21]J-3C Pafta, 631 Ada ve 198 Parsel’de
bulunan, niifus yogunlugunun c¢ok fazla oldugu aliivyon
zeminden olusan bolge se¢ilmistir. Calisma kapsaminda
zemin tabakalar1 ve yap1 Plaxis 2D ile modellenmistir.
Modelleme sonrasinda, zeminin dogal hali ve
iyilestirilmis zeminler lizerinde farkh kat
yuksekliklerine bagl statik ve farkli deprem ivmelerine
baghh dinamik analizler gercgeklestirilmistir. Zemini
iyilestirmek icin farklh ytiksekliklerdeki kazik gruplar
kullanilmistir (10-20-30m). Son yillarda depremlerin,
kazikl temeller tizerindeki etkisine iliskin arastirma
faaliyetleri biiytik 6l¢lide artmistir (Kwaak 2015). Kazik
gruplari, zeminin rijitliginin ve tasima kapasitesinin
yetersiz oldugu durumlarda temel derinligini artirmak
ve yikleri, tasima kapasitesi daha yiiksek olan zemin
katmanlarina (kalin ¢akil, cakilli kum, sert kil veya kaya
gibi) aktarmak amaciyla kullanilirlar (Chimdesa vd.
2023). Calisma kapsaminda sonlu elemanlar yontemiyle
elde edilen zemindeki oturma miktarlari ve yatay-diisey
yer degistirmeler dikkate alinarak kazik boylarinin
performansi degerlendirilmistir.

2. Materyal Ve Yontem

2.1. Materyal

Calisma alanini olusturmak i¢in bolgeye ait zemin ettit
ve jeofizik raporlarinda bulunan arazi ve laboratuvar
deneyleri incelenmistir. Zemin tabakalari
olusturulurken Sekil 1’de verilmis olan SPT-N tablosu
kullanilmistir.  Zemin  parametreleri  bulunurken
laboratuvar deney sonuglar1 ve arazide yapilmis olan
jeofizik ol¢lim sonuglart kullamlmistir. Laboratuvar
deney sonuglari Sekil 2'de ve jeofizik 6l¢iim sonuglari ise
Sekil 3’te goriilmektedir. Bolgede yer alt1 su seviyesi 5
metre olarak tespit edilmistir. Calisma kapsaminda
kullanilacak olan temel kotu (-2,5) ile (-4,00) m
arasindadir. Temel genisligi 34 metre ve radye temeldir.
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KORELASYON
SPT- ort BiRIM DERINLIK HIVANM SIKILIE _
18 1,50-2,00 - Numune o . Dogal Birim Hacim | Uc Eksenli Basing Deneyi
cL 3;23:;33 COX KATI SiraNo | KuyuNo Ho Derinlik (m) | Birim A§1r]|k (gr/cnsd) o (kg/emd) TR
10 cH 3.00-3.50 1 SK-1 uD-1 2,50 CH 192 0,64 5,00
i:gg:,gg kATl 2 SK-1 uD-2 400 CH 191 0.69 6,00
12 4,505,000 3 SK-1 uD-3 7.00 CL 190 0,61 6,00
212322;33 - 4 SK-2 UD-1 2,50 CH 193 0,59 500
3 5.00-5.50 5 SK-2 uD-2 5.50 CL 194 0,35 7.00
== ?:332;?3 VUMUSAK 6 SK-2 UD-3 .50 cL 195 0,63 6,00
2 ;gg:g-?g 7 SK-3 uD-1 2,50 CH 190 0,46 5,00
s.50-9.00 [ SK4 | UD-1 4,00 CH 1.89 057 7.00
= 99-5”0”_'19050”0 ORTA SIKI 9 SK-4 uD-2 7,00 cL 192 0,68 4,00
10.00-10.50 10 SK4 | UD-3 250 CH 103 0.65 7.00
21 29.80-2.80 11 SKS | UD-L 400 CH 189 053 5,00
11,50-12.00 sr 12 SK-5 up-2 7.00 L 196 0,58 6,00
31 . - .
TR 13 SK-5 UD-3 250 CH 103 059 7,00
13,00-13,50 14 SK-6 UD-1 5,50 cL 194 0,46 5,00
23 13501400 15 | sk6 | up2 8.50 L 192 058 7.00
SM-SC 14,50-15.00 - 16 SK-6 uD-3 2,50 CH 190 0,66 4,00
18 15,00-15.,50
EE T Sekil 2. Laboratuvar Deney Sonuglari
18 15.50-17.00 ORTA SIKI
JZ.EIEI—LT.SEI
s 15001650 Zemin parametreleri, Sekil 2’de verilmis olan deney
18,50-15.00 . ) . . . ] . -
- 13.00-19.50 sonuglari ve Sekil 3’te verilmis olan jeofizik 6l¢iim
15,50-20. . .
20,00-20,50 sonuglar incelenerek, verilen sonuglarin ortalama
27 oL 21.00-21.50 ) degerleri bulunarak elde edilmistir.
22,00-22.50 COK KATI
24 22,50-23.00 ;o I - =
CH EENTEERET Tabaka Elastisite [\-’]:Jdulu Poission Orani Tabaka Aralig1
23.,50-24.00 (kg/cm?) (m)
34 24.00-24.50
24,50-25,00 1.Tabaka 903.68 0.41 0.0-40
25.00-25.50 E
37 - 25.50-28.00 - 2.Tabaka 339429 048 +.0-180
2£,00-25.50 - .
— 28.50-27.00 sERT Sekil 3. Jeofizik Ol¢iim Sonuglar:
27,50-28.00
28,00-28.,50
41 Z28.50-25.00
CH 29,00-29.50
1= T Calismada kullanilacak olan zemin parametreleri, bina
kil 1. SPT-N Tabl yukleri ve deprem kayitlari sirasiyla Tablo 1, Tablo 2 ve
vekil 1. -\ tablosu Tablo 3’te verilmistir.
Tablo 1. Zemin Parametreleri
Zemin v v Eref Cref Kk
Derinlik (m Sinifi unsat o kN/m2?) v (nu) (e .
(m) (ucs) (kN/m3)  (kN/m3) (kN/m2) (kN/m?) (nu) () (m/giin)
0-2,5 CL 19,1 19,13 8,862¢e4 57,3 0,41 59 0,001
2,5-4,5 CH 18,8 18,8 8,862e4 58,6 0,41 5,7 0,001
4,5-9,0 CL 19,1 19,13 3,329e5 57,3 0,48 59 0,001
9,0-20,5 SM-SC 18,4 18,84 3,329e5 5 0,48 28 0,04
20,5-22,0 CL 19,1 19,13 3,329e5 57,3 0,48 59 0,001
22,0-24,0 CH 18,8 18,84 3,329e5 58,6 0,48 57 0,001
24,0-28,0 CL 19,1 19,13 3,329e5 57,3 0,48 59 0,001
28,0-80,0 CH 18,8 18,8 3,329e5 58,6 0,48 57 0,001
Yunsat : Doygun olmayan birim hacim agirlik Tablo 1’de verilmis olan zemin parametreleri sonlu
Ysat : Doygun birim hacim agirhik elemanlar yontemiyle ¢alisan programa aktarilarak 80
Eref : Elastisite modiilii m derinliginde 240 m genisliginde bir zemin profili
cref: Kohezyon olusturulmustur (Sekil 4). Zemin 8 farkh tabakadan
Vv : poission orani olusmaktadir. Bu tabakalar genellikle siltli-killi zemin
@( °): Igsel stirtiinme agisi siniflarindan olugsmaktadir.

k : Permeabilite katsayisi
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I 0-2,5m (CL)

4 2.5-4.5m (CH)

! 4,5-9.0m(CL)

9,0-20,5m (SM-SC)

b
| I
|
!

w 20,5-22 0m (CL)

2 22.0-24.0m (CH)

" 24.0.28 0m (CL)

28,0-80,0m (CH)

i3

| |
|

3

Sékil 4. Calisma Alan1 Zemin Profili

Calisma alaninda insa edilmis yapilarin betonarme
projeleri dikkate alinarak farkl kat ytiksekliklerine
sahip yapilarin bina ytikleri, kat ytliksekliklerine gore
detaylandirilarak elde edilmistir (Tablo 2).

Tablo 2. Farkli Kat Yiiksekligine Sahip Bina Yiikleri

Kat Yikseklikleri Bina Yiki
B+3 Kat 114,3 kN/m?
B+6 Kat 164,8 KN/m?2
B+9 Kat 215,2 KN/m?2
B+12 Kat 267,7 kN/m?
B+15 Kat 316,1 kN/m?
04 Dinar Depremi
0.3
0.2
01
00
§ 0.1
=02
0.3
-04
0 5 10 15 20 25
Zaman (s)
Diizce Depremi
0.4
0.3
0.2
&8 01
£ 00
>
—-0.1
-0.2
-0.3
-04
0 5 10 15 20 25
Zaman (s)

Sekil 5. Sahaya Ozel Olgeklendirilmis lvme-Zaman Grafikleri

b + e

30

30
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Sonlu elemanlar analizlerinde kullanmak amaciyla elde
edilen deprem kayitlari il Afet ve Acil Durum Miidiirliigii
(AFAD) (int. Kyn. 1) interaktif uygulamasindan elde
edilmistir. Analizlerde kullanilan deprem kayitlari, fay
atim tiirine ve Dbolgede olusabilecek deprem
biiytikliklerine gore segilerek o6zellikleri Tablo 3‘te
verilmistir.

Tablo 3. Analizlerde Kullanilan Deprem Kayitlari

Sira  Deprem Yil Istasyon Mw  PGA
(8)

1 Dinar 1995 Afyonkarahisar 6,4 0,27
/Dinar

2 Kocaeli 1999  Kocaeli/lzmit 76 0,16

3 Diizce 1999 Diizce/Merkez 7,1 0,31

4 Sultandagi 2002 Afyonkarahisar 6,5 0,11
/Merkez

fvme (g)

fvme (g)

Tablo 3’te verilmis olan deprem kayitlary, ¢alisma
alaninin PGA degeri olan 0,33 g'ye gore sahaya 06zel
olarak o6lgeklendirilmistir. Sahaya 6zel 6l¢eklendirilmis
ivme-zaman grafikleri Sekil 5’te verilmistir.

Kocaeli Depremi

0.4

-0.4

0.0 20.0 40.0 60.0

Zaman (s)
04 Sultandagi Depremi
0.3
0.2
0.1
0.0

-0.1
-0.2
-0.3
-0.4

0.00 10.00 20.00

Zaman (s)

30.00 40.00
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2.2. Yontem

Glinimiiz geoteknik modelleme c¢alismalarinda hem
statik hem dinamik durum i¢in zemin ve yapi birlikte
analiz edilerek, depreme dayanikli yap1 tasarimi
konusunda daha dogru hesaplar yapilmasi
saglanmaktadir. (Mungan ve Siinbiil 2018). Bu analizler
neticesinde meydana gelebilecek olan hasarlar en aza
indirilerek can ve mal gilivenligi saglanmaktadir.
Calismada sonlu elemanlar yontemi ile ¢alisan Plaxis 2D
programi kullanilarak statik ve dinamik analizler
yapimistir. Giiler ve Sen (2015)’e gore sonlu elemanlar
yonteminde, ¢6ziim bolgesi cok sayida sonlu ve birbirine
bagli elemanlardan olusmaktadir. Céziime gidilirken,
sonlu elemanlarin hepsinde ¢esitli teoriler kullanilarak,
sinir kosul ve denge denklemlerinin tanimlanmasiyla
yaklasik  sonuglar  bulunmaktadir. Bu ¢alisma
kapsaminda zemin profili, iyilestirilmis zemin ve
iyilestirilmemis zemin olarak iki grupta incelenmistir.
Zemin iyilestirme yontemi olarak kazik grubu
kullanilmigtir. lyilestirme 6ncesi ve sonrasi igin dért
farkli deprem kaydi kullanilarak dinamik analizler
yapilmistir. Zemin iyilestirme i¢in kullanilan kazik
parametreleri Tablo 4 'te verilmistir.

Tablo 4. Analizlerde Kullanilan Kazik Parametreleri

Malzeme EA El d(m) v
Turi (kN/m) (kN/m?2/m)
Elastik 3,2e7 2,667¢e6 1 0,15

Betonarme projeye gore kaziklarin imalatinda C30
beton kullanilmistir. Tablo 4’te verilmis olan kazik
parametreleri bulunurken, EA ve EI degerleri (1) ve (2)

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1721-1731

EA=Ehb (1)

3
El=E X2 2)

12

EA=Normal Sertlik
ElI=Egilme Dayanimi
E=Elastisite Modiilu
h=Eleman Kalinlig1

b=Eleman Genisligi

Kullanilacak materyaller ve uygulanacak yoéntem
belirlendikten sonra analizlerin programda hangi model
ile ve ka¢ diigim noktasinda yapilacag:
kararlastirilmistir. Analizler diizlemsel sekil degistirme
ve 15 diigiim noktali olarak yapilmistir. Calisma alaninin
uzunlugu, genisligi ve kazi yapilacak derinlik programa
aktarilmistir. Zemin tabakalar1 geometri dogrusu
komutu yardimiyla cizilmis ve Tablo 1’de verilmis olan
zemin parametreleri materyal setleri yardimiyla
programa atanmistir. Temelin kazilacagi alan
belirlenerek geometri dogrusu komutu ile ¢izilmistir.
Bina ytiki yayili yik seklinde programa aktarilmistir.
Kazik gruplarn plaka komutu yardimiyla programa
aktarilmis ve materyal setleri ile Tablo 4’te verilmis olan
kazik parametreleri atanmistir. Deprem yer hareketi
programa aktarilarak analizler baslatilmistir. Sekil 6’da
zemin tabakalarinin, bina ytikiinin, kazik gruplarinin ve
deprem yer hareketinin  Plaxis’e aktarilmis hali

numarall esitliklerden elde edilmistir. Elastisite modiili, sunulmustur.
TS 500 (2000)’e gore C30 betonunun 28 giinliik degeri
baz alinarak 32000 MPa olarak alinmistir.
AARAAAAARA Standard fisties
Standard absorbent boundaries (dynamics)
Set Dynaric load system b
Total fixities
é Vertical fixities
i 7 Horizontal fixities
Rotation fixities (plates)
| | | | Absorbent boundaries
Prescribed displacements (dynamic)
v | | Distributed load - static load system A
Distributed load - static load system B
N N N Paint load - static load system A
X e 7 Point load - static load system B

Sekil 6. Zemin Tabakalarinin, Bina Yiikiiniin, Kazik Gruplarinin Ve Deprem Yer Hareketinin Programa

Aktarilmasi
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3. Bulgular ve Tartisma

Bu calismada; B+3, B+6, B+9, B+12 ve B+15 katli bina
yukleri dikkate alinarak sonlu elemanlar yontemini
kullanan Plaxis programi yardimiyla iki boyutlu statik
ve dinamik analizler yapilmistir. Analizler, zemin
iyilestirme oncesi ve iyilestirme sonrasi olarak iki farkl
asamada  gergeklestirilmistir. Zemin iyilestirme
analizleri icin, 10m, 20m ve 30m olmak iizere farkh
yuksekliklerdeki kazik gruplar1 kullanilmistir. Dinamik
analizler sonrasinda, zeminin iyilestirilmis ve
iyilestirilmemis durumlarina bakilarak oturma (Uy) ve
yataydaki yer degistirme (Ux) miktarlar1 incelenmistir.
Analizlerde kullanillan zemin parametreleri, kazik
parametreleri, bina yiikleri ve deprem kayitlar1 dikkate
alinarak analizler gerceklestirilmis ve elde edilen veriler
tartisiimistir.

3.1. Kazikh lyilestirme Oncesi Oturma Analizi ve
Deprem EtKisi ile Birlikte Olusan Oturma Analizi
Sonuglari

Calismada, Tablo 2‘de verilmis olan bes farkll kat
yuksekligine bagl, yapinin kendi yiikii altinda olusan
statik analizler yapilmistir. Zeminde meydana gelen
diisey deformasyon miktarlar1 incelenmistir. Dinamik
analizler i¢in Tablo 3’te verilmis olan Dinar (Mw=6,4),
Kocaeli (Mw=7,6), Diizce (Mw=7,1) ve Sultandagi
(Mw=6,5)  depremleri  kullamilmistir.  Analizler
sonucunda olusan diisey deformasyon (oturma)
miktarlari incelenmistir. Olusan oturma miktarlar: Sekil
7’de verilmistir.

