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A Vehicle Routing Model for Postal Service Operations and an
Application

Posta Hizmeti Operasyonlari i¢in Bir Ara¢ Rotalama Modeli ve Uygulama
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Oz

Giintimiizde firmalar arasi rekabetin kilit tagint miisteri memnuniyeti olusturmaktadir. Daha az maliyet, daha ¢ok tiretim gibi hedefler miis-
teri memnuniyetini saglanmadik¢a firmalar i¢in yeterli olmaz. Bu nedenle kiigiikten biiyiige biitiin firmalarin amaci miisteriye en iyi, en
hizli sekilde hizmet sunmak ve miisteri memnuniyeti saglamaktir. Bir {iriin veya hizmetin baslangi¢ noktasindan varig noktasina kadar olan
siirete lojistik aginin ¢ok iyi kurulmasi ve siirecin islemesi bir firma icin 6nemlidir. Ozellikle temel gorevi tasimacilik olan kargo firmala-
rinin arag, lirlin ve ¢alisan sayisi gibi kisitlar ve zaman agisindan ¢ok iyi bir siirece sahip olmasi gerekmektedir. Bu amagla, bu ¢alismada
posta hizmetleri i¢in Ara¢ Rotalama Problemi (ARP) tizerine ¢alisilmistir. Araglarini rotalarken 6nce dagitim merkezlerine sonrasinda ka-
bul merkezlerine gonderen posta hizmetlerinin ¢ok fazla subesi bulunabilmektedir. Merkez sayisi ¢ogaldikea en iyi ¢6ziimil veren algorit-
malar bu problemi ¢6zemeyecegi i¢in merkezlerin birbirine olan uzakliklari temel alinarak kiimeleme metodu kullanilmistir. Béylece bir-

birine yakin olan merkezler kendi i¢lerinde planlanarak toplam kat edilen uzaklik azaltilmaya caligilmistir.

Anahtar Kelimeler: Geri Toplamali Ara¢ Rotalama Problemi, Kiimeleme, Karma Tamsay1li Programlama

Abstract

Customer satisfaction is an important factor for the success of the companies. Efforts for cost reduction and production productivity are
not enough for companies unless customer satisfaction is provided. For this reason, the aim of companies from all sizes is to provide the
best and fastest service to customers. Therefore, the establishment and operation of a logistics network is important for a company from
the original point to the point of arrival of a product or service. In cargo companies, transportation is the main procedure in terms of time
and capacity constraints such as the number of vehicles, products and employees. With this aim, Vehicle Routing Problem with Backauls
(VRPB) is investigated to reduce the total distance travelled by vehicles for a hypothetical postal service firm. It is assumed that there are
more than a hundred centers of the firm that send their vehicles to the reception centers after the distribution centers are visited. The P-Me-
dian clustering model is used based on the distances of the centers to each other, since the exact algorithms cannot solve this problem due
to a great number of centers. Then, vehicles in each cluster routed by using a modified mathematical model.

Keywords: Vehicle Routing Problem with Backhauls, Clustering, Logistics

I. INTRODUCTION

VRP generally deals with the management of distribution and/or pick-up activities. It is related to decision of how to use the
available vehicle fleet and resources. It is expected to meet the requirements by using the resources effectively. Hence, rou-
tes for existing vehicles are tried to be defined [1].

In the classic VRP, the route starts and ends at the storage point and that is the main constraint. Other common constraints may
be capacity, demand, duration, time-window and priority [2]. Some of the application areas of VRP are:
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Postal Service Systems

Transportation and logistics sectors
Waste collection

Flight charts

Delivery of online shopping

Distribution of goods (such as newspaper, mail, bread
and drinks)

*  Routing of service vehicles

In transportation and logistics applications, the routes of ve-
hicles from factories to warehouses, from warehouses to
customers are ensured. In the transportation sector, especi-

ally public transportation vehicles are routed [3].

Solution techniques of the Vehicle Routing Problem (VRP)
can be grouped into three main categories as exact, heuris-
tics and meta-heuristics solution techniques in general. With
exact solution methods it is possible to find the optimal solu-
tion to a problem; whereas with heuristic and meta-heuristic
approaches optimality is not guaranteed, however, solutions
can be found in close-range to optimal solution [4].