B+3 Kat M B+6 Kat " B+9 Kat M B+12 Kat W B+15 Kat
160

=
-
o

120

o lll III I| I‘l ||

Dinar Kocaeli Diizce  Sultandagi

=
(=3
[=]

LA
o o

Oturma Miktarlar1 (mm)
N [
o (=]

Depremler

Sekil 7. Zemin lyilestirme Oncesi Meydana Gelen
Oturma Miktarlar:
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Dinamik ve statik analizler dikkate alindiginda, artan kat
yuksekligi ile birlikte olusan oturma miktarlarinin artis
gosterdigi acikca goriilmektedir. Sekil 7’de goruldugi
lizere, depremler arasindaki oturma miktarlarina
bakildiginda en biiyiik oturmanin B+15 katli yapida ve
Diizce depreminde 151,94 mm, en diisiik oturmanin ise
B+3 kath yapida ve Dinar depreminde 11mm olarak
meydana geldigi gorilmektedir. En biiyiik ve en diisiik
oturma miktarlar1 referans olarak verilmistir. Deprem
etkisi goz ardi edilse bile binalarin kendi yiikleri altinda
olusan oturma miktarlar1 yapilar1 riskli hale
getirmektedir. Kat ytksekligi arttikca zemine iletilen
yuk miktar1 artacagindan oturma miktar1 da ayni
dogrultuda artmaktadir. Bu sebepten dolay1 zemin iyi
analiz edilerek iyilestirme islemi gerceklestirilmelidir.
Onalp ve Sert’e (2010) gore, radye temeller icin izin
verilen oturma miktarlari kumlu zeminlerde 60mm, killi
zeminlerde ise 100mm olarak belirlenmistir. Analizler
sonrasinda yalmizca B+3 kath binanin deprem sonrasi
oturma miktarlar1 bu degerlerin altinda kalmistir. Bu
ylzden zemin iyilestirme B+3 kat hari¢ diger yapilarda
gerceklestirilmistir.

Sekil 8’de B+15 kath yapinin statik analiz sonrasinda 25
mm diisey deformasyon yaptig1 goriilmektedir. Dinamik
analizler sonrasinda ise, en yliksek diisey deformasyon
miktarinin meydana geldigi Diizce depreminin etkisiyle
deformasyon degeri 151,94 mm olarak hesaplanmistir.
Deprem etkisiyle birlikte oturma miktarinin yaklasik 6
kat arttig1 gorilmustiir.
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Sekil 8. Oturma Miktarlar1 a) B+15 Kat 25 mm, b) B+15 Kat-Diizce Depremi 151,94 mm

3.2. Kazikl lyilestirme Sonrasi1 Oturma Analizi ve
Deprem Etkisi ile Birlikte Olusan Oturma Analizi
Sonuglari

Calismada zemin iyilestirme yodntemi olarak farkh
yuksekliklere sahip kazik gruplarnt kullanilmistir.
Kullanilan kazik parametreleri Tablo 4’te verilmistir.
Sekil 9°da B+6, B+9, B+12 ve B+15 katli binalar i¢in farkh
kazik boylar ile iyilestirilmis zeminlerin, bina yiikleri
altindaki ve dinamik yiikler altindaki oturma miktarlari
goriilmektedir. Sekil 9’a gore, en biiylilk oturma
miktarlarinin Diizce depremi sirasinda meydana geldigi
goriilmektedir.

B+15 kath yapida iyilestirme 6ncesinde, Diizce depremi
etkisiyle meydan gelen oturma miktar1 151,94 mm
olarak goériilmiistiir. lyilestirme sonrasinda ise bu
oturma miktarlary, 10 metrelik kazik uygulamasinda

8,96 mm, 20 metre kazik uygulamasinda 1,39 mm ve 30
metre kazik uygulamasinda 1,33 mm’lere kadar diistiigi
goriilmektedir.

B+12 kath yapida ise iyilestirme oOncesinde Diizce
depremi etkisiyle meydana gelen oturma miktar1 108,67
mm olarak gériilmiigtiir. lyilestirme sonrasinda ise bu
oturma miktarlari, 10 metrelik kazik uygulamasinda
8,43mm, 20 metre kazik uygulamasinda 1,17 mm ve 30
metre kazik uygulamasinda 1,15 mm’lere kadar
diismiustiir.

B+9 kath yapida ise iyilestirme Oncesinde Diizce
depremi etkisiyle meydana gelen oturma miktar1 79,3
mm tespit edilmistir. Kazikl iyilestirme sonrasindaki
oturma miktarlar1 ise, 10 metre kazik uygulamasinda
8,12 mm, 20 metre kazik uygulamasinda 1,02 mm ve 30
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metre kazik uygulamasinda 0,92 mm'’lere kadar
diismiistiir.

B+6 kath yapida ise iyilestirme Oncesinde Diizce
depremi etkisiyle meydana gelen oturma miktar1 55,17
mm olarak gériilmiigtiir. lyilestirme sonrasinda ise bu
oturma miktarlari, 10 metrelik kazik uygulamasinda
7,89 mm, 20 metre kazik uygulamasinda 0,93 mm ve 30
metre kazik uygulamasinda 0,85 mm'’lere kadar diistiigii
goriilmektedir.

J ESOGU Eng. Arch. Fac. 2025, 33(1),1721-1731

lyilestirme sonrasi, depremli ve depremsiz farkli kat
ytiksekliklerine bagh tiim oturma miktarlar1 Sekil 9'da
goriilmektedir. Zemin iyilestirme i¢cin uygulanan 10 m
kazik grubunun performansinin digerlerine gore daha
ekonomik oldugu goriilmektedir. lyilestirme analiz
sonuglarina goére 20 m ve 30 m kazik gruplarinin ise
birbirine yaklasik performans gosterdigi tespit
edilmistir.

9

10m 20m 30m 10m 20m
B+6 B+9

Diisey Yonlu Yer Degistirme Miktarlari
(U,) (mm)
(e} = N w S 921 (o)} ~ [ee}

B Deprem Etkisi Yok = Dinar Depremi ® Kocaeli Depremi M Diizce Depremi ® Sultandagi Depremi

- III - |I|
10m 20m 30m 10m 20m 30m
B+12 B+15

Sekil 9. lyilestirme Sonrasi, Depremli ve Depremsiz Farkh Kat Yiiksekliklerine Bagh Diisey Yonlii Yer Degistirme

Miktarlar (Uy)

Sekil 10, Sekil 11 ve Sekil 12’de B+15 katli yapinin farkl
boylardaki kazik gruplariyla iyilestirilme sonrasinda
meydana gelen diisey yonlii yer degistirme miktarlar
ve zeminde olusan deformasyonlarin,

PLAXIS 2D sonlu elemanlar programinin analiz ¢iktisi
goriilmektedir. Sekil 10, Sekil 11 ve Sekil 12’de zeminde
en fazla deformasyona sebep olan Diizce depremi
verileri ile birlikte 6rnek olarak sunulmustur.

uuuuu

uuuuu

uuuuu

Vertical displacements (Uy)
Extreme Uy -202,46%10 > m Lo.220

Sekil 10. B+15 Kat, 10m Kazik, Diizce Depremi
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Vertical displacements (Uy)
Extreme Uy -163,04*10°3 m

Sekil 11. B+15 Kat, 20m Kazik, Diizce Depremi

uuuuuu

o |

L —
=S

i

&
\

P

110,000

Vertical displacements (Uy)
Extreme Uy -135,21%10 % m

Sekil 12. B+15 Kat, 30m Kazik, Diizce Depremi

3.3. Iyilestirme Oncesi ve Iyilestirme Sonrasi
Deprem Etkisiyle Birlikte Zeminde Meydana Gelen
Yatay Yer Degistirme Sonuglari

Dinamik analizler neticesinde, iyilestirilmis ve
iyilestirilmemis zeminde meydana gelen yatay yer
degistirme sonuglar1 elde edilmistir. Yatay yer
degistirme miktarlar1 yapinin ve zeminin periyoduna
gore farklilik gésterebilmektedir.

3.3.1. lyilestirme Oncesi Zeminde Meydana Gelen
Yatay Yer Degistirme Sonuglari

Farkli deprem ivmeleri altinda zemin iyilestirme islemi
yapilmadan o6nce meydana gelen yatay yonli yer
degistirme analiz sonuglari Sekil 13’te verilmistir. Analiz
sonuglarina goére ornegin Diizce depremi sonrasinda
zeminin 35,8cm, Sultandagi depremi sonrasinda
34,2cm, Kocaeli depremi sonrasinda 28cm ve Dinar
depremi sonrasinda ise zeminin 25,6cm yer
degistirmeye maruz kaldig tespit edilmistir. Dinamik

ylklere baglh meydana gelen yatay yer degistirmeler
Sekil 13’te verilmistir.

40
35
30
25
20
15
10

Yatay Yonlii Yer Degistirme
Miktarlar1 (U,) (cm)

Diizce Sultandag: Kocaeli Dinar

Depremler

Sekil 13. Iyilestirme Oncesi Yataydaki (Ux) Toplam Yer
Degistirme Degerleri
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3.3.2. lyilestirme Sonrasi Zeminde Meydana Gelen
Yatay Yer Degistirme Sonuglari

Farkli yiiksekliklere sahip kazik gruplan ile yapilan
zemin iyilestirmesi sonrasinda meydana gelen yatay
yonli yer degistirme analiz sonuglari
degerlendirilmistir. Analiz sonuclarina gore 6rnegin,

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1721-1731

degistirme meydana gelirken, 10 m, 20 m ve 30 m kazik
uygulamasi sonrasinda yatay yer degistirme miktarlari
sirasiyla 24,8cm, 21,4cm ve 17,9 cm olarak tespit
edilmistir.

Analiz sonuglarina gore, kazik boyu arttik¢a yatay yonlii
yer degistirme miktarinin azaldig1 goériilmektedir (Sekil
14).

(€]

Diizce depremi etkisiyle zeminde 30,7 cm yer
Kazik Boylar1 B 10m B20m 30m

5 30

=

3

v 25

=

g 20

50 S, 15

A

5 2 10

>

E

=

e

>

& 0

-

3

>

Diizce Sultandagi

Depremler

Kocaeli Dinar

Sekil 14. lyilestirme Sonrasi, Yataydaki (Ux) Toplam Yer Degistirme Sonuglar

4. Sonug

Tasima giicii diisiik zemin tabakalari lizerinde, farkl kat
yukseklikleri ve dort farkli deprem kaydi ele alinarak
sonlu elemanlar yontemi ile ¢alisan program yardimiyla
statik ve dinamik analizler yapilmistir.

Meydana gelme ihtimali yiiksek olan oturma miktarlari
ve yatay yer degistirme miktarlar1 degerlendirilmistir.

Statik durumda ve zemin iyilestirilmesi yapilmayan
calismalarda, en fazla oturmanin B+15 katli binada
25mm ve en az oturmanin ise B+3 kath binada 9mm
olarak tespit edilmistir. Dinamik durumda ve zemin
iyilestirilmesi yapilmayan analiz sonuglarina gore, en
fazla oturma B+15 kath binada ve Diizce depreminde
151,4 mm oturma tespit edilirken, en az oturma ise B+3
kath binada ve 11 mm oturma ile Dinar depreminde
tespit edilmistir. Statik ve dinamik durumlar i¢in kat
yuksekligi arttikca oturma miktarlar1 artmistir.
Iyilestirme sonrasinda oturma miktarinin maksimum
oldugu durumda 14 kat azalma gorilmistiir.

Yapilan statik ve dinamik ¢alismalar sonucunda, artan
kat  yuksekligi ile zeminde olusan diisey
deformasyonlarin dogru orantili bir sekilde arttig
gorillmistiir. Yatay yer degistirme sonuclari ise dinamik
yukiin farkliliklarina gore degisiklik gostermektedir.
Bununla birlikte zeminin iyi analiz edilmesi, deprem

etkisinin g6z ardi edilmemesi ve analizlerin yapilmasi
gerektigi tespit edilmistir. Deprem etkisinin dikkate
alinmadigt durumlarda oturma ve yer degistirme
hesaplarinin giivenli olmayacagl tespit edilmistir.
Yapilacak olan dinamik analizler neticesinde gilivensiz
durumlarin olusmasi engellenmektedir.

Kazikli zemin iyilestirme analiz sonug¢larina gore,
tasarimi yapilan kazik gruplarinin, statik ve dinamik
analizler icin oturma miktarlari kabul edilebilir sinirlar
icinde kaldig1 tespit edilmistir. Zemin profili ve sahaya
uygulanacak olan yapi yiikiine gore dinamik ve statik
analizler yapilar sahaya 6zel uygun iyilestirme yontemi
belirlenmelidir.

Kazik boylarinin dinamik analizler neticesinde
belirlenmesi miithendislik ekonomisi agisindan da 6nem
arz etmektedir.
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Keywords

Abstract

Dissimilar metal welding
A-TIG method

Zr0: flux

Al20;3 flux

Mechanical properties

The place of welding methods in-vehicle technologies is well established, significantly
enhancing production speed and product quality. High toughness is crucial for welded
metallic structures that require high strength and good processability. However,
challenges such as reduced toughness and reliability in welds impact overall quality. This
study focused on improving the weld seam quality of dissimilar metals, specifically St-37
and Strenx-960 steels, using the active tungsten inert gas (A-TIG) welding method with
Zr0z and Al:03 fluxes. Experimental results showed that using Zr0O: flux yielded the
highest mechanical performance, with a hardness of 494.8 HV, tensile strength of 1298
MPaq, and impact energy of 113 ]/cm? These findings highlight the superior adhesion and
crystalline structure of ZrOz which minimized defects in the weld seam and HAZ,
ensuring consistency in mechanical properties. The study concludes that ZrO: flux
significantly enhances the mechanical integrity of welded joints, offering potential
benefits for vehicle manufacturing.

ST-37 VE STRENX-960 CELIKLERININ MiKROYAPISAL VE MEKANIK OZELLiKLERININ A-TIG

KAYNAK YONTEMI iLE INCELENMESi

Anahtar Kelimeler

0z

Benzer olmayan metal
kaynaklama

A-TIG metod

Zr0: akist

Al20s3 akisi

Mekanik ézellikler

Kaynak ydntemlerinin tasit teknolojilerindeki yeri iyi bilinmektedir ve iiretim hizini ve
tiriin kalitesini 6nemli éIctide artirmaktadir. Yiiksek tokluk, yiiksek mukavemet ve iyi
islenebilirlik gerektiren kaynakli metalik yapilar icin cok 6nemlidir. Ancak, kaynaklarda
toklugun ve giivenilirligin azalmast gibi zorluklar genel kaliteyi etkilemektedir. Bu
calisma, 6zellikle St-37 ve Strenx-960 celikleri olmak tizere farkli metallerin kaynak dikigi
kalitesini, ZrOz ve Alz03 akilart ile aktif tungsten inert gaz (A-TIG) kaynak ydntemini
kullanarak iyilestirmeye odaklanmistir. Deneysel sonuglar, ZrOz akisinin kullanilmasinin
494,8 HV sertlik, 1298 MPa cekme dayanimi ve 113 J/cm? darbe enerjisi ile en yiiksek
mekanik performansi sagladigini géstermistir. Bu bulgular, kaynak dikisindeki ve Isinin
Tesiri Altindaki Bolge (ITAB)'de ki kusurlart en aza indirerek mekanik ézelliklerde
tutarliligt  saglayan ZrOz'nin lstiin yapisma ozelligini ve kristal yapisini
vurgulamaktadir. Calisma, ZrOz akisinin kaynakl baglantilarin mekanik biitiinltigiinii
onemli élgiide artirdigi ve arag iiretimi icin potansiyel faydalar sagladigi sonucuna
varmistir.
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1. Introduction

The process of welding joins two metals, whether
similar or dissimilar, using heat and/or pressure, and
the most common methods include submerged arc, gas-

Welding joints play a critical role in various industrial
sectors, including shipbuilding, pressure vessel
manufacturing, railways, crane production, and
agriculture (Korkmaz, Cetin, Adar, and Orak, 2020;
Vidyarthy and Sivateja, 2020; Singh and Khanna, 2021).

(0 @

submerged arc (TIG, MIG, and MAG). These methods
allow joining parts that experience significant
mechanical stresses in their applications using high-
strength materials (Akgiin, Buran and Sarac, 2023;

Bu eser, Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
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Vidyarthy and Dwivedi, 2016; Sharma and Dwivedi,
2021a). However, using high-strength materials can
increase production costs and present challenges in
material acquisition.