In this study, one of the types of VRP, Vehicle Routing Prob-
lem with Bachauls (VRPB) is applied to the postal service
operations. In literature review part, VRP studies are inves-
tigated based on two main topics which are postal service
operations and types of VRP. After that, the purpose of the
study is explained in Applied Mathematical Models section.
Moreover in this part, the models that are used in this pa-
per have shown in a detailed way. In the Application and
Results part, a vehicle routing problem for a hypothetical
firm is investigated. In order to solve this problem, clusters
that contain distribution and reception centers are genera-
ted by using p-median model. In the results part of this sec-
tion, Goetschalckx and Jacobs-Blecha’s vehicle routing mo-
del [5] modified and applied. Finally, concluding remarks
are given.

II. LITERATURE REVIEW

Related literature is reviewed in terms of two main topics
which are VRP in postal service operations and types of
VRP. VRP types that investigated are VRPB, capacitated
VRP, VRP with time windows, and VRP with delivery and
pick-up.

Ji and Chen studied on the vehicle routing problem in postal
service operations in Hong Kong in 2007. At that time, sche-
duling of postal vehicles carried out manually. In the prob-
lem, there are a General Post Office and a set of District Post
Offices. The study aimed to minimize costs and to maximize
resource utilization. To find an optimal solution, an integer
linear programming model was built [6].
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For Vehicle Routing Problem with Backhauls (VRPB), as
Jacobs-Blecha and Goetschalckx mentioned, pick-up is not
allowed until distribution is finished. Jacobs-Blecha and Go-
etschalckx [7] introduced a linehaul-backhaul (LHBH) heu-
ristics for VRPB in 1992. For routing, TSP, 2-opt and 3-opt
heuristics are used. LHBH produces routes which are adap-
table and flexible. This allows the user to interactively make
modifications to the solutions needed in real time applica-
tions [7]. Another type of VRP is capacitated VRP and as
an example, the study prepared by Nazif and Lee is inves-
tigated. They solved capacitated vehicle routing problem
by using genetic algorithm. The aim of the study is to find
the optimal set of delivery routes by minimizing total cost.
A comparison with some other heuristic approaches is also
presented in that study [8]. VRP with time windows is ano-
ther type of VRP and Yassen et al. [9] studied on this type
and used Solomon’s data to test their algorithms. They de-
veloped an adaptive hybrid algorithm and carried out some
experiments to examine impact of using local search algorit-
hms, effect of performed mechanisms on the search ability
and validate efficiency of the adaptive hybrid algorithm. The
outputs showed that adaptive hybrid algorithm achieved bet-
ter results in comparison to the other methods [9]. The paper
presented by Righini et al. [10] can be given as an example
of VRP with delivery and pick-up. They applied branch-and-
price technique for this problem. Two different solution met-
hods compared to solve the pricing subproblem: state space
relaxation and exact dynamic programming [10].

In literature survey, firstly the studies applied for postal
service operations are investigated. Only one study was
found about vehicle routing problem applied in postal ser-
vice. This study was prepared for Hong Kong Postal Service
[6]. However, there are many practices about VRP in cargo
firms. Then, a brief literature survey is realized for different
types of VRP. Due to the NP-hard nature of the VRP prob-
lems, meta-heuristics and heuristics are the mostly used so-
lution algorithms. As exact solution methods, Branch and
Bound Algorithm and Branch and Cut Algorithms are the
mostly used ones.

III. MATHEMATICAL MODELS

The aim of this study is minimizing the total distance for
postal service operations of a hypothetical firm. This firm’s
post route can be seen in Figure 1.

A vehicle delivers the posts from Processing Center to the
Distribution Centers after that same vehicle collects the new
posts from Reception Centers for the aim of returning them
to the Processing Center. Vehicles departed and arrived to a
single depot. If the distribution is not finished, vehicles can
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Reception Processing

Center Center

Distribution

Receiver
Center

Figure 1. Route of a post in the firm

not visit the Reception Centers. Therefore, this is a type of
Vehicle Routing Problem with Backhauls. In this study, to
solve the vehicle routing problem with backhauls for postal
service operations, a modified model is used. Before solving
the model, to decrease the number of centers, p-median mo-
del is used and clusters are generated. In the following, brief
literature and the applied mathematical model are given.