Steels are widely used in industries ranging from
construction to healthcare due to their availability, cost-
effectiveness, and customizable mechanical properties
achieved through alloying and heat treatment. The
combination of different steel types is essential in
applications where a balance of mechanical properties,
such as strength, wear resistance, and workability, is
needed (e.g, in machine elements and structural
components). However, joining different steels poses
challenges, including potential welding defects such as
pores, insufficient melting, penetration issues,
distortion, axial misalignment, cracks, and weld foaming
(Vijay, Mohanasundaram, Ramkumar, Kim,
Tugriumubano, and Go, 2020; Sharma and Dwivedi,
2021b).

Examples of alloy sources used were examined to
prevent the increase in costs. In the study of ipekoglu,
Kigiikdmeroglu, Aktarer, Sekban, and Cam (2018), the
mechanical properties and changes in the
microstructure of St-37/5t52 different low carbon steels
were investigated by friction stir welding (FSW)
welding method, while Kulkarni, Dwivwdi and
Vasudevan (2018) investigated the effects of different
steel combinations consisting of 8 mm thick sheets of
modified 9Cr-1Mo (P91) steel and 2.25Cr-1Mo (P22)
steel welded by active flux TIG welding method on the
weld seam geometry under different gas flows such as
Si0Oz, TiO2, Cr203, M0o0O3 and CuO, and the integrity of the
weld joint made with MoOs flux, metallurgical and
mechanical properties after welded and post-weld heat
treatment (750°C and 2 hours) method. Adar (2019)
investigated the weldability of Hardox-500 and St-52
steels by robotic arc welding method at different current
and voltage values. Ahola, Lipidinen, Riski, Koskimaki,
Pyorret, and Bjork (2023) compared the fatigue
strength improvement of shot peened and clean blast
welded joints by considering butt welded and fillet
welded components, fatigue tests of joints under post-
weld process conditions on TIG clad and HFMI
processed S355, S700 and S1100 fillet welded
specimens in their study. Gilizey and Irsel (2023)
investigated the microstructural and mechanical
aspects of joining high-temperature and pressure-
resistant P355GH and austenitic stainless 316L steels by
the Tungsten Inert Gas (TIG) welding method.

The motivation for combining St-37, a general-purpose
low-carbon steel, with Strenx-960, a high-strength
structural steel, lies in leveraging the complementary
properties of these materials. St-37 offers good ductility
and ease of processing, while Strenx-960 provides
exceptional strength and toughness. Combining these
steels aims to achieve a weld joint that balances ductility
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and strength, meeting the stringent requirements of
various industrial applications. Despite the potential
advantages, no comprehensive study has examined
welded joints' microstructural and mechanical
behaviour between Strenx-960 and St-37 using A-TIG
welding with ZrOz and Al20s fluxes (Teker, Yilmaz ve
Karakurt, 2018; Timer, Mert and Karahan, 2020; Aras
and Ertan, 2024). This study seeks to fill that gap,
focusing on how these fluxes influence weld quality,
mechanical performance, and structural properties.

The use of metal oxide powders such as ZrOz and Al203
in A-TIG welding has been shown to enhance
penetration depth, minimize distortion, and improve
overall weld quality. These materials were selected due
to their high adhesion and crystalline structures,
contributing to superior mechanical properties in the
welded joint (Vidyarthy and Dwivedi, 2016; Singh and
Khanna, 2021; Afzali and Asghari, 2022). This study
aims to determine the impact of ZrOz and Al203 fluxes on
the weld zone mechanics and structure of Strenx-960
and St-37, thus providing valuable insights for industrial
applications that demand high-quality welded joints.

2. Material and methods
2.1. Material

Heray Filtration and Water Technologies Inc. provided
Strenx-960 and St-37 materials, each 8 mm thick.
Additionally, Al203 and ZrOz metal oxide powders of
sub-1 micron size were purchased from Sigma Aldrich.
The chemical compositions of the materials provided by
the supplier are outlined in Table 1. Each plate to be
welded was 100 mm x 100 mm x 8 mm.

Table 1. Chemical Composition (in wt. %)

Fe C Si Mn P S Al

St-37 Bal. 0.11 | 0.03 | 0.56 | 0.01 | 0.01

Strenx

-960 Bal. 0.18 | 0.5 1.7 0.02 | 0.01 | 0.02

2.2. Welding Step

The surfaces of St-37 and Strenx-960 steels were
smoothed using 800 mesh sandpaper. Sub-1 micron 10-
gram weight Al203 and ZrOz powders were mixed with
32 ml of ethanol and then applied to the welding
interface. The welding process was initiated after the
ethanol evaporated for 1 hour.

The welding parameters were set as follows: 2 mm arc
height, 4 mm/s arc speed, and welding current values of
120A and 160A (Singh and Khanna, 2021). Two plates
were prepared for each parameter set and classified
according to the test parameters in Table 2, which
provides details of the test samples' classification.
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Table 2. Sample Classifications

Sample Code | A-TIG Procedure | Welding Current
A No flux 120A
B No flux 160A
C Zr02 flux 120A
D ZrOz flux 160A
E Al203 flux 120A
F Al;0s3 flux 160A

Tensile test
Impacttoughness

Metallographyand
hardness

100 mm

(b)

Figure 1. (a) Dimensions of Test Samples to be Cut with
a Water Jet, (b) Prepared Samples for Tensile Test.

2.3. Characterization

All samples were subjected to standard metallographic
procedures, including grinding (80 mesh to 1200 mesh),
polishing, and etching. Both stereo (Zeiss Stemi 508
model) and optical (Olympus BX51TRF-6 model)
microscopes captured images of the weld area and
surrounding grain structures.

J ESOGU Eng. Arch. Fac. 2025, 33(1), 1732-1738

The mechanical properties of the weld region were
evaluated through microhardness, tensile, and Charpy
impact toughness analyses. Vickers microhardness was
measured on the weld cross-section using a 200 g load
for a 10-second dwell time, following the ASTM E92-16
standard. Measurements were taken at 10 mm intervals
using a microhardness tester (VH1 MD, Make: Chennai
Metco Economet). Each sample was tested at five points,
and an average value was calculated to compare them.
Tensile tests were operated on transverse weld
specimens prepared according to ASTM E-8 standard
using an INSTRON 5980 tensile testing machine ata 1
mm/min speed. The Charpy impact toughness test was
performed on specimens with dimensions of 55 mm x
10 mm x 5 mm with a V-notch machined in the middle
of the sample according to the ASTM E370 standard.
Five samples were prepared for each tensile and Charpy
impact toughness test measurement set. Scanning
electron microscopy (SEM) was used to analyze the
fractured surfaces and investigate the fracture modes
during the tensile tests. This study complies with
research and publication ethics.

3. Results

The stereo-microscope images in Figure 2 show the
entire weld area of each sample. It was observed that the
weld connection of the samples without flux and with
Al203 flux was not sufficiently formed, resulting in weld
gaps (weld groove, colored with blue circle). This was
likely due to insufficient welding current. Conversely,
the weld connection of the ZrO2 flux sample showed no
surface defects. Furthermore, the HAZ region exhibited
a homogeneous and flawless internal structure.

710, flux ALO, flux

120A

160 A

Figure 2. The Stereomicroscope Images Show the
Welding Region Located Between The Two Red Lines

In Figure 3, the optical microscope images of Strenx960,
St-37, and the HAZ region show that the internal
structure of the St-37 material has a tightly lamellar
pearlite phase. On the other hand, the Strenx-960
material displays the presence of the martensite
structure. Despite similar internal structures in all
samples, the distinct mechanical properties of both
materials clearly and decisively differentiate the
transition line.
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Figure 3. Optical Microscope Images of Strenx-960 and
St-37 After Welding

SampleA  [TAB | SampléC .
star star St
Sample B TAB ‘SampleD - [TAB SampleF  [TAB

/' St-37
Figure 4. Optical Microscope Images of All Samples
Showing Welding Grooves

Figure 4 presents optical microscope images of the
welding transition zones across all samples. The weld
grooves are indicated as points in the areas marked by
the red arrows. Each sample was imaged at the same
magnification, with a scale bar of 10 um accompanying
each image. A closer examination reveals that the
transition zones from the weld area to the St-37 material
are clearly defined. Particularly noteworthy is the
flawless surface formation observed in Sample D.

In Figure 5, hardness values were measured at five
different horizontal points of each sample. During each
measurement, hardness values were taken from 5
points perpendicular to the determined point, and
average hardness values were calculated. Standard
deviation is less than 10 HV for each set of samples.
Upon examining the hardness test measurement results,
it was observed that both St-37 (310 HV) and Strenx-
960 (360 HV) had higher average hardness values than
the weld area. This is contrary to the general expectation
in the literature, which suggests that the hardness of the
weld area would be higher than that of two different
metals. However, in this study, the region's toughness
value decrease can be explained by the high hardness
values of both main materials and the high heat input to
the weld area (Adar, M., 2019).

Furthermore, when the graph is examined, it is evident
that hardness significantly decreases in the absence of
flux materials. In contrast, the hardness values improve
or increase in the presence of Al203 and ZrO: flux
materials, respectively. This observation indicates a
direct relationship between the internal structure and
the adhesion effect (Afzali and Asghari, 2022).

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1732-1738

St-37  HAZ WM

HAZ Strenx 960
380 :

1
I
I
I
360 - :
|
g

w

B

o
1

Hardness HV 0.3
w w
3 S

280

=

=t/
|
|
|
I

I
I
I
I
|
I
260 } + T T + T
2 0 10 20
Distance from the welding center (mm)

o
'

-

o

Figure 5. The Vickers Microhardness Measurement (HV
0.3) Demonstrates the Variance in Hardness
Throughout the Welding Zone.

Five different materials were prepared from each set of
samples in the tensile, and Charpy impact tests were
performed on all samples. The average values of the
experiment involved preparing five different materials
from each set of samples for tensile and Charpy impact
tests. The average values of the measurements were
calculated and shown in Figure 6. Upon examining the
results of the tests, it was noted that the values were
very similar. It was observed in all experiments that the
deformation occurred within the weld and heat-affected
zone (HAZ) region. This suggests that the weld seam
quality was consistent across all samples. However, it
was also noted that the mechanical properties of the
Zr0: fluxed materials exhibited a more ductile behavior
than the other samples.

In particular, the impact energy increased from 60]/cm?
to 113]J/cm?, and the tensile strength increased by
40MPa compared to the non-flux welded materials. The
measurements were calculated and shown in Figure 6.
When the results of the tensile and Charpy tests were
examined, it was seen that the values were very close to
each other. In all experiments, it was determined that
the deformation occurred within the weld and HAZ
region. This situation shows that the weld seam quality
was obtained at similar values in each sample. However,
it can still be said that the mechanical properties of ZrO:
fluxed materials exhibited a more ductile behavior
compared to other samples. Especially when compared
to no flux welded materials, it was observed that the
impact energy increased from 60]/cm? to 113]/cm?, and
the tensile strength increased by 40MPa.

Moreover, the observed low percentage elongation
values in Samples A, B, and E can be primarily linked to
factors that affect the mechanical properties of the
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welded joints. Samples A and B were subjected to
welding processes that did not utilize any flux material.
This omission may have resulted in inadequate
adhesion in the weld region, leading to the development
of defects such as pores. While Sample E employed Al203
flux, the strong adhesion afforded by ZrOz, coupled with
the absence of a crystal structure, may have adversely
affected the mechanical integrity of the weld bead. In the
cases of Samples A and B, the lack of flux contributed to
reductions in hardness and strength within the weld
area, ultimately resulting in low elongation values.
Additionally, the effectiveness of Al203 flux in Sample E
was inferior to that of ZrOz, which explains the
persistently lower percentage elongation values
compared to the other samples. This phenomenon can
be attributed to the distinct structural properties of the
various fluxes and their respective impacts on the weld
area.
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Figure 6. Mechanical Properties (Tensile and Charpy
Impact) of All Samples After the Welding Process

In Figure 7, SEM was used to capture cross-sectional
area images of the fracture surfaces following the tensile
test at 3000x magnification for 10pum. A typical ductile
shear fracture mechanism exhibits a cup-and-cone
fracture morphology when examining the images. The
pattern and size distribution of the pits on the fracture
surface are related to the distribution of martensite
particles. The minor smooth background on the No-flux
fracture surfaces reflects the void nucleation in the
fibrous martensite structures (Avramovic-Cingara,
Saleh, Jain and Wilkinson, 2009). The different pit sizes
seen in the ZrO: and Al:03 flux samples reveal the
deformation of the ferrite at the final stress moment.
This observation caused several large voids due to the
significant plastic deformation of the sample before
rupture.
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Figure 7. Cross-section Image of Fractured Surfaces on
the Welding Zone for All Samples After Tensile Test

4., Conclusions

This study comprehensively investigated the welding of
high-strength and high-hardness structural steel Strenx-
960 and low-carbon general-purpose steel St-37 using
different flux materials (ZrOz and Alz03) and variable
current conditions using the A-TIG welding method.

When ZrO: flux was used with 160A welding current, the
average tensile strength was measured as 1298 MPa,
impact strength as 113 ]/cm? and hardness as 494.8 HV.
These results provided the highest mechanical
performance compared to other samples and revealed
the positive effect of ZrO: flux on weld quality. The high
adhesion and crystal structure of ZrOz minimized the
defects in the weld bead and heat-affected zone (HAZ).
They increased the homogeneity in the microstructure,
thus ensuring consistent mechanical properties. In
welding processes using Al:03 flux, tensile strength
remained around 1220 MPa and impact strength around
85 J/cm?. Although these values were lower than ZrOz,
they provided better results than those without flux.
This situation shows the limited effect of the crystal and
adhesion properties of Al203. Samples without flux (A
and B) showed low values , such as tensile strength of
1100 MPa and impact strength of 60 ]J/cm? This
situation shows that insufficient adhesion and welding
defects occurred in the weld area due to the lack of flux
and insufficient mechanical properties. These
qualitative differences observed in the samples using
flux emphasize the importance of selecting the suitable
flux material to obtain the desired welding properties.
ZrO: flux has effectively created durable welded joints
that can be used in the automotive and heavy machinery
industries, primarily by increasing mechanical
properties such as ductility and toughness.

In conclusion, using ZrO:z flux in the A-TIG welding
process significantly improved the mechanical and
microstructural quality of welds between St-37 and
Strenx-960 steels. These findings provide practical
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information for projects requiring robust, high-
performance welded joints in industrial applications.
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Keywords Abstract

Self-healing Very-thin asphalt overlay mixtures require a careful balance of competing demands, such
Fracture resistance as enhancing skid resistance, reducing noise, and improving rutting resistance, due to
Microwave heating their reduced thickness. Achieving this balance involves reducing the nominal maximum
Very-thin asphalt overlay aggregate size (NMAS) and incorporating coarser aggregate gradations. This design
SCB test complexity is particularly critical for semi-dense graded very-thin overlays, which are

more susceptible to cracking. In this context, investigating the healing potential of very-
thin asphalt overlays through microwave heating offers a promising opportunity to
extend pavement life while minimizing economic and environmental impacts. This study
investigates and compares the cracking resistance and self-healing capabilities of two
mixtures by applying Fracture-Healing-Fracture (FHF) cycles using Semi-Circular
Bending (SCB) testing under microwave heating. The mixtures examined include a semi-
dense aggregate gradation (BBTM8) designed for very-thin overlays, and a dense-graded
aggregate mixture (ACL 16+) intended for binder courses and containing 50% reclaimed
asphalt pavement (RAP). As a result, the ACL mixture exhibited a fracture toughness
(KIC) value of 37.1 N/mm?%2, attributed to its denser gradation, larger NMAS, higher
stiffness, and greater RAP content. In contrast, the initial KIC value of the BBTM8 mixture
was 18.4 N/mm?%*2. However, following microwave heating, the KIC value of the BBTM8
mixture increased significantly and approached that of the ACL mixture, aided by its
higher air void content. The FHF cycle results revealed that the BBTM8 mixture
demonstrated higher fracture resistance and more efficient recovery performance than
the ACL mixture.

MIKRODALGA ISITMA iLE GELISTIRILEN COK INCE ASFALT KAPLAMANIN KIRILMA DiRENCI
VE KENDI KENDINI iYILESTIRME POTANSIYELI

Anahtar Kelimeler 0z

Kendi kendini iyilestirme Cok ince asfalt kaplamalar, azaltilmis kalinliklart nedeniyle kayma direncinin
Kirilma direnci artirilmasi, giiriiltiiniin azaltilmasi ve tekerlek izi direncinin iyilestirilmesi gibi birbiriyle
Mikrodalga isitma celisen ihtiyaclarin dikkatli bir sekilde dengelenmesini gerektirir. Bu dengenin
Cok ince asfalt kaplama saglanmasi, nominal maksimum agrega boyutunun (NMAS) kiiciiltiilmesini ve daha
SCB testi kaba agrega derecelendirmelerinin kullanilmasini igerir. Bu tasarim karmasikligi,

catlamaya daha yatkin olan yari yogun dereceli ¢cok ince kaplamalar icin dzellikle kritik
dneme sahiptir. Bu baglamda, ¢ok ince asfalt kaplamalarin mikrodalga 1sitma yoluyla
iyilesme potansiyelinin aragtirilmasi, ekonomik ve gevresel etkileri en aza indirirken
kaplama émriinti uzatmak icin umut verici bir firsat sunmaktadir. Bu c¢alisma,
mikrodalga 1sitma altinda Yarim Dairesel Egilme (SCB) testi kullanilarak uygulanan
Kinlma-lyilesme-Kirilma (FHF) déngiileri araciligiyla iki farkli karisimin catlama
direnci ve kendi kendini iyilestirme yeteneklerini incelemekte ve karsilastirmaktadir.
Incelenen karisimlar; ¢ok ince kaplamalar icin tasarlanmis yart yogun agrega
derecelendirmesi (BBTM8) ve %50 geri kazanilmis asfalt kaplama (RAP) iceren,
baglayici tabaka icin kullanilan yogun dereceli agrega karisimidir (ACL 16+). Sonug
olarak, ACL karisimi daha yogun derecelendirme yapisi, daha biiyiik NMAS degeri, daha

hiikiimlerine gore acik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License
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yliksek sertligi ve daha fazla RAP igerigi sayesinde 37,1 N/mm

3/2 degerinde kirilma

toklugu (KIC) sergilemistir. Buna karsilik, BBTM8 karisiminin baslangigtaki KIC degeri
18,4 N/mm?%? olarak él¢iilmiistiir. Ancak mikrodalga 1sitma sonrasinda, daha yiiksek
hava boslugu iceriginin de katkistyla BBTM8 karisiminin KIC degeri onemli dlgtide
artarak ACL karistminin seviyesine yaklasmistir. FHF déngiisii sonuglari, BBTM8
karisiminin ACL karisimina kiyasla daha ytiksek kirilma direnci ve daha etkin bir iyilesme
performansi gésterdigini ortaya koymustur.
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1. Introduction

Concerns about climate change problems caused by
greenhouse gas (GHG) emissions have gained
importance as awareness about the impact of human
activities on the environment has grown. Research
conducted by the World Bank revealed that emissions
from the transportation sector account for 14% of the
global total, with 72% of these emissions generated by
road construction, maintenance, rehabilitation, and
operation (World Bank, 2010). Road construction,
production of raw materials, road operation,
maintenance during the service life, and rehabilitation
all result in significant GHG emissions, as noted by
(Fernandez-Sanchez et al., 2015). In the USA, road
construction, maintenance, and rehabilitation
contribute to 28% of GHG emissions (Melanta et al,,
2013). Maintenance is the second largest source of GHG
emissions (Stripple, 2001). Therefore, using more
sustainable techniques, such as microwave heating to
trigger asphalt mix self-healing ability, can reduce gas
emissions by  minimizing maintenance and
rehabilitation activities.

The self-healing mechanism needs activation energy to
wet the crack interface, with the energy provided, the
necessary molecular diffusion takes place to close the
cracks. The most widely recognized molecular diffusion
model for polymer materials was introduced by Wool
and O’connor (1981). Subsequently, based on this
model, researchers have further investigated the two-
stage self-healing process of bitumen (D. Sunetal., 2017;
G. Sun et al,, 2020):

e The first stage is wetting, that is, molecular
diffusion, which is expressed as the closure of the
microcrack formed in the asphalt pavement.

e The second stage is the recovery of asphalt
pavement strength due to diffusion and random
distribution of bitumen molecules from one crack
surface to the other.

The macroscopic healing observed at a specific
temperature T and time t includes the instantaneous

strength gain dependent on temperature and the rate of
strength recovery that varies with temperature. Healing
temperature is one of the most effective parameters on
the healing ability of asphalt. However, determining the
optimum healing temperature to ensure the healing
ability of bituminous binder and asphalt mixture is a
difficult and complex task (Tang et al., 2016).

To determine the best self-healing temperature for
bitumen, the viscosity-frequency scanning test was
performed in the Dynamic Shear Rheometer (DSR)
(Tangetal., 2016). The study found that the optimal self-
healing temperature was the softening point of the
bitumen, based on the results from a Fatigue-Healing-
Fatigue test. However, Xiang et al. (2019) conducted a
Fatigue-Healing-Fatigue test using the time sweep mode
of DSR and determined the optimal healing temperature
for PEN70 matrix base bitumen to be 47.6 °C, which is a
little higher than the softening point. D. Sun et al. (2018)
also found that the self-healing ability of bitumen was
higher at the phase transition temperature, where the
molecular diffusion rate and range were more
prominent. Based on the Fatigue-Healing-Fatigue and
Differential Scanning Calorimetry results of these
studies, the optimal healing temperature range is
between 40.3 °C and 48.7 °C. He et al. (2022) reported
that healing time decreases as temperature increases,
particularly when it comes closer the glass transition
temperature of 300 K (27 °C). For example, Xiang et al.
(2019) found that the optimal healing temperature for
base bitumen was 47.6 °C, while the optimal
temperature for 4.5% linear styrene-butadiene-styrene
(SBS) modified bitumen was 76.7 °C. Yoo et al. (2019)
investigated the effect of carbon-based materials on the
self-healing properties of asphalt pavement, and
determined the optimal heating temperatures for
carbon fiber, carbon nanotube, and graphite nanofiber
to be 108 °C, 105 °C, and 104 °C, respectively. Although
various  suggestions exist regarding healing
temperatures in studies on bituminous binders, there is
a general consensus on the optimal healing temperature
in research focused on the self-healing ability of asphalt
mixtures. The widely accepted view is that asphalt
mixtures exhibit the best healing performance at 85 °C
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(Liu, Schlangen, van de Ven, et al., 2012; Liu, Schlangen,
and Van De Ven, 2012; W. Liu et al,, 2024). Finally, we
should keep the heating temperature as low as possible
to prevent bitumen aging acceleration.

Self-healing studies on asphalt mixtures have gained
significant attention in recent years, particularly due to
their potential to enhance the service life and
performance of pavement structures. These studies
utilize various heating methods, such as induction
heating and microwave heating, based on the Fracture-
Healing-Fracture (FHF) test cycle and semi-circular
bending (SCB) tests. Research indicates that the fracture
resistance and recovery ability of asphalt mixtures can
vary significantly depending on the types and
gradations of aggregates used. This highlights the need
for a comprehensive understanding of how different
materials interact within the mixture. For instance,
Wang et al. (2022) investigated the microwave heating-
based self-healing ability of asphalt mixtures that
incorporated both basalt and limestone aggregates
using the FHF test. Their findings revealed that
microwave heating not only enhanced flexural strength
by at least 65% but also improved fatigue resistance by
23%. These improvements underscore the effectiveness
of microwave heating as a viable method for enhancing
the mechanical properties of asphalt mixtures.
Furthermore, the study indicated that both the type and
size of the aggregate significantly influenced the
microwave heating rate, suggesting that material
selection is crucial for optimizing healing performance.
In addition to aggregate properties, other factors such as
temperature and nominal maximum aggregate size
(NMAS) also play a critical role in the healing process.
Atakan and Yildiz (2024) observed that a higher degree
of aggregate damage during fracture corresponded with
a lower healing rate. They explained that the extent of
healing is influenced by the increase in cohesive damage
and a decrease in adhesive damage as the temperature
rises during fracture. Garcia-Gil et al. (2019) further
noted that a larger NMAS contributes to increased
aggregate damage, emphasizing the importance of
careful design in asphalt mixtures.

Very-thin overlay is widely used as a wearing course in
various regions, including the EU, China, and the USA,
either as a reinforcement layer or as a surface course to
mitigate noise. The layer thickness prescribed for the
very-thin overlay in the CSN 73 6121:2023 national
technical standard used in the Czech Republic is 20-30
mm. However, very-thin overlay presents unique
challenges; it requires a reduction in NMAS while
necessitating a coarser grading to enhance skid
resistance, noise reduction, and rutting resistance. This
conflicting requirement complicates the design process,
particularly since open-graded or semi-open-graded
very-thin overlays are more susceptible to cracking
compared to dense-graded overlays. Recent studies,
such as the work of Eren et al. (2024), have investigated
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the fracture resistance of waste steel fiber (WSF)
reinforced very thin overlay through SCB tests and
explored their healing ability via induction heating.
Their research highlighted that the healing potential,
measured in terms of fracture toughness, diminishes as
the stiffness modulus of WSF increases. Yu et al. (2024)
investigated the cracking resistance of the designed cold
asphalt mixture for basalt fiber reinforced ultra thin
overlay according to the SCB test. However, the
investigation of fracture resistance and microwave
healing ability of ultra-thin overlay is a new and current
topic in the literature and further research is needed in
this area (Guo et al., 2024).

The self-healing capabilities of asphalt mixtures have
been widely studied in the literature, focusing on factors
such as the type and content of modifiers, aggregate type
and gradation, and heating methods like microwave and
induction heating. Despite the advantages of very-thin
wearing courses, such as noise reduction and extending
the service life of asphalt roads, their limited durability
remains a significant challenge within the sustainability
framework. To address this, examining and enhancing
the self-healing capabilities of very-thin wearing
courses has become increasingly important. Developing
policies aimed at improving their performance and
durability is essential for overcoming these challenges
and maximizing their potential benefits. This study
investigates and compares the fracture resistance and
microwave healing ability of two asphalt mixtures: one
with a semi-dense aggregate gradation designed for thin
overlays and another with a dense aggregate gradation
containing 50% reclaimed asphalt (RA) material used as
binder layer in asphalt pavements. The findings aim to
provide valuable insights into how different aggregate
types and mixture designs especially very-thin-wearing
courses influence the self-healing capabilities of asphalt
pavements, contributing to more sustainable and
durable road infrastructure.

In the following section, a detailed explanation of the
materials and production processes utilized in the
asphalt mixtures developed for this study is provided.
Additionally, the FHF test procedure, which is based on
the SCB test used in this research, is outlined to clarify
the experimental framework. Experimental results from
the SCB tests and FHF cycles are then discussed in
relation to the fracture resistance and self-healing
potential of the asphalt mixtures, supported by relevant
literature. Consequently, the study's key findings are
clearly presented in the conclusion section.

2. Materials and Methods
2.1. Materials

In this study, two different hot mix asphalt (HMA) were
prepared according to the BBTM8 mixture type and
ACL16+50RA mixture type according to the CSN 73
6121:2023. To do so, the Marshall Design method
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specified in the EN 12697-30 standard was followed in
the preparation of asphalt mix samples. For each mix
type, 3 Marshall test specimens were prepared for the
Marshall Stability test, 6 for the Stiffness Modulus test
from which 3 (equivalent to 6 semi-circular specimens)
were used for the SCB test.

e BBTMS8: for the very-thin wearing layer, a
bituminous binder with a penetration grade of
50/70 was obtained from the Litvinov refinery in
the Czech Republic. The aggregates used in the
mixture were sourced from the Brant quarry, also
located in the Czech Republic.

e ACL16+50RA: for the binder layer, a bituminous
binder with a penetration grade of 70/100 was
sourced from the Litvinov refinery in the Czech
Republic. The aggregates used in this mixture were
obtained from the Bélice quarry, also in the Czech
Republic. Additionally, the binder layer contains
50% RAP.

Figures 1(a) and Figure 1(b) show the grading curves of
the mixtures BBTM8 and ACL16+50RA, respectively.
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Figure 1. Aggregate Gradations Used in the Study (a)
BBTMS8 (b) ACL16+50RA
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2.2. Determination of volumetric and mechanical
properties by production of samples

In this study, asphalt mixtures were prepared by
compacting specimens with 2x50 blows according to EN
12697-30 standard. The volumetric and mechanical
properties of the prepared asphalt mixtures were
determined and are presented in Table 1.

Table 1. Detailed of the Volumetric and Mechanical
Properties of Asphalt Mixtures

?glﬁi& BBTMS Standard

Bitumen ~

CSN 73
content 4.2 5.2
(%) 6121:2023
Maximu
m density 2.549 2.544 EN 12697-5
(g/cm?3)
Bulk
density 2.400 2.178 EN 12697-6
(g/cm?) ]
Airvoid 5.8 14.4 CSN 73
(%) (3%-10%) (11%-15%) 6121:2023
Marshall
Stability 17.4 6.2 EN 12697-30
(kN)
Stiffness
modulus 16093 7974 EN 12697-26
(MPa)

2.3. Semi-circle bending (SCB) test

The SCB test, as standardized in EN 12697-44:2019, is
widely recognized for its effectiveness in evaluating the
fracture resistance of asphalt pavements under real-
world conditions. While the standard specifies
conducting the test on 150 mm specimens, previous
studies have proposed a modified SCB test suitable for
standard Marshall specimens. Based on the procedures
outlined in EN 12697-44:2019, this modified protocol is
designed to assess the resistance of asphalt mixtures to
crack propagation and evaluate their fracture behavior
under various conditions (Vackova and Valentin, 2022).
Details of the modified test method are provided in
Table 2. The principle of this method is the three-point
bending of a semi-circular test specimen with a 10 mm
notch at the bottom. As shown in Figure 2, a typical SCB
sample has a diameter of 100 mm, a notch width of 0.90
* 0.20 mm, and a notch length of 10 mm. The modified
SCB test can be performed at loading speeds of 2.5
mm/min at test temperatures of 0°C, 15°C, and 27°C. In
this study, samples were subjected to SCB testing at 15
°C in FHF test cycles and their cracking behavior and
healing abilities were investigated at medium
temperatures. Bui and Saleh (2021) performed SCB
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tests on mixtures including thin wear samples of 150
mm and 100 mm sizes with different loading conditions
and test temperatures and showed that the results were
consistent and convertible with each other.

Table 2. Modified SCB Test Procedure

Conditions Modified SCB test
Test temperature 0°C, 15°C and 27°C
Specimen dimensions 100x50x50 mm
Notch height 10 mm

Loading rate 2.5 mm/min

Figure 2. Typical SCB Specimen with 100 mm Length

After the SCB test, the load-deformation curve is
obtained. According to the obtained load-deformation
curve, the fracture parameters are determined. The
fracture parameters can be listed as fracture toughness
(Kic), fracture work (Wp), fracture energy (Gf) and
flexibility index (FI) and are calculated using the
equations given in Equations (1)-(5), respectively
(Vackova and Valentin, 2022).

Kic = OpaxiVvma €Y)

F,
Omax = P 2)
2rt

Y, = 4782 - 1219 (%) + 0,063 exp(7,045 () (3)

K is the fracture toughness (N/mm!5); omax is the
maximum applied stress (N/mm?2); Fnax is the maximum
applied load (N); a is the notch length (mm); r is the
radius of the sample; t is the sample thickness. Y1
represents the normalized K parameter.

4

FI=Ax-L (5)

The fracture work W} is defined as the area under the
load-deformation curve. The fracture energy Gy is

calculated by dividing the fracture work by the ligament
area A;;g4. The flexibility index (FI) is an index based on

the fracture energy G, divided by the absolute value |m|
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of the slope of a load-displacement curve at the
inflection point of crack propagation phase (post-peak,
after Fmax). 4 is a scaling factor.

2.4. Fracture Healing Fracture test procedure

Fracture-Healing-Fracture (FHF) test cycles represent a
series of testing processes designed to investigate the
self-healing capacity of asphalt mixture. The primary
objective of this method is to evaluate the effects of
repeated heating cycles during the service life and the
potential decline in self-healing capacity due to
repetitive cracking. To achieve this, a microwave healing
procedure is applied after the specimens are fractured
using the SCB test. If the nearly separated specimen
parts are in contact, the healing is considered successful.
Therefore, many studies use wooden, plastic, or steel
molds to hold the fractured parts together. Additionally,
plastic zip ties are a practical alternative due to their
resistance to microwave heating temperatures. In this
study, plastic zip ties were used to hold the specimens
together.