The first study in this area was conducted by Dantzig and
Ramser in 1959 [11] and the fundamental of this problem
is based on Travelling Salesman Problems (TSP). Then, Ja-
cobs-Blecha and Goetschalckx in 1989 [5] studied on Ve-
hicle Routing Problem with Backhauls.

Since the VRPB problems are NP-hard type, an optimization
software may not be sufficient to find optimal solutions for
large problem instances. Therefore, it is determined to use a
clustering method. As the first step of the solution, it is deci-
ded to cluster the distribution and reception centers by using
P-Median model given in [12].

Parameters

P: Number of clusters

D:  Number of distribution centers, d=1, 2, .., D

R: Number of reception centers, d=D+1, D+2, ...,
D+R

dij . Distance of direct travel from center i to center j (i,

j=1, .. D D+l .. D+R)

Variables

1, if the vehicle directly travels from center i to j,
ij=1..D,..D+R

0, otherwise
Minimize
i LT dijx; 1
Subject to
D+R
qu=1 i=12,..,D+R
i=1 2

D+R

ijjzp j=12..D+R

= 3)
X, <x, ij=12 .., D+R )
x=0orl ij=12 ., DR 5)

By applying P-Median Model, 11 clusters are found.

Jacobs-Blecha and Goetschalckx’s vehicle routing model
[5] modified and applied for this study after clustering the
centers. There are distribution and reception centers, and the
objective function is minimization of the total distance tra-
velled. It is assumed that the firm has heterogeneous fleet,
therefore vehicle index is used. To eliminate subtours and
loops, a subtour elimination constraint is added. In addition,
it is considered in the tenth constraint that each vehicle must

service to centers in total working hours everyday.

Afterwards, a mathematical model is built for the problem
as follows:

Parameters
K:  Number of vehicles

D:  Number of distribution centers, d= 1, 2,..., D (in-
dex 0 indicates the depot)

R: Number of reception centers, d= D+1, D+2,...,
D+R

T:  Total service time in a day

C,: Capacity of the vehicles (k =1,2,..,K)

a:  Demand of distribution center i (i =/, 2,..., D)

b:  Supply of reception center i (i = D+1, D+2,...,
D+R)

- Distance of direct travel from center i to center j (i,

j=01,.. D, D+1,..., D+R)
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1 Travel time between center i and center j (i, j =

0.1,.., D, D+1, ..., D+R)

v Service time in each center (j =1,...,D+R)
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Variables

1, if distribution center i is serviced by ve-
hicle k,i = 0,1,...D
u,
ik=
0, otherwise
r 1, if reception center j is serviced by vehicle
v k,j=D+1,..,.D+R and j=0
.
! 0, otherwise
r 1, if vehicle & travels directly from center i
toj, i,j=01,.D,...D+R
xile =
0, otherwise

§= Subtour elimination variable j=/1,....,D+R

s = Subtour elimination variable i=/ D+R

......

Objective function

K D+RD+R

Z Z dij Xijic

k=1i=0 j=0

Min
(6)

Subject to
D

Zaiul—k < Cg

()
®)

)

i=D+1,D+2,...,D+R(]0)

Upp = 1 k=1,2,..K (11)
vor = 1 k=1,2,...K (12)
D D+R
xijk =1 k= 1,2, ,K

i=0 j=D+1

prs (13)
D4R u,ifi =0,1,...D

Xijke = { v, ifi=D+1,D+2,.., D*Rk=12,., K
—
: (14)
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D4R { u ifj =1,...D
x. k = . .
ZO Y v, ifj=D+1,D+2,.., D+Randj=0k=12,...K (15)

¥ S st = Do <7
i J i j

5,8+ (D+R+1)*¥K _ 4 %15 — (D+R) <0

k=1,2,..K (16)

i#, ij=1,...D+R (17)

up =0orl i=12,...0 k=12,..,K (18)
vy =0orl i=D+1,D+2,..,D+R

k=1,2,..,K (19)
x, =0orl ij=0,...,D*Rk=12 .,K  (20)
52 05>0 ij=1,..., DR 1)

Constraints (7) and (8) ensure that the trucks cannot be
loaded more than their capacities for distribution and recep-
tion centers, respectively.

Constraint (9) ensures that only one vehicle can be assig-
ned to the distribution center’s route.