Based on preliminary laboratory testing, it was
determined that the samples needed to be heated for 30
seconds to reach a self-healing temperature 85°C.
Therefore, during the FHF test cycles, the samples were
heated in the microwave for 30 seconds to heal. Figure
3 shows the process of SCB testing of the FHF test cycle
and microwave heating. In this study, the FHF test cycle
was conducted five times to assess how aging or service-
related damage affects the self-healing capacity of road
pavements. Consequently, the microwave healing index
(HI) was determined for asphalt mixtures subjected to
repeated cracking and healing cycles. The results of the
first cycle included both the Hl_G¢ and HI;_K;; values,
while the subsequent evaluations focused on
Hl; cycie_Kjc over the course of all five cycles. The
evaluation parameters were defined Equation (6) and
(7) (Zhang et al., 2023).

Kic: )
Hli.cycle—KIC =%j1 (i=1,2,3,4,5) (6)

Where, K¢, is the fracture toughness K¢ value in the i-
th cycle, K;c, represents the fracture toughness K¢
value in the first cycle. HI; . the relative retention of
fracture toughness through each cycle, providing insight

into the healing efficiency of the asphalt mixtures over
multiple cycles. Additionally, HI;_G represents the

healing index of fracture energy in the first cycle, where
Gflthe initial fracture energy before the heating and

sz is second fracture energy after heating in the first
cycle.

_ Y
HL Gy =32 (7)
1
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Figure 3. Fracture-Healing-Fracture (FHF) Test Procedure Used in This Study

3. Results and Discussion

3.1. Effect of microwave heating on crack resistance
of asphalt mixtures

SCB test was performed to evaluate the crack resistance
of asphalt mixtures. An example of the load-
displacement curve obtained as a result of the SCB test
of ACL16+ and BBTM8 mixtures before and after healing
is given in Figure 4.

Before heating, the mixture with semi-dense aggregate
gradation and slightly higher bitumen content, designed
for the very-fine wearing course, had a significantly
lower Fmax. However, it was observed that this mixture
displaced slightly more under load compared to the
densely graded ACL16+ mixture with a high RAP
content. In addition, before reaching Fmax, the linear
region covering 40-80% of the Fmax. The linear region
represents the elastic deformation of the material. When
the slope starts to change, microcracks occur. After
Fmax, macrocrack is developed. For the ACL it is less or
nearly invisible because of high RAP content and thus,
high stiffness.
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Figure 4. Load-Displacement Curves for Asphalt
Mixtures Before and After Microwave Heating

This result indicates the asphalt mixture's effective
ability to handle micro cracks. As observed, the ACL16+
mixture exhibits a much more brittle behavior than the
BBTMS8 mixtures, showing a steep deformation slope
under load before the formation of macrocracks. This
behavior was further illustrated by the sudden fracture
of the ACL16+ mixture blends after reaching Fmax.
Additionally, the ACL mixture reached its maximum
deformation capacity much sooner, emphasizing the key
difference between the ACL16+ and BBTM8 mixtures.
Unlike the ACL16+ mixture, the BBTM8 mixture
gradually and steadily reached its maximum
deformation capacity under load, despite the
propagation of macrocracks that continued to expand.
The primary reasons for these results are related to the
ACL16+ dense aggregate gradation and high RAP
content, enabling them to withstand greater loads but

1744



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1739-1750

exhibiting more brittle behavior due to aged bitumen
and aggregates from the RAP content. Similarly, BBTM8
mixture contains slightly younger and more bitumen
than ACL16+ mixture, and their NMAS value is 8 mm,
significantly smaller than that of the ACL16+ mixture.
Altogether, these factors enable BBTM8 mixtures to
better manage the propagation of micro- and
macrocracks, as they have high deformation capacity
despite achieving lower maximum load.

According to the load-displacement curves for the
mixtures healed through microwave heating, the Fmax
values decreased in both the ACL and BBTM8 mixtures.
While the Fmax required for macrocrack formation
decreased for both mixtures, the maximum deformation
of BBTM8 mixtures approximately doubled after
healing. This indicates that BBTM8 blends exhibit a
higher recovery ability in fracture work and energy after
healing. In contrast, the deformation capacity of ACL16+
mixture decreased by approximately 50%, showing a
much more brittle behavior post-healing due to the
reduced deformation capacity. Since fracture toughness
is a fracture parameter influenced by Fmax and the
geometric properties of the specimen, a decrease in
fracture toughness values is expected in both mixture
types following healing as shown in Figure 5.

The pre-healing fracture toughness of the BBTMS8
mixture was determined to be 18.4 N/mm?3/2, while for
the ACL16+ mixture, it was measured at 37.1 N/mm3/2,
The dense gradation, high NMAS value, and the presence
of RAP in the ACL16+ mixture led to achieving a higher
Fmax, resulting in greater fracture toughness. On the
other hand, due to the high air void content of the
BBTMS8 mixture, the observed Fmax decreased, leading to
a decrease in fracture toughness. However, when
examining the HI_Kic values of samples self-healed by
microwave, the healing rate for BBTM8 mixtures was
found to be 50.63%, whereas, for ACL16+50RA
mixtures, it was 19.73%. It can be concluded that the
high air voids content in BBTM8 mixtures due to
gradation and higher binder content enhances the
healing capability. Gomez-Meijide et al. (2016) also
demonstrated that porous asphalt, characterized by a
higher air void content, exhibits significantly better
healing abilities compared to dense asphalt.
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Figure 5. HI_Kic Values of Asphalt Mixtures

To determine the fracture energy, it is first necessary to
measure the fracture work. Fracture work represents
the area under the load-displacement curve and can be
defined as fracture work until Fmax and total fracture
work, measured in Joules (J). The fracture works up to
Fmax and the total fracture work of the BBTM8 mixture,
which has a high deformation capacity, are higher than
those of the ACL16+ mixture both before and after
healing, as clearly shown in Figure 6. As a result, it was
determined that the increase in the fracture work with
microwave heating after Fmax was greater than before
Fmax for both ACL16+ and BBTM8 mixtures.
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Figure 6. Fracture Work (Ws) of Asphalt Mixtures

Fracture energy results are illustrated in Figure 7 and
presented in detail in Figure 8. Fracture energy
represents the amount of energy required to create a
fracture surface per square meter (Bui and Saleh, 2021).
It was found that BBTM8 mixtures had three times the
fracture energy of ACL16+ mixture before healing.
Similarly, after healing, the recovery in fracture energy
was seven times higher in BBTM8 mixture.
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Figure 7. Fracture Energy (Gf) of Asphalt Mixtures

This accounts for the mixture’s increased resistance to
crack propagation. Therefore, it was concluded that with
microwave heating, the fracture energy recovery ability
of BBTM8 mixture was significantly higher than that of
ACL16+ mixture. As a result, it was determined that
more improvement could be observed if healing was
performed by microwave heating after the occurrence
of macro cracks in very-thin asphalt pavements with
semi-dense aggregate gradation.
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Figure 8. HI_Gf Values of Asphalt Mixtures

Another recently proposed fracture energy-based index
for evaluating the cracking resistance of asphalt
mixtures is the FI value. A high Fl value indicates greater
resistance to cracking, reflecting the mixture's fracture
behavior during crack propagation. Jiang et al. (2022)
demonstrated that FI offers a more effective approach
than fracture energy, especially for mixtures containing
RAP. They also highlighted that the post-peak FI is
strongly influenced by binder properties. As illustrated
in Figure 9, the FI value of the BBTM8 mixture increased
after healing, whereas it decreased for the ACL16+
mixture. Furthermore, the FI results revealed that the
BBTM8 mixture exhibited significantly higher
resistance to fracture propagation than the ACL16+
mixture, both before and after healing.
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3.2. Results of the Fracture-Heating-Fracture test
cycle

The FHF test is a test cycle consisting of the first fracture
with SCB, then self-healing with microwave heating, and
a second fracture with SCB. Figure 10 shows images of
ACL16+ and BBTM8 samples before and after healing.
Figure 11 illustrates the HI;_K; after the FHF test cycles.
In addition, error bars in the Figure 11 indicate the
standard error calculated from six independent
measurements of the same sample. In BBTM8 mixtures,
the healing capacity decreased by 8.94% after five
healing cycles. A primary factor contributing to this
decline in fracture toughness is the formation of
microcracks within the asphalt structure due to
repeated fracture cycles, as noted by Chen and
Solaimanian (2019). These microcracks weaken the
material, making it more susceptible to fracture under
mechanical stresses. Thus, it is generally expected that
the healing capacity will progressively decrease over
successive heating and healing cycles.
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However, in the ACL16+ mixture, an increase of 9.54%
in the healing rate of fracture toughness was observed
after repeated cycles. In a study by Yildiz et al. (2020),
the FHF test cycle was repeated three times, and
samples with significant crack damage showed an
increase in fracture toughness alongside aging. This
phenomenon was explained by the possible
enhancement of the mechanical strength of the asphalt
concrete due to changes in the distribution of air voids
within the asphalt samples during the microwave
heating and healing process. Additionally, it is thought
that the aged binder in the ACL16+ mixture may harden
further through FHF cycles, potentially providing a
marginal contribution to fracture toughness. On the
other hand, as the number of FHF test cycles increases,
a gradual decline in the healing index in fracture
toughness is projected. After the 5th cycle, significantly
pronounced reduction is anticipated. Similarly, Wan et
al. (2018) conducted four FHF cycles to investigate the
healing abilities of ultra-thin asphalt mixtures
containing steel slag and steel fibers. The AC-5 mixture,
which included steel slag and 3% steel fibers, achieved a
HI_Kic of 80% at the end of the first cycle. However, this
value decreased to approximately 35% by the end of the
fourth cycle.

During the repeated microwave heating process in FHF
cycles, the self-healing of asphalt pavements is
facilitated by reducing the viscosity of asphalt binders
and accelerating capillary flow and molecular diffusion
(Gallego et al,, 2013). In field applications, microwave
heating technology is preferred for both self-healing and
deicing processes due to its advantages over traditional
methods, including high efficiency, low pollution, energy
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savings, and ease of control (Huang etal., 2021; Zhang et
al,, 2023). However, significant temperature differences
may occur within the pavement due to variations in the
microwave absorption capacity and heat transfer ability
of the aggregate and bitumen components (X. Liu et al.,
2024; Zhang et al.,, 2023). The healing of micro-cracks in
asphalt specimens during repeated cycles may vary as a
result of these temperature differences. This can be
attributed to the substantial influence of temperature on
the healing process.

Overall, the healing capacity of BBTM8 mixtures is, on
average, 24.28% higher than that of ACL16+ samples
across all test cycles. However, based on the
experimental work conducted during the FHF test
cycles, it is worth noting that the heating temperature of
85°C may be too high for mixtures produced for very-
thin wearing courses. In repeated tests, some of the
BBTMS8 samples heated to 85°C broke down and were
discarded. In contrast, this problem was not observed in
the ACL16+ samples.

4. Conclusion

Cracking behavior is a significant research topic in
fracture mechanics, with the SCB test playing a crucial
role in analyzing the fracture properties of asphalt
pavements. In this study, SCB test-based FHF test
procedure was applied in the scope of the study for the
comparative analysis of the fracture behavior and
microwave healing ability of very-thin asphalt overlay.
In asphalt pavements with increased crack damage over
time through FHF test cycles, the damage level of cracks
in asphalt pavement directly affects the pavement's
healing ability. As the damage level increases, cracks in
the asphalt expand and multiply, which can lead to
stripping and the formation of deep potholes under
repeated loading and adverse environmental
conditions. In very-thin asphalt pavements, where
stability issues are expected under repeated loading,
microwave heating of cracks has the potential to extend
pavement life and reduce the use of bituminous binder
in asphalt mixtures. This approach could enhance the
economic and environmental benefits of very-thin
asphalt pavements.

The key conclusions and overall assessment of the
research are summarized below.

e The pre-healing fracture toughness of the BBTM8
mixture was measured at 18.4 N/mm3/2, while the
ACL16+ mixture exhibited a significantly higher
value of 37.1 N/mm3/2,

e The ACL16+ mixture achieved a higher Fmax due to
its dense gradation, higher NMAS, and the presence
of RAP, resulting in increased fracture toughness
compared to the BBTM8 mixture.
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e Microwave healing improved the HI_Kic of the
BBTM8 mixture by 50.63%, while the ACL16+
mixture resulted in only 19.73% improvement,
indicating higher healing efficiency in BBTM8.

e Due to its high air void content (14.4%), the BBTM8
mixture demonstrated greater healing potential, as
the voids enhance microwave heating's
effectiveness in healing cracks.

o Before and after healing, the fracture work for the
BBTM8 mixture, which has high deformation
capacity, was consistently higher than for the
ACL16+ mixture.

e The BBTM8 mixture had three times the fracture
energy of the ACL16+ mixture before healing and
achieved seven times the recovery after healing,
indicating greater crack propagation stability. Its
lower stiffness modulus, higher bitumen content
and air voids resulted in a HI_Gr of over 100%.

o The FI value, which measures cracking resistance,
increased for the BBTM8 mixture after healing but
decreased for the ACL16+ mixture, highlighting
BBTMS8'’s higher post-healing crack resistance.

e During FHF testing, BBTM8'’s healing capacity
decreased by 8.94% over five cycles due to
microcrack formation, while ACL16+ exhibited a
9.54% increase in fracture toughness, potentially
due to changes in air void distribution.

e The average healing capacity of BBTM8 mixtures
across FHF test cycles was 24.28% higher than that
of ACL16+ mixtures.

e Microwave heating to 85°C caused some BBTMS8
samples to break down, while no problems were
observed in ACL16+ samples, indicating potential
limitations for very-thin asphalt pavements.

Moreover, the results of the study indicate that
microwave heating can enhance the healing capacity of
asphalt mixtures. This finding highlights the potential
benefits of applying microwave heating methods to
repair cracks in pavement layers in field applications.
During the application of microwave heating, it is
essential to establish proper energy sources and
connections for microwave generators. Additionally, the
heating duration and energy intensity must be carefully
adjusted based on the surface type, damage level, and
desired temperature. Although this study observed that
very-thin asphalt pavements should not be subjected to
high temperatures for healing, further research is
necessary to better understand this limitation. Future
studies could explore topics such as the long-term
effects of microwave heating methods or the impact of
climate conditions on the performance and durability of
very-thin-wearing courses.
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Prying action may develop in bolted T-stub connection due to the flange deformation. In
this paper, an extensive numerical study was carried out on welded plate T-stubs to
investigate prying action. Using experimental data in the literature, a finite element
model was constructed and validated in ABAQUS. Good agreement was obtained, and
over 200 FE models were generated to study the influence of flange thickness, edge
distance, and gauge distance on the behavior of bolted T-stubs, including prying effects.
The resistance predictions provided in EN 1993-1-8 were found to be conservative. This
study's novelty was the focus on the bending moment that may develop in the bolts. Tests
have highlighted the flexural engagement of the bolts. Combined with tensile action in
the bolts, it may induce substantial stresses and cause premature failure. Few studies
have been dedicated to investigating the bending moment in the bolts. Consequently, the
actual codes do not account for the bending moment in the bolts. It was found that the
bolt moment could be considerable and should be accounted for in the design procedure.
The influence of several geometrical properties on the bolt moment was investigated.
Additionally, the M-N interaction curves examined the combined action of tension and
bending in the bolts.

BULONLU CELIK BIRLESIMLERDEKI KANIRTMA ETKIiSININ ARASTIRILMASI

Anahtar Kelimeler

0z

Celik birlesimler
Civatali baglantilar
T-parga

Kanirtma etkisi
Cwvata biikiilme

Celik yapilarda tagsiyici elemanlarin en yaygin birlesim sekli olan T birlesim bélgelerinde
ortaya ¢ctkan davranisin ortak ézellligi cekme yiikiinden dolayt baslik bélgelerinde olusan
deformasyonlardir. Buna sebep olan etki de kanirtma (prying) etkisidir. Bulonlardaki
egilme momentinin incelenmesine yénelik cok az calisma yapilmigtir. Literatiirde verilen
testler bulonlarin egilme etkisini vurgulamaktadir. Bu ¢alismada, kanirtma etkilerini
arastirmak icin kaynakli plakalar ile olusturulan T-birlesimler iizerinde kapsamli bir
parametrik ¢calisma gergeklestirilmistir. ABAQUS'ta olusturulan gelismis sonlu eleman
modellerini kalibre etmek ve dogrulamak icin literatiirdeki deneysel veriler
kullanmilmistir. Flans kalinligi, kenar mesafesi ve bulonlarin arasindaki mesafe gibi
parametrelerin bulonlu T-birlesimlerin davranisi ve ozellikle kanirtma etkisi tizerindeki
etkilerini incelemek icin 200°den fazla sonlu eleman modeli olusturulmugstur. EN 1993-1-
8'de verilen dayanim tahminlerinin ¢ok giivenli oldugu gériilmiistiir. Bu ¢alismadaki bir
yenilik de bulonlarda olusabilecek egilme momentine odaklanilmasidir. Bulonlardaki
cekme kuvvetleri ile birlestiginde, énemli gerilmelere neden olmakta ve tasima
kapasitesine gelmeden erken gé¢cmeye yol agcabilmektedir. Sonu¢ olarak, mevcut
standartlar bulonlardaki egilme momentini hesaba katmamaktadir. Bulonda olusacak
momentin 6nemli olabilecegi ve tasarim asamasinda hesaba katilmasi gerektigi
goriilmektedir. Farkli geometrik ©6zelliklerin bulon momenti lizerindeki etkisi
arastirilmistir. Ayrica, bulonlardaki gerilme ve egilmenin birlesik etkisi M-N etkilesim
egrileri araciligiyla incelenmigtir.
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1. Introduction

Connections play a crucial role in the safety and stability
of structures. Due to their easy fabrication, installation,
and ductile behavior, bolted connections are now
preferred to welded connections in steel structures.
However, steel bolted connections involve various
components and nonlinearities (such as material
nonlinearities and contact nonlinearities), resulting in a
nonlinear behavior that is complex to determine.
Approximations are often necessary to incorporate the
actual behavior into everyday design because of its
complexity. One of these approximations is the
equivalent T-stub model, which has been widely
investigated before its implementation in EN 1993-1-8.

Finite element modeling can be used as an alternative to
experimentation. In fact, besides being less demanding,
FE models can yield results that are in agreement with
experiments. Also, they can describe phenomena such as
contact stress distribution that cannot be accurately
measured experimentally. Finally, various
configurations can be covered, allowing for
parametrical studies and analytical formulations. The
last decades have seen increasing use of FE modeling
due to progress in computer technology and non-linear
numerical algorithms. The contributions of Sherbourne
and Bahaari (1996); Mistakidis, Baniotopoulos, Bisbos,
and Panagiotopoulos (1997); Bursi and Jaspart (1997,
1997, 1998); Wanzek and Gebbeken (1999); Swanson,
Kokan, and Leon (2002); and Lemonis and Gantes
(2003) helped put in place guidelines for the
construction of efficient finite element models that
could realistically reproduce the behaviour of bolted T-
stub connections.

One common and significant behavioral characteristic of
nearly all types of tensile bolted connections is prying
action. Tests have shown that the flexural deformation
of the flanges of the connected members can subject
bolts to additional forces and moments. Prying action
can significantly increase the bolt load and cause bolts
to fail before the applied tension has reached the design
tension load. Therefore, not taking into consideration
prying action could lead to unsafe design. Although
several researchers reported the bending of bolts at
failure and its influence on the performance of T-stubs,
the prying effect is commonly taken into account by only
increasing the axial force in the bolt.

The earliest studies on T-stubs and prying action include
that of Nair, Birkemoe, and Munse (1969) who carried
out an experimental and analytical study to determine
the behavior of ASTM A325 and A490 high strength
bolts loaded in direct tension in tee-connections, and
formulate methods for the design of such connections.
Douty and McGuire (1974) performed experiments on
various T-stubs and developed a semi-empirical
equation for evaluating the prying force Q at the
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ultimate load. Zoetemeijer (1974) studied the tension
side of bolted beam-to-column connections and
emphasized the role of prying force in the failure mode
of the T-stub. He expressed the maximum prying force
Qmax as a function of the moment of the flange and the
edge distance. Agerskov (1977) conducted a series of
tests to measure prying force for different geometries.
In some significant respects, the author presented a
formulation similar to that of Douty and McGuire
(1974), with the difference being that the effect of shear
stresses was considered. The actual formulations
presented in AISC are the fruition of the work of
Thornton (1985); Swanson and Leon (2000); Kulak,
Fisher and Struik (2001); and Swanson, Kokan, and
Leon (2002).

Several other others conducted studies about prying
forces. Chasten, Lu, and Driscoll (1992) investigated the
contact force distribution. Following an analytical study
aiming to determine the magnitude and location of the
prying forces, the authors found that the prying force
resultant is not located at the plate edge and
recommended using a conservative x = 0.6[,for design
purposes.

J7 F
e Iy »le i AP

0

Fig. 1. Contact pressure bulb

Using the results of 1800 FE analyses of L and T bolted
connections, Atasoy (2012) suggested some corrections
for the expressions formulated by Douty and McGuire
and Struik and de Back, depending on the ratio of the
flange thickness to the bolt diameter. Rassati, 2012;
Hantouche and Abboud, 2014; Hantouche, Kukreti, and
Rassati, 2015; Hantouche, Kukreti, Rassati, and
Swanson, 2015) were used to develop two prying
models that predict the failure strength of thick-flange
built-up T-stub connections with complete joint
penetration (CJP) and fillet welds.

Through an experimental and numerical program, Yang,
Kim, Park, and Back (2013) and Yang, Park, Kim, and
Back (2013) suggested an analytical model which takes
into account prying action for the prediction of the
initial axial stiffness and the ultimate strength. The
authors also suggested correcting the bolt action line
based on bolt stress distribution obtained from the
numerical analysis. A mechanical proposed a
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mechanical model, based on an improved beam model
and validated using 3D finite element models, was
proposed by model Couchaux, Hjiaj, Ryan, and Bureau
(2017) allowing for the assessment of the total bolt
force, separation length, and prying force location. The
authors concluded that the magnitude of the external
load did not affect the contact zone length in a non-
preloaded connection. Bezerra, Bonillab, Silvac, and
Matias (2020) conducted a numerical investigation into
the influence of the flange thickness on the magnitude
and location of the prying force. The authors concluded
that the existing analytical models, which assumes a
fixed location of the prying force, could not adequately
represent the prying action (Kombate and Taskin,
2022).

In most studies, the prying effect is taken into account
by only considering the supplementary axial force in the
bolt, although several researchers reported the bending
of bolts at failure (Kulak et al., 2001; Piluso, Faella, and
Rizzano, 2001; Swanson etal., 2002; Girdo Coelho, 2004;
Girdo Coelho, Bijlaard, and Gresnigt; 2004; Baoa et al,,
2019; Yuan et al,, 2020). Authors such as Piluso and
Rizzano (2008) and Hu, Leon, and Park (2011, 2012)
recommended that bolt bending should be considered in
the design model.

The deformation of the connected parts can result in the
bending of the bolt even when there is no significant
increase in bolt axial force (Kulak et al, 2001). Few
studies have been dedicated to evaluating the bending
moment in bolts. Using 3D finite element analysis of T-
stubs, Abidelah, Bouchair, and Kerdal (2014) studied
the influence of bolt bending. Furthermore, the authors
suggested considering the effect of the bolt bending by
adding rotational springs. Herrera, Desjouis, Gomez, and
Sarrazin (2008) performed a series of tests on one-half-
scale built-up T-stubs specimens. Detailed 3D finite
element models of the tested specimens were generated
and could adequately capture the bending of the tension
bolts produced by the prying of the T flange.
Stamatopoulos and Ermopoulos (2010) proposed a
design procedure for T-stubs, considering bolt bending.
The influence of the developed bending on the strength
of bolts was determined by evaluating the interaction
between the bending moment and the axial tensile force
(Abidelah et al., 2014; Stamatopoulos and Ermopoulos,
2010). More studies devoted to flexural engagement are
necessary to provide more insight into the behavior of
bolted T-stubs, allowing for improved formulations and
adequate design of bolted connections.

A parametric study incorporating 226 models has been
carried out to examine the influence of the flange
thickness, the edge distance, and the gauge distance on
prying effects in bolted T-stubs. Various elements
related to prying action were investigated, including
total bolt force, the prying force, and the magnitude and
location of the resultant contact forces. Furthermore,

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

the moment the bolts may be subjected to was
considered, and its variation in function of the flange
thickness, the edge distance, and the gauge distance was
examined.

2. Finite Element Modelling

A finite element model is developed in ABAQUS and
calibrated with data obtained from the experiments
conducted by Girdo Coelho (2004) and Bursi and Jaspart
(1997).

The specimens WT1g and T1 are selected for the
calibration procedure. The geometrical characteristics
of the specimens are depicted in Fig. 2 and specified in
Table 1.

Table 1. Geometrical Properties of the Specimens

Specimen WT1g Specimen T1
n 30 mm 30 mm
w 90 mm 90 mm
e 20 mm 20 mm
50 mm 40 mm
t 10 mm 10.7 mm
tw 10 mm 7.1 mm
ay, 5 mm -
Dy 12 mm 12 mm

n: edge distance t: flange thickness
w: gauge distance  t,,: web thickness
ey: end distance a,,: weld throat thickness

p: pitch of the bolts  @,: bolt diameter

2.1.Model Description

It is possible to avoid modeling the whole T-stub using
symmetry, if any. Generally, YZ and YX planes may be
geometrical planes of symmetry. However, the XZ plane
cannot be strictly considered a symmetry plane because
the bolt heads and nuts generally possess different
rigidities. For this reason, only YZ and YX symmetry
planes were considered, allowing for a reduction, as
illustrated in Fig. 3. The hot-rolled T-stub was modeled
in one block, including the web, flange, and fillet radius.
In contrast, the different elements were modeled
separately and assembled using adequate boundary and
contact interactions for the welded plate T-stub. The
components-webs, flanges, welds, and bolts - were
meshed using solid elements C3D8R (i.e., 8-node linear
brick with reduced integration). C3D8R elements, which
present advantages such as reduced computation time
and hourglass control, yielded satisfactory results. The
bolt hole and shank were taken equal to the nominal bolt
diameter. Considering that the bolt head and nut
dimensions were not provided, the nominal values
mentioned in DIN EN 14399-4 were used (See Table 2).
Also, the washers were not modeled in compliance with
the experimental conditions.

1753



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1) 1751-1779 ] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

i) 2
IPE300 ;
%
[ 7.1
#
2
i
i
”
i
K
”
2
Ay ? =
— §E E-ﬁ r —
—E-J—A =3._ W/mrmﬁmr/m'm 1
10 m\%mmwm%mm
{
M12 8.8 E
L=55 E
5
5
kel
5
5
kl
&
5
kl
Bl
5
kl
Bl
b
ks
T 30 a0 30
T T T M
O / S
z
90 ?
7 =
7
i | ©
41
| -
r =
. 30
L g
H n 150 |
(@) (b)

Fig. 2. Geometrical Characteristics and Cross-section of (a) WT1g Specimen and (b) T1 Specimen

Fig. 3. Original WT1g model and its reduced model
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Fig. 4. Bolt head and nut Dimensions
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Table 2. Bolt Head and Nut Dimensions for M12
bolts

Bolt Head Nut
k s m s
8 mm 22 mm 10 mm 22 mm

The FE models included all nonlinearities, such as
contact nonlinearities and material behavior. An
elastoplastic constitutive law with isotropic
strain hardening based on the Von Mises yield
criterion was adopted for material nonlinearity.
The failure condition was set as the attainment of
the ultimate strain (¢,), either for the bolt or any
component of the T-section.

2.2.Material Properties

An elastoplastic constitutive law with isotropic
strain hardening based on the Von Mises yield
criterion is adopted for material nonlinearity.
The failure condition was set as the attainment of
the ultimate strain other than the bolt or any
component of the T-section. For good correlation
with experimental results, the entire stress-
strain curves of the materials were adopted in the
FE models (see Fig. 5). As a simplification, the
welds in the WP-T-stubs were provided the same
material properties as the T-flanges and T-webs.
For the parametrical study, the same material
properties were used for all the thicknesses
based on the similarities of the actual stress-
strain curves for flange thicknesses of 10, 15, and
20 mm (Faralli, Latour, Tan, Rizzano, and Wrobel;
2021). To extend the study of the behavior of T-
stubs with thin flanges, 8 mm thickness was also
included.

1200

1000
P
£
S w0
2 600
E _e ==t
@ 400 4o e i —— Bolt (fy=803MPa)
o
i T-flange (fy=340MPa,
E 200 -t nge (fy ) ]
— -#— - T-web (fy=391MPa)
0

T T 7 T T T
000 005 010 015 020 025 030 035
Logarithmic strain

()

.| —=—Bolt (fy=893MPa)
T-flange (fy=431MPa)
— —a— - T-web (fy=496MPa)

.

True stress (MPa)
g g 8

000 005 010 015 020 025 030 035
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Fig. 5. Strain-Stress Material Laws: (a) Specimen
WT1g (Girdo Coelho, 2004) and (b) Specimen T1
(Bursi and Jaspart, 1997)

2.3.Boundary Conditions and Loading

Adequate boundary conditions and loading
patterns are among the requirements for an
efficient numerical simulation. The boundary
conditions should reflect those of the tests.
Hence, the end of the lower T-web was fully fixed;
only the end of the upper T-web was allowed to
move in the direction of the applied load. In the
model intended for validation, a reduced model
could be obtained using both X- and Z-symmetry
boundary conditions (See Fig. 6). As for the
models included in the parametrical study, only
X-symmetry was considered. In fact, unlike the
initial T-stubs that had four bolts and a
width 2b = 2e; + p (see Fig. 2), the T-stubs
involved in the parametrical study had only two
bolts and a width b = 2e,; (see Fig. 7).

(b)

Fig. 6. Symmetry Applied in (a) X-Direction And
(b) in Z-Direction

Fig. 7. Geometrical Characteristics of the
Specimens Involved in the Parametrical Study

Regarding contact interactions, standard surface-
to-surface formulation with finite sliding was
defined. The considered pairs were:

1755



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1) 1751-1779

»= Bolthead and nut - flanges
= Flanges - webs

= Upper flange - Lower flange
= Boltshank - Bolt hole

The contact properties were defined such that the
expected behavior was simulated with hard
contact, while the classic isotropic Coulomb
friction law was used to model the tangential
behavior. A penalty friction coefficient of 0.25
was taken, as suggested by Coelho et al. (2004).
In reality, the bolt holes are more significant than
the bolt diameters, so frictionless contact
properties were considered in the hole area.
Additionally, tie constraints attached the welds to
the T-web and the T-flange.

The load was applied at the top of the upper T-
web in the positive Y-direction using
displacement control (See Fig. 8). Although both
displacement-controlled and load-controlled
analyses were compared and yielded similar
results, displacement control was selected
because it could offer better convergence
conditions [30].

Fig. 8. Load Application

2.4.Model validation

A mesh sensitivity study was carried out to obtain
a model with satisfactory results and acceptable
computation time, and the mesh size and the
flange discretization (number of elements
through the thickness) were investigated. The
bolt and the T-stub mesh sizes were identical and
chosen proportionally to the thickness of the T-
stub flange. Three mesh sizes were examined:
tr/3, t;/5 and t;/10. An element size of t;/3
was deemed adequate. In the aftermath, T-stub
models with different flange discretizations were

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

investigated. Previous studies concluded that for
bending problems, a minimum of three elements
through the plate thickness is recommended to
ensure accurate results (Bursi and Jaspart, 1997).
Consequently, models with 3, 4, 5, 7, and 10
elements through the flange thickness were
compared. The model with seven elements
through the flange was chosen because it yielded
satisfactory results within a reasonable
computation time.