Constraint (10) ensures that only one vehicle can be as-
signed to the reception center’s route and only K, number of
vehicles, can leave or turn back to the depot.

Constraints (11) and (12) ensure that each vehicle must
start from and turn back to depot.

Constraint (13) ensures that there is only one link trave-
led by each vehicle from last distribution center to first re-
ception center in one route.

Constraints (14) and (15) ensure that exactly one vehicle
leaves from each center and exactly one vehicle enters each
center and depot.

Constraint (16) ensures that total service time of each ve-
hicle and process times at the centers can not be more than
total working time in a day.

Constraint (17) is the subtour elimination constraint.
D+R+1 represents total number of centers including depot.

Constraints (18), (19) and (20) ensure that the decision
variables must have binary solution values.

Constraint (21) is the nonnegativity constraint for sub-
tour elimination variables.

IV. APPLICATION AND RESULTS

Vehicles that can carry cargo and posts are considered and 4
types of vehicles are decided to be used in the study. Their
capacities are assumed as 14 m3, 17 m3, 22 m? and 40 m?.
By assuming 1 m? carries 26 kg. load, capacities of vehicles
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are calculated in terms of grams. Table 1 demonstrates capa-
cities of vehicles.

Table 1. Capacities of the vehicles

14 m? 364,000 gr
17 m? 442,000 gr
2m? 572,000 gr
40 m? 1,040,000 gr

To determine the routes of vehicles, a distance matrix is ne-
eded. Then a matrix that includes one hundred and sixteen
centers is created. Total demand is 8,093,680 gr. in distribu-
tion centers while total supply amount is 8,598,620 gr. in re-

ception centers.

In this paper, 11 clusters are created according to relative dis-
tances of the centers by using p-median model. Then, each
cluster is solved in LINGO 17.0 and the routes of the vehic-
les are determined. The results obtained are given in Table 2.

Table 2. Total travelled distances of Clusters

Clusters Total Travelled Distances (m)
Cluster 1 168,544
Cluster 2 133,775
Cluster 3 179,731
Cluster 4 487,822
Cluster 5 354,368
Cluster 6 164,492
Cluster 7 54,110
Cluster 8 122,953
Cluster 9 116,936
Cluster 10 97,337
Cluster 11 114,015
Total 1,994,083

Total travelled distance and route for cluster 1 is shown
in figure 2.

Vehicle 2

Vehicle 1
Route 1

Figure 2. Route for cluster 1

271

Optimal routes for cluster 7, 8 and 9 are given below. For
these routes only one vehicle in each cluster is required in
the optimal solution.The optimal route of cluster 7 for its ve-
hicle is PC, D7, D8, R56 and PC. The route for cluster 8 is
PC, D16, D41, D14, D58, D57, D27, R51, R53, R14, R41
and PC. Lastly, the route is PC, D59, D30, D44, R28, R35,
R 55 and PC for cluster 9.

Results are anaylsed based on changes of vehicle speed, pro-
cess times at each center and demand, supply amounts made
a huge difference in the clusters. To observe the variations,
cluster 1 is analysed. Initially, it was assumed that vehicle
speed is 60 km/h for each vehicle. To analyse the results, it
is increased to 90 km/h. For this increase in the speed, op-
timal route for the cluster did not change.Then, the vehicle
speed is decreased to 40 km/h due to traffic congestion at the
main roads. As in 90 km/h, the optimal route for the clus-
ter did not change. It was assumed in the paper that unloa-
ding the vehicles takes 25 minutes at each center. For analy-
sis this time it is altered to 15 minutes. The optimal route
for the cluster remained the same as the previous case. Also,
assuming that a vehicle broke down at the first reception
center and it took 125 minutes to get repaired. Again, it do-
esn’t effect the optimal route. Finally, supply amount chan-
ges are analysed.Supply amounts of the distribution centers
were 117020, 27380, 53720, 81260, 149480, 58520, 17180,
19974 gr. and demanded amounts in the reception centers
were 14320, 39440, 4260, 251900, 2808400, 29700 gr. To
observe the difference amounts at the distribtution cen-
ters changed into 100000, 150000, 50000, 40000, 20000,
90000, 20000 and 50000 gr. The amounts in the reception
centers became 100000, 140000, 250000, 50000, 30000 and
50000 gr. With this experiment, objective value calculated
as 166648 meters and as expected, the optimal routes have
changed in the cluster for two vehicles.

V. CONCLUSION

Vehicle routing is one of the important problem areas for
logistics management literature. Vehicles routes may have
a direct effect on cost effectiveness, on time delivery ra-
tios and as a result, on custumer satisfaction levels. Espe-
cially for postal services, this problem becomes the main
problem for the companies. Considering this importance le-
vel, in this study, vehicle routing problem with backhauls
(VRPB) is examined for postal service operations. Consi-
dering the possibility of having large number of points for
such networks, initially, a clusturing model, p-median mo-
del, from literature is applied. Following clustering phase,
a modified VRPB model is applied to find proper routes for
the vehicles. Finally, results are analysed for some variations
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in the data. For the future researches, instead of decreasing
the size of the problem by using a clustering approach, a real
size problem can be solved by applying a proper heuristic or
meta-heuristic algorithm.
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Bakim Planlamah Ucus Atama Modeli ve Bir Uygulama

Flight Planning with Maintenance Consideration and an Application
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Oz

Bu ¢alismanin amaci, hava yollar1 endiistrisinin karmasik problemlerinden biri olan bakim rotalama problemine yeni bir ¢dziim Onerisi ge-
tirmektir. Calisma kapsaminda oncelikle, hava yollar1 endiistrisi operasyonlarinin temel uygulama ve problemleri, bu uygulamalarin lite-
ratiirdeki yeri temel diizeyde ele alimmistir. Hava yollar1 endiistrisi literatiirii “Filo Atama, Ucak Rotalama, Bakim Rotalama ve Miirettabat
Cizelgeleme” basliklari altinda incelenmistir. Onerilen, bakim planlamali ugus atama modeli, gercek ucus verileri ve tasarlanan ugus filosu
icin uygulanmis ve bir ugus programi olusturulmustur. Model iki amag fonksiyonuna sahiptir. Birinci amag fonksiyonu, kullanilmayan ka-
lan yasal zaman1 minimize etmeye ¢alisirken, ikinci amag fonksiyonu kullanilmanns ucak kapasitesini minimize etmeye calsir. Iki amach
model 6ncelikli hedef programlama ile ¢6ziilmiistiir.

Anahtar Kelimeler: Bakim planlama, Ugus atama

Abstract

As the main concentration of this study, maintenance routing is one of the most complicated problems of airline industry. In this study, air-
line industry operations’ main applications and subjects are basically summarized and a literature review is briefly presented. Study is con-
ducted under headings of; “Fleet Assignment, Aircraft Routing, Maintenance Routing and Crew Scheduling”. A problem consist of real
time flight data and a small size fleet is generated and the proposed model is solved to create a route with maintenance consideration. Model
which solves the problem has two objective functions. While first objective function tries to minimize remaining legal flight hours of the
aircrafts second objective function tries to maximize the capacity utilization of an aircraft according to the demand for the covered flight.
The model is solved by using preemptive goal programming.

Keywords: Maintenance Planning, Flight Planning

1. GIRIS

Ticari havacilik endiistrisi, en giivenli ve en hizli seyahat yollarindan birini sunmaktadir. Cok énemli bir is alan1 olan bu en-
diistride, yoneylem arastirmasi tekniklerinden siklikla faydalanilmaktadir. Havacilik endiistrisinde rotalama ve g¢izelgeleme
problemlerini dort ana baglik altinda inceleyebiliriz: Filo atama, ucak rotalama, bakim rotalama ve miirettebat ¢izelgeleme.
Filo atama probleminde rotalarin tamamlanacagi ugaklar belirlenmeye ¢alisilir. Bu filolar bazen yalnizca bir ugak tipinden,
bazen birka¢ farkli modelden olusurlar. Karisik filolarda, tiim ihtiyaclari karsilamak igin gesitli kapasite ve menzile sahip
ugaklar bulunmaktadir. Ugak rotalama csas olarak ugus programindaki belirli sayida ugusun her birinin filodaki hangi ugakla
yapilacagina karar veren ¢alismadir. Bakim rotalama, belirli bir periyot i¢in gerceklesecek ucuslara ugak atamasi yapilirken,
ucaklarin Avrupa Havacilik Giivenligi Ajansi (EASA—European Aviation Safety Agency) yonergelerine gore bakim ihtiyac-
larinin da degerlendirilmesini igerir. Bu bakim ihtiyaglari ucaktan ugaga farklilik gosterebilir. Dolayistyla ugus programinda
ucaklarin her biri i¢in kalan ugus siiresi hesaplanir ve diizenli bakimlar i¢in ugaklara bosluklar yaratilir. Miirettebat cizelge-
leme, uguslara pilot ve kabin ekibi atanmasi ile ilgilenir ve gerekli planlart yapar [1-2].

Bir ugus programini planlarken, en 6énemli noktalardan biri, ugus saatlerine uygun olarak ug¢agin bakiminin da planlanma-
sidir. Her markanin farkli tipte ucaklar farkli zaman ve mesafeler sonrasinda planli bakim gerektirir. Bakim siireleri EASA
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Bakim Planlamali Ugus Atama

tarafindan diizenlenmektedir. Bu bakimlar, orta, uzun va-
deli bakimlar ve ugus dncesi kontrolleri basliklarinda ti¢ bo-
liime ayrilir. Uzun siireli bakimlar ve ugus oncesi kontrol-
leri haftalik ucus planinda listelenmemektedir. Ciinkii uzun
vade bakimlart igin ugagin filodan alinmasi ve hangara g¢e-
kilmesi gerekecektir. Ugus kontrolleri ise her ugustan 6nce
yapilir ve ¢ok az zaman alir. EASA yonetmelikleri ile diizen-
lenen orta vadeli bakimlar, parca degisiklikleri i¢in ucagin
hangara alinmasini1 gerektirir. Firmalar genellikle, ucus sa-
atleri ile ¢akigmamasi i¢in, bakimlarint ugus yapilmayacak
gece saatlerinde yapmay1 planlar. Yukarida belirtilen neden-
lerden dolay1, ugus planlarint hazirlarken kalan ugus stirele-
rinin dikkate alinmasi, ucaklar1 aktif tutmak icin bir avan-
taj saglar [3].

Bakim kisith ugus planlama probleminde temel amag, ba-
kim gereksinimlerine uygun olarak her ugak icin ugus rota-
lar1 olusturmaktir. Geleneksel bakim kisitli ugus planlama
problemleri modelleri yiiksek sayida ucak ve rota segenegi
icin galisir. Plandaki uguslarin sayisi arttikca, ¢oziim ve ¢o-
zim zamant i¢in alternatifler katlanarak artmaktadir. Sorunu
hafifletmek i¢in bu tiir modeller, siitun olusturma veya satir
olusturma yaklasimlartyla adim adim ¢oziiliir. Diger taraf-
tan, Liang ve Chaovalitwongse [3] giinliik bakim kisitli ugus
rotasi problemi i¢in haftalik rotasyon-tur ag1 modeli gelistir-
mislerdir. Bu ¢alismada, ugus sayisindaki artis ¢oziimiin ara-
ligin1 dogrusal olarak etkilemektedir [3].

Bakim kisitli ugus planlama, havayolu endiistrisinin plan-
lama ihtiyaglarindan sadece biridir. Bu problem hem yolcu
ucuslart hem de kargo uguslari igin ¢dziilmelidir, ancak iki
problem cesitli farkliliklar igerir. Yolcu uguslarinda gecik-
melerde sorunlar olusabilir ve iptal durumlart s6z konusu
olabilir. Kargo uguslari i¢in agirlik ve kiitle problem olus-
turabilir [1].

Bakim kisitlt ugus planlama probleminde iki husus 6nem-
lidir. Bunlardan biri, ugus baglantilarinin ihtiya¢ duyulan-
dan daha kisa siirede kuruldugu durumlart cezalandirmak,
digeri ise bagl uguslarin degerini arttirmaktir. “Doniis sii-
resi”, ucagm “minimum bekleme siiresinden” kisaysa, ge-
rekli iglemler igin yeterli zaman olmayacaktir ve kisa bag-
lant1 siiresi cezasi uygulanacaktir. Doniis siiresi, bir ugagin
inmesi ile bir sonraki kalkisi arasindaki siireyi agiklayan bir
terimdir. Ugagin minimum bekleme siiresi, kabin gorevlile-
rinin uguslar arasindaki ucaklar1 degistirmesi i¢in gereken
minimum siireyi agiklayan bir terimdir. Kisa baglanti, ‘Ta-
kim kurma problemi’ i¢in pratik olmayan veya yiiksek mali-
yetli sonuglara neden olabileceginden istenmeyen bir olay-
dir. Bagli uguslarin degerini arttiran faktor, iki bagli ucus
arasinda ugakta kalan yolcu miktaridir.
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Ucus dizilerinin baglanmasi ve rotalarin belirlenmesi konu-
nun literatiirdeki en yaygin rastlanan iki problemidir. Karar-
lar, istasyonlar arasinda bakim hizmetini verebilecek, bakim
istasyonlarindan birinde sona eren uygulanabilir ugus sirala-
rin1 bulmakla ilgilidir [3].

Havayolu sektoriinde en biiyiik maliyetlerden birini bakim
giderleri olusturur. Bu nedenle, bir u¢agin yasal ugus siire-
sini azami dl¢tide kullanarak, planlanan bakim siiresini limit-
ler dahilinde geciktirerek maliyetleri diislirmek onemlidir.
Ekipmanlarin en son kullanma siirelerine kadar kullanilma-
masi ekstra maliyet getirecektir [4]. Daha once de belirtil-
digi gibi, bakim igin zaman limitleri Avrupa Havacilik Gii-
venligi Ajansi tarafindan belirlenir. Bakimlar dort kategori
altinda, kendi aralarinda frekans, igerik ve zaman ile boliin-
mektedir [5]. A kategori bakimi yaklasik 65 saatlik ucus ya
da bir haftalik siire ardindan yapilsa da, bir¢ok sirket bu ba-
kimlar1 45 saatlik ugus sonrasinda bir 6nlem olarak yapmak-
tadir. Bu bakim igerigi motorlar ve inis takimlari gibi temel
pargalarin kontroliinii icerir ve genelde bir gecede yapilir.
B kategori bakimlar1 300-600 saatlik uguslari takiben yapi-
lir ve ucagin genel gorsel kontrolii ile hareketli tiim parcala-
rin yaglanmasini igerir. C ve D tipi bakimlar ise 1-4 yilda bir
yapilir. Ugagin yapisal biitiinliigliniin kontrolii de dahil ol-
mak tizere ugagin tamamen sokdliip tekrardan birlestirilme-
sini icerir. Bu iglem ucagin yaklagik bir ay filodan alinmasi
anlamina gelmektedir [1].

Bu alandaki ¢alismalarda, maliyetlerin en aza indirilmesi
ve kar maksimizasyonu gibi yaygin amag¢ fonksiyonlarin-
dan kalan ugus siiresinin en aza indirilmesi gibi spesifik or-
neklere kadar farkli amag fonksiyonlar1 gériilmektedir. Ya-
pilan aragtirmalar, erken yapilmis bakimlarin maliyetleri
yillik bazda 6nemli bir 6l¢iide artirdigini géstermistir [3-6-
7-8]. Bu nedenle, bir ucus plan1 belirlenirken, filodaki ucak-
larin kalan ugus stireleri, bir bakim ihtiyact i¢in durmadan
once miimkiin olan en fazla miktarda kullanilmalidir. Lite-
ratiirde bu yaklasima gére modelleme yapan ve amag fonk-
siyonu olusturan iki ¢aligma oldugu goriilmiistiir. Amag
fonksiyonu, bakimdan once ugaklarin kullanilmayan yasal
ugus siiresini en aza indirmektir. Bu ¢alismalardan ilki, mo-
delde tanimlanan kritik statiiyle bir ugagin gelecek ucus do-
neminde bakim ihtiyaci olup olmadigina karar vermektedir.
Ucgagin kalan ugus siiresi, planlanacak periyodun en uzun
ucus agindan daha kisa ise ugak, modele kritik bir ucak ola-
rak katilacaktir. Kritik durumda olmayan ugaklar seti, bakim
kisitlamalarini dikkate almadan haftalik ugus programini ta-
mamlayacaktir. Ote yandan kritik set, bakim ihtiyaglarini
karsilayabilecegi havalimanlarinin bulundugu aglarda ugu-
rulacaktir [6]. Ikinci ¢alismada, ucaklar