For the model validation, it is essential to
compare the load-deformation curve, which is
the most significant characteristic describing the
overall behavior of the model, as well as the
failure mode. The force-displacement curve
obtained from the FE analysis showed
satisfactory agreement with the experimental
force-displacement curve (Fig. 8). For the T-stub
specimen WT1g, the experimental observations
indicated that, at a deformation level around 14
mm, there was a smooth drop of load that
continued until bolt fracture at 20.5 mm.
Consequently, the curve obtained from the finite
element modeling stopped at a deformation level
of 13.5 mm, showing a good agreement with the
experimental results. As for the T-stub specimen
T1, an ultimate deformation of 9.20 mm was
reached, which is very close to the experimental
value of 9.49 mm. For both specimens, the
experimental observations revealed combined
failure involving significant flange yielding (with
cracking of the flange in the heat-affected zone of
the welds for WT1g) and bolt fracture. Although
the experimental cracking in the welded zone
was not observed in the finite element model, a
pronounced yielding was observed. The
difference may derive from the modeling the fillet
weld and the heat-affected zone near the weld
toe. The welding process can render the material
more brittle. These effects are complex to
quantify and take into consideration. Therefore,
they were notincluded in the simulations, and the
welds in the WP-T-stubs were provided with the
same material properties as the T-flanges and T-
webs.

3. Parametric Investigation

Following the validation of the numerical model,
226 models were generated to study the
influence of parameters such as flange thickness,
t, edge distance, n, and gauge distance, w. The
edge distance and gauge distance value ranges
were chosen in agreement with the provisions of
EN 1993-1-8 (Table 3). The geometrical
characteristics of the specimens are depicted in
Fig. 7 and specified in Table 4.
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—— WTl1g numerical 50 + / ——T1 Experimental
——T1 Numerical
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Fig. 9. Experimental and Numerical F-D Curves of (a) WT1g and (b) T1 Specimens

(b)

Fig. 10. Front View and Top View of Specimens WT1g After Failure

(a) (b)

Fig. 11. Deformation and Yielding Status at the Ultimate Stage of (a) Specimen WT1g and (b) Specimen T1
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Table 3. Minimum and Maximum Edge Distance and Gauge Distance Allowed by EN 1993-1-8

Minimum value

Parameter according to

EN 1993-1-8

Maximum value according to
EN 1993-1-8

Edge Distances 14.4 mm

50 mm for t = 8 mm
80 mm fort = 10 mm
100 mm fort = 15 mm
120 mm for t = 20 mm

Gauge Distances

- 26.4 mm
(spacing)

110 mm for t = 8 mm

140 mm for t = 10 mm
200 mm for t = 15 mm
200 mm for t = 20 mm

Table 4. Geometrical Properties of the Specimens of the Parametrical Study

Parametrical study

t=8mm t =10mm t=15mm t =20mm
n 15 - 50 [mm] 15-70 [mm)] 15-100 [mm] 15-100 [mm]
w 50-110 [mm)] 50 - 140 [mm)] 60 - 200 [mm] 70 -200 [mm]
e, 50 mm 50 mm 50 mm 50 mm
t=t,* 8 mm 10 mm 15 mm 20 mm
aw 5 mm 5 mm 8 mm 8 mm
Dp* 12 mm 12 mm 12 mm 12 mm

* t: flange thickness

tw: web thickness

@p: bolt diameter

The same material properties were used for all
the thicknesses based on the similarities of the
accurate stress-strain curves for flange
thicknesses of 10, 15, and 20 mm (Faralli et al.,
2021). To extend the study of the behavior of T-
stubs with thin flanges, 8 mm thickness was also
included. Considering the different flange
thicknesses, the number of elements through the
flange was also examined for each thickness,
while keeping the initial mesh size.

3.1.Failure Modes

Regarding steel T-stubs, the EN 1993-1-8
highlights three possible failure modes: complete

yielding of the flange (Mode 1), bolt failure with
yielding of the flange (Mode 2), and bolt failure
(Mode 3). Failure mode 2 was observed in
specimens with 8 mm and 10 mm flange
thickness. Minor flange deformation occurred for
short gauge distances, and the bolt was subjected
to minor flexural deformation. As the gauge
distance increased, the failure mechanism shifted
closer to mode 1. The flange exhibited double
curvature deformation, and the bending of the
bolt was more pronounced (Fig. 12, Fig. 13).
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S, Mises PEEQ

(Avg: 75%) (Avg: 75%)
+9.805e+02 +8.024e-02
+9.003e+02 +7.355e-02
+8.200e+02 +6.686e-02
+7.398e+02 +6.018e-02
+6.595e+02 +5.349e-02
+5.793e+02 +4.680e-02
+4.990e+02 +4.012e-02
+4.188e+02 +3.343e-02
+3.385e+02 +2.675e-02
+2.583e+02 +2.006e-02
+1.780e+02 +1.337e-02
+9.780e+01 +6.686e-03
+1.755e+01 +0.000e+00

(a) n=15mm & w =50 mm

5, Mises PEEQ PEEQ

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+9.805e+02 +1.733e-01 +5.906e-02
+8.988e+02 +1.58%e-01 +5.4146-02
+8.171e+02 +1.444e-01 +4.,922e-02
+7.354e+02 +1.300e-01 +4,430e-02
+6.537e+02 +1.156e-01 +3.938e-02
+5.720e+02 +1.011e-01 +3.445e-02
+4.903e+02 +8.667e-02 +2.953e-02
+4.086e+02 +7.222e-02 +2.461e-02
+3.269e+02 +5.778e-02 +1.969e-02
+2.451e+02 +4.333e-02 +1.477e-02
+1.634e+02 +2.889e-02 +9.844e-03
+8.172e+01 +1.444e-02 +4.922e-03
+9.805e-03 +0.000e+00 +0.000e+00

PEEQ

(Avg: 75%)
+5.914e-02
+5.421e-02
+4.928e-02
+4.436e-02
+3.943e-02 |
+3.450e-02
+2.957e-02
+2.464e-02
+1.971e-02
+1.479e-02
+9.857e-03
+4.928e-03
+0.000e+00 |

I
|

(b)) n=50mm &w=110 mm

Fig. 12. Ultimate Stage of Specimens of t = 8 mm

S, Mises PEEQ PEEQ

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+9.805e+02 +6.43Ge-02 +5.895e-02
+8.997e+02 +5.900e-02 +5.403e-02
+8.190e+02 +5.363e-02 +4.912e-02
+7.383e+02 +4.827e-02 +4.421e-02 |
+6.576e+02 +4.291e-02 +3.930e-02
+5.769e+02 +3.754e-02 +3.438e-02
+4,961e+02 +3.218e-02 +2.947e-02
+4.154e+02 +2.682e-02 +2.456e-02
+3.347e+02 +2.145e-02 +1.965e-02
+2.540e+02 +1.60%e-02 +1.474e-02
+1.733e+02 +1,073e-02 +9.824e-03
+9.253e+01 +5.363e-03 +4.912e-03
+1.181e+01 +0.000e+00 +0.000e+00

|
a. n=15mm&w =50 mm

S, Mises PEEQ PEEQ

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+9.803e+02 +1.016e-01 +5.874e-02
+8.989e+02 +9.318e-02 +5.384e-02
+8.174e+02 +8.4708-02 +4.895e-02
+7.359e+02 +7.623e-02 +4.405e-02
+6.545e+02 - +3.916e-02
+5.730e+02 re778e 02 +3.426e-02
+4.916e+02 45.082e-02 +2.937e-02
+4.101e+02 +4.235e-02 +2.447e-02
+3.286e+02 +3 3886-02 +1.958e-02
+2.472e+02 15'5416-02 +1.468e-02
+1.657e+02 +1.6948-02 +9.789e-03
+8.426e+01 18470603 +4.895e-03
+2.799e+00 100008400 +0.000e+00

b. n=70mm & w =140 mm

Fig. 13. Ultimate Stage of Specimens of t = 10 mm
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With a flange thickness of 15 mm or 20 mm, the
T-stubs failed by bolt fracture (Mode 3) for short
gauge distances. Negligible deformation took
place in the flanges. The bolt exhibited a straight
shank at the end of the loading, corresponding to
only tensile deformation (Fig. 14.a, Fig. 15.a). For
larger values of gauge distances, specimens with
a flange thickness of 15 mm exhibited a failure
mode 2. A double curvature of the flange and
bending of the bolt were observed despite being

S, Mises PEEQ

(Avg: 75%) (Avg: 75%)
+9.805e+02 +7.723e-03
+8.992e+02 +7.079e-03
+8,180e+02 +6.435e-03
+7.367e+02 +5.792e-03
+6.554e+02 +5.148e-03
+5.742e+02 +4.505e-03
+4.929e+02 +3.861e-03
+4.117e+02 +3.218e-03
+3.304e+02 +2.574e-03
+2,492e+02 +1.931e-03
+1.679e+02 +1.287e-03
+8.669e+01 +6.435e-04
+5.435e+00 +0.000e+00
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less pronounced than for thinner flanges.
Additionally, yielding was observed at both the
web-to-flange toe and bolt line regions (see Fig.
14.b). It can hence be said that the specimens
failed in Mode 2 close to 1. With a thickness of 20
mm flanges, the yielding of the flange affected
only the web-to-flange toe region. The flange and
the bolt exhibited negligible flexural deformation
(Fig. 15.b).

+0.000¢+00

(@) n=15mm & w = 60 mm

S, Mises
(Avg: 75%)

+9.805e+02
+8.988e+02
+8.171e+02
+7.354e+02

PEEQ
(Avg: 75%)
+4.807e-02

+8.171e+01
+0.000e+00

PEEQ

{Avg: 75%)
+6.892e-02
+6.318e-02
+5.743e-02
+5.169e-02
+4.595e-02
+4.0208-02
+3.446e-02
+2.872e-02
+2.297e-02
+1.723e-02
+1.149e-02
+5.743e-03
+0.000e+00

(b) n=100 mm & w =200 mm

Fig. 14. Ultimate Stage of Specimens of t = 15 mm

S, Mises PEEQ

(Avg: 75%) (Avg: 75%) ::fgq 75%)
+9.805e+02 +5.968e-03 : 75%,
+8.990e+02 +5.917e-02
+8.175e+02
+7.360e+02 |
et |
+ le+ -
+4.915e+02 138502
+4.100e+02 12 485002
+3.285e+02 +1.972e-02
+2.470e+02
+1.6556+02
+8.395e+01 X
+2.441e+00 +0.000e+00

|

S, Mises PEEQ

(Avg: 75%) (Avg: 75%) PEEQ
+9.805€+02 +7.027e-03 (Avg: 75%)
+8.990e+02 +6.442e-03 Fgotsen2
+8.175e+02 +5.8568-03 toazen?
+7.359e+02 +5.271e-03 e |
+6.544e+02 +4.685-03 ‘Gade.
+5.728e+02 +4.09%e-03 -
+4.913e+02 +3.514e-03 X -
+4.098e+02 +2.928e-03 4556
+3.282e+02 +2.342e-03 R -
+2.467e+02 +1.757e-03 “479e-
+1.651e+02 +1.171e-03 .859e-
+8.359e+01 +5.856e-04 -
+2.044e+00 +0.000e+00

|
() n=100 mm & w = 200 mm

Fig. 15. Ultimate Stage of Specimens of t = 20 mm
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For the T-stubs that exhibited a failure of the bolt
in addition to yielding at the web-to-flange toe
region and boltline region, the failure mechanism
at the plastic resistance stage differed from the
failure mechanism at the ultimate stage. When
the plastic resistance is attained, yielding may be

S, Mises
(Avg: 759%)

t=15mm-n=80 mm&w =200 mm

(a) Plastic Resistance Stage

PEEQ
(Avg: 75%)

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

observed at the bolt line and the flange-to-web
connection (failure mechanism 1). However, a
reserve of resistance would allow the T-stub to
continue deforming until the bolt fails, leading to
a failure mechanism 2 (See Fig. 16).

S, Mises
(Avg: 75%)

t=15mm-n=80 mmé&w =200 mm

PEEQ
(Avg: 75%)

(b) Ultimate Stage

Fig. 16. T-stub with Two Different Failure Modes at (a) Plastic Resistance Stage and (b) Ultimate Stage

3.2.Plastic Resistance

Although plastic resistance was not the focus of
this study, it was examined to obtain insight into
the failure modes and the behavior of the flanges
and the bolts when plastic resistance was
reached. The plastic resistance of the T-stub (F,)
was set as the intersection between the two
tangent lines of the load-displacement curve of
the T-stubs at the initial and the final stages of the
monotonic load (see Fig. 17.a). For a given edge
distance, F,. decreased when the gauge distance
was increased. Conversely to the gauge distance,
as the edge distance was increased, the plastic
resistance F, is also increased. However, for high
values of the gauge distance, there was a value of
the edge distance for which the increased ratio of
the plastic resistance in the function of the edge
distance would be low. The influence of the edge
distance and gauge distance on the plastic
resistance is illustrated in Fig. 18. As for the

flange thickness, it had a significant impact on the
plastic resistance: an increase in thickness
resulted in a higher resistance (see Fig. 19). For
specimens exhibiting a failure mode 3, the
resistance had a value of approximately 198 kN.
This value corresponds to the tensile resistance
of the bolts, which can be assessed using eq. (1)
and (2).

Fr:ZFtb

A, is the cross-sectional area of the bolt. In
general, the tensile stress area A is used but in
our case the nominal gross area was used. f,;; is
the ultimate tensile strength of the bolt.

€] Fop =Ap-fup  (2)

It is worth noting that the rate of change in the
plastic resistance was higher in the case of
thickness or gauge distance variation.
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Fig. 17. Plastic Resistance and F-D Curves for
Different Values of w for t=10 mm & n = 20 mm
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Fig. 18. Variation of the T-stub Resistance in
function of n and w for t = 15 mm

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

200
175

150

= 125
ﬁ
£ —
. X
— 30-110
50 — 30-120
30-130
25 —— 30-140

0.0 25 5.0 75 100 125 150 175 200
Thickness [mm]

(@) n=30 mm

200
175
150

= 125

3

= 100

L —— 50-120
] 50-130
0 — 50-140

5

0o 2% 50 75 100 125 150 175 200
Thickness [mm]

(b) n=50 mm

Fig. 19. Variation of the Resistance in function of
the Flange Thickness for Different n-w
Combinations

Furthermore, as depicted in Fig. 20 and Fig. 21, it
can be seen that the resistance Fg.3, predicted by
Eurocode 3 formulation and wusing the
experimental material properties, was lower
than the numerical plastic resistance F,; showing
that the Eurocode predictions are conservative.
The ratio between the predicted and the
numerical plastic resistances ranged from 1.15 to
1.38 for a flange thickness of 8 mm and 1.3 to 1.47
for a flange thickness of 10 mm. With t = 15 mm
and t = 20 mm, the ratio ranged from 1.3 to 1.63
to 1.28 to 1.63. A ratio of 1.63 was found common
to all the specimens involving a mode three
failure.

3.3. Prying Effect in the Bolt

The effects of prying can be evaluated by
examining the induced prying force Q, the total
bolt force B and the moment in the bolts M. Two
situations were considered: the values
corresponding to the attainment of the plastic T-
stub resistance and the maximum values.

3.3.1. PryingForce

The difference between the total bolt force B and
the applied load expresses the prying force Q
arising in the bolt.

1762



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1) 1751-1779

Q=B-F 3)
160
140
—_
£ 120
=
g 100 —Fr
£ 5 Fec3
2
9w
[
a0
20
0 . . . : . . . .
0 25 50 75 100 125 150 175 200

gauge distance [mm]

(@) n=15mm

Resistance [kN]

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

140

120

100 \
80

20

— Fr
Fec3

] 25 50 75 100 125 150 175 200
gauge distance [mm]

(b) n=40 mm

Fig. 20. Variation of Fr and Fecs in function of the Gauge Distance for t = 10 mm
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Fig. 21. Variation of Fr and Fecs in function of the Gauge Distance for t = 15 mm

Prying action, especially prying force, has long
been considered related to contact phenomena.
The average contact stress distribution between
the connected parts induces prying forces. In the
case of non-preload bolts, the prying forces can
be obtained by the integral of the normal stress
distribution over the contact zone (Couchaux et
al,, 2017). The prying forces, assessed by using eq.
(3), were compared to the force-resultant (CF2)
of the contact stresses throughout the loading. As
illustrated in Fig. 22, the graphs coincide.

An increase in the gauge distance for all the
specimens increased the prying force, as
observed in previous studies (Swanson and Leon,
2000; Girdo Coelho, 2004). The deformability of
the T-stub flange is correlated to the gauge
distance. A flange with a longer gauge distance
will deform more. The deformation of the flange
will induce contact stresses between the flanges,
causing prying forces.

The observations reported by Nair et al. (1969)
show an optimum value for the edge distance. For
values of n below the optimum value, increasing

the edge distance increased the prying forces.
Beyond the optimum value, prying forces
decrease as the edge distance increases. This
trend is more noticeable for specimens involved
in failure Mode 3 (the specimens with a flange
thickness of 20 mm or specimens with a flange
thickness of 15 mm and low values of the gauge
distance). With specimens involved in failure
Mode 2 or Mode 1, only a decrease in the prying
forces was observed as the edge distance was
increased.

The variations of prying force in the function of
the edge distance and the gauge distance are
illustrated in Fig. 23-26. The prying forces at the
attainment of the plastic T-stub resistance @, and
the maximum prying force, Q. Were
considered.

An increase in the flange thickness expectedly
resulted in a substantial decrease in the prying
force (See Fig. 27). When the flange thickness
increases, the rigidity of the flange increases
substantially. Consequently, the flanges are less
deformable, and less contact stresses develop
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Fig. 23. Variation of Prying Force in function of the Edge Distance and the Gauge Distance for t = 8 mm
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Fig. 24. Variation of Prying Force in function of the Edge Distance and the Gauge Distance for t = 10 mm
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Fig. 27. Variation of the Qmax in function of the Flange Thickness for Different n-w Combinations

For each thickness, the maximum values of
prying force were found in specimens with the
smallest value of n/m (corresponding to a
combination of the highest value of w and the
smallest value of n). The dimension m,
illustrated in Fig. 28, is the distance between the
bolt axis and the plastic hinge arising near the
web.

0.8a,,vV2
— | |
n m — Y b 084,02
|4—> <~ m= 2 2 -84y,
4d l
¥ ¢ t
2 T

Fig. 28. Distance between the Bolt Axis and the
Plastic Hinge Arising near the Web

With thicker flanges (15 mm and 20 mm), zero or
negligible prying (less than 10% of the ultimate
axial resistance of the bolt) was observed in some
specimens. The specimens were all involved in a
failure mode 3. In the case of zero prying
throughout the loading, the deformation of the
flanges was negligible compared to the
elongation of the bolt. As the gauge distance
increases, although small, the deformation of the
flanges is enough to induce contact in the early
stages of the loading. However, as the load
increases, the bolt elongation exceeds the flange
deformation, leading to a loss of contact between
the connected members.

Considering that prying forces are equivalent to
the resultant of the contact stresses, it was

deemed essential to examine the position of the
resultant. Two directions were considered: X-
direction and Z-direction. The center of the force
due to contact pressure in the Z-direction is
labeled XN3, and the center of the force due to
contact pressure in the X-direction is labeled
XN1.

Fig. 29. Location of the Origin

Considering the variations of XN1 throughout the
loading, three cases were observed:

e Case 1: no contact throughout the loading (See
Fig. 30.a, Fig.30.b)

e Case 2: initial contact followed by a loss of
contact (See Fig. 30.c, Fig.30.d)

e Case 3: the connected elements remained in
contact throughout the loading. This was the
case for most specimens. (See Fig. 30.e, Fig.30.f)

For all the specimens, throughout the loading,
XN3 is located approximately at 50 mm = b/2
from the origin (See Fig. 31), indicating the
symmetry of the contact stresses in the Z-
direction.
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The center of the forces due to contact pressure
in the X-direction varied throughout the loading,
indicating an evolution of the contact pressure.
Two stages were considered and compared:
attaining the T-stub plastic resistance and the
ultimate stage. As depicted in Fig. 32, the values
were similar or had little difference. It could be
inferred that the position of the resultant contact
stresses is not dependent on the loading in the
case of non-preload bolts.

For the same edge distance, the position of the
resultant in the X-direction, calculated according
to the tip of the flange, did not exhibit much
variation as the gauge distance increased (See
Fig. 33). Nevertheless, the resultant moved
farther from the tip as the edge distance
increased; meaning that the position of the
resultant depends on the edge distance.

3.3.2. Total Bolt Force

Conversely to the prying force, the total bolt force
B increased as the gauge distance was increased.
As mentioned in the previous sections, an
increase in the gauge distance resulted in a
decrease in the resistance of the T-stubs and an
increase in the prying force. The decrease ratio of
the resistance is greater than the increase ratio of
Q per Eq. (3), leading to a decrease in the total
bolt force.
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Concerning the variations in function of the edge
distance, a decreasing pattern was observed for
specimens involving thinner flanges ( 8 mm and
10 mm). In contrast, the opposite was observed
fort = 15 mm and t = 20 mm. Furthermore, for
a thinner flange, the variations of B,,,, are more
distinct from one another than those for thicker
flanges (Fig. 34). The highest values of the total
bolt force corresponded to specimens combining
the smallest values of both w and n. With thinner
flanges, the total bolt force decreases as the edge
distance increases. A similar variation is
observed with the gauge distance. However, as
illustrated in Fig. 35, in specimens with thicker
flanges (15 mm and 20 mm), a linear relationship
can be assumed between B,,,, and the gauge
distance, as well as the edge distance. Moreover,
the variations of B,,,, can be approximated by a
single line, showing that the maximum total bolt
force is not dependent on the edge and gauge
distances when thicker flanges are used. Since
the failure of the specimens involved the failure
of the bolts, the maximum total bolt force,
equivalent to the total bolt force at the ultimate
stage, is more dependent on the bolt
characteristics than the flange characteristics. In
some specimens that failed in Mode 1, the
maximum bolt force was as low as 77 kN, which
is relatively small compared to the ultimate bolt
resistance.

The variations of the maximum bolt force in
function of the flange thickness are illustrated in
Fig. 36.
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Fig. 32. XN1 at the Attainment of the Plastic Resistance and the Ultimate Stage
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Fig. 33. Position of the Resultant of the Contact Stresses in the X-direction.
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3.3.3. Bolt Moment

The moment in the bolts is induced by the
deformation of the flanges, which subjects the
bolts to flexural deformation. Even in specimens
that exhibited zero prying force, the moment in
the bolts was present throughout the loading.
Unlike the prying force, which is related to
contact stresses, the bolt moment is related to the
rigidity of the flanges and the bolts. In other
words, the moment in the bolts is strongly
dependent on both the flanges' deformability and
the bolts' deformability.

For all the specimens, the moment in the bolt
exhibited the same variation throughout the
loading: as the applied load increases, the bolt
moment increases until a maximum value.
Beyond that point, the bolt moment decreases as
the applied load increases until the ultimate load
(See Fig. 37). In T-stubs with thinner flanges (8
mm and 10 mm), despite being much lower
than M,,,,, the moment at the ultimate stage was
still positive (Fig. 37.a, Fig. 37.b). The positive
sign of moment indicated that the flange
continued to deform, subjecting the bolt to a
bending (failure mode involving the yielding of
the flange). However, only a few specimens
presented ultimate positive moments for t = 15
mm and t = 20 mm. In most specimens, the
ultimate moment was negative (See Fig. 37.c, Fig.
37.d). Considering that the flanges possess a
relatively higher rigidity than the bolts, after the
separation of the flanges, a further increase in the
applied load would only result in a tension of the
bolts; which would tend to cancel the bending
that previously occurred in the bolt due to the
flange deformation. It is worth mentioning that,
with thicker flanges, the ultimate moment
(positive or negative) was negligible enough to be
considered equal to zero.

The variations of the bolt moment were similar to
that of the prying force vis-a-vis the gauge
distance. For all the specimens, the increase in the

gauge distance increased in bolt moments (See
Fig. 38 and Fig. 39). Considering a certain edge
distance, the rigidity of the flanges decreases, and
the deformability increases as the gauge distance
increases. The flanges' deformation then subjects
the bolts to flexural action. However, the bolt
moment variations in the edge distance function
are different in specimens with thinner flanges (8
mm and 10 mm) and specimens with thicker
flanges (15 mm and 20 mm). With thinner
flanges, the moment in the bolt increases as the
edge distance increases (See Fig. 38 and Fig. 39).
It should also be noted that the influence of the
edge distance is lower for high values. Similarly
to the prying forces, an increase in the thickness
resulted in lower bending moments in the bolts
(See Fig. 40).

The ultimate flexural resistance of the
bolt M,,;, computed using equations (4) was 156
kN.mm. With 8 mm, 10 mm, 15 mm and 20 mm
flange thicknesses, the maximum bolt moments
attained were respectively 65%, 55%, 41%, and
37% of the M,,;, (See Table 5). The moment in the
bolts can reach proportions significant enough
for the combined tensile and flexural action to
yield considerable stresses in the bolt. On that
account, the bolt moment has to be considered in

the design.
My, = ! 4
ub_(z)b/z-fub ( )

Where I is the second moment of inertia, @, the
bolt diameter, and f,,;, the ultimate stress of the
bolt.

Table 5. Maximum Bolt Moment and their Ratios
to Ultimate Bolt Flexural Resistance

Thickness M0 Mg/ My
8 mm 101.2kN.mm 0.65
10 mm 86.5 kN.mm 0.55
15 mm 64.1 kN.mm 0.41
20 mm 58.5 kN.mm 0.38
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Fig. 38. Variations of the Maximum Bolt Moment in function of n and w for t =8 mm and t = 10 mm
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3.3.4. M-N Interactions Curves

By comparing the prying force Q, the total bolt
force B and the total bolt moment M for each
increment to their respective maximum values, it
was observed that for all the specimens, the
maximum moment M,,,, was always reached
before Q.4 and B,,,, were reached. For all the
models, B4, corresponded to the total bolt force
at the ultimate load. However, Q4 and M,
where different from the prying force and bolt
moment values at ultimate stage. Concerning

prying force, in some specimens the Q,,,, and the
prying force at ultimate load coincided. The
specimens failed in Mode 1 or Mode 2 close to 1.
For specimens with a thinner flange, the
maximum values of Q and B were reached almost
at the same load. However, when thicker flanges
were used, for short gauge distances, Q,,,, Was
attained for loads much lower than that of B4,
As the gauge distance was increased, the load of
attainment of Q,,,, got closer to a load of
attainment of B4, (see Fig. 41).
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Considering that the bolts are subjected to the
combined action of flexure and tension, it
appeared important to analyze the M-N
interaction curves of the T-stubs. As illustrated in
Fig. 42, the maximum and ultimate bolt moment
increases as the gauge distance increases. This is
compatible with the fact that the deformability of
the flange increases with the function of the
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gauge distance. Conversely, the maximum total
force in the bolts - equivalent to the ultimate total
bolt force - decreases as the gauge distance
increases. With thicker flanges, the maximum
total bolt force is practically the same in all the
specimens. This is because the failure of these
specimens involves the failure of the bolts.

t10-15-90
10 4 & & # & % & & % ® % # ® #_SF B ® ® B F
0.8
x
o
£ 06 — Qi0Omax
B Mimax
_E 04 — E/Bmax
i
02
O T T T T T
20 40 60 B0 100
Applied force [kN]
(b) t=10mm-n=15mm - w =90 mm
t 15 - 20-200
10 - -
08 — YOmax
ﬁ M/max
E 06 = B/Bmax
2
2 04
o
02
O T T T T
0 20 40 60 a0
Applied force [kN]
(d) t=15mm-n=20 mm-w =200 mm
t 20 - 40-200
R e I I IR
0.8
E 06
o — Q/Omax
: 04 Mimax
F=] —— E/Bmax
z
0z
08 T T T T T T T
20 40 (] 80 100 120 140

Applied force [kN]
(f) t=20mm -n=40 mm-w =200 mm

Fig. 41. Ratio of Q, M and B to their Respective Maxima

1774



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1) 1751-1779 ] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

t=8 mm-n=15mm 8T  ¢t=8mm-n=40mm
100
—50
1 S 60 -
= 8 o g
= o
g 601 7 5
S —s0 =40
= Z s —90
8 40+ % ® —100
E —100 °
8 =20 T —110
F 20 —110
o ; ; ' ; ; 0 | : : : : !
0 20 20 60 80 100 ) 20 40 60 80 100 120
Bolt moment [kN.mm)] Bolt moment [kN.mm]
(a) (b)
120 .
t=10 mm-n=15mm 100 + t=10 mm-n =60 mm
60
100 -
= 70 1
= = = %
= g0 | —30 =
2 ']
£ —90 o 60+
o 1 S
= 60 —_00 =
= —110 8 a0+
2 40 © 120
e —120 g
= o201+ —130
20 —130
—140
—140
0 | | } } 0 : : : : : : : : |
0 20 20 60 20 0 100 20 30 40 50 60 70 80 90
Bolt moment [kN.mm] Bolt moment [kN.mm)]
©) (d)
120 + 120 +
t=15mm-n=15mm t=15mm-n=80 mm
100 100.q5
g —60 E
= 80 + — =+
© 70 ~ 80
o 80 5
£ 5 £
= U7 —90 = %07
[} [=]
2 —110 = —170
T 40+ o T 40+
o o —— 180
20 4 —130 20 L i
—200
e T ) A . , . . , , . . , , ,
5 0 5 10 15 20 25 30 35 40 45 50 55 60 5 o 5 10 15 20 25 30 35 40 45 50 55
Bolt moment [kN.mm] Bolt moment [kN.mm]
(e) 6
120
T t=20 mm-n =80 mm
t=20mm-n=15mm = -
100
100 —140 —_
—_ E ———
= = 1 —
= g0l 150 = 80
[ 1] o
5 —160 5
€ 6l ot 60 +
= —170 S
2 2 —_—170
= 1 180 = 1
E 40 g 40 180
e
0 190 - 190
T 20
—200 —
o —ttt—t—t——f————+— | o | | | | I } |
5 0 5 10 15 20 25 30 35 40 45 50 55 60 65
5 0 5 10 15 20 25 30 35

Bolt moment [kN.mm] Bolt moment [kN.mm]

(8) (h)

Fig. 42. Interaction Curves for t =8 mm, 10 mm, 15 mm and 20 mm

1775



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1) 1751-1779

4. Conclusion

The study carried out in this paper aimed to
investigate prying effects in bolted T-stubs.

The focus was made on prying force Q, total bolt
force B, bolt moment M, and their variations
considering different values of flange thickness
(t), edge distance (n) and gauge distance (w). The
values of n and w were chosen to cover all the
combinations allowed by EN 1993-1-8.

The main results of the work can be summarized
as follows:

= The formulations presented in EN 1993-1-8
yield conservative estimations of the plastic
resistance of T-stubs.

* In general, prying force and bolt moment
exhibit the same variation pattern: an
increase in gauge distance increases their
values, and an increase in edge distance or
thickness would decrease their values.

= Conversely, the total bolt force decreases as
gauge distance increases and increases as
edge distance or thickness increases.

= With non-preload bolts, the position of the
resultant of the contact stresses is not
dependent on the loading. Moreover, besides
the flange and the bolt rigidities, the position
depends heavily on the edge distance;
whereas the gauge distance has negligible
influence.

= The bolt moment can represent a substantial
fraction (up to 65%) of the bolt flexural
resistance, mainly in thin flanges where the
deformation induces considerable bending of
the bolts. Associated with the already
significant tension of the bolts, it could cause
a premature failure of the T-stub.

= A state of maximum prying force may not
correspond to that of the maximum bolt force.
Qmax and Bp,,, are attained at almost the
same load In thinner flanges. When thicker
flanges are used, the point of maximum prying
force and maximum bolt force are far apart for
short gauge distances. However, as the gauge
distance is increased, they tend to coincide.

* My, is reached at earlier stages
than Q4 and By, For all the
specimens, B,,,, coincides with the total bolt
force at ultimate load but this is not true
for Qnax and M,,,.. Nevertheless, Q,qr iS
equivalent to the prying force at ultimate load
for specimens that exhibited a failure mode 1
or mode 2 close to 1. While the ultimate
moment in the bolts was positive in all the
specimens with thinner flanges, only a few
specimens with thicker flanges exhibited a
positive ultimate moment. Most specimens
exhibited a negative moment at the ultimate

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1751-1779

stage, highlighting the predominance of the
bolt tension over the bolt moment.

Considering the bending moment that may
develop in the bolts is critical to a safer design of
bolted steel connections. Considering that
Qmax does not always correspond to Bp,,,, it
implies that, for design purposes, the maximum
total bolt force should be considered. A better
understanding of prying requires further
investigations involving more key parameters
such as steel grade, bolt diameter, bolt grade, the
effective width of the T-stub, and considering a
more comprehensive value range of flange
thickness, edge distance, and gauge distance. The
outcome may permit the development of an
analytical model, including bolt bending and an
accurate assessment of prying action (bolt
moment and total bolt force).
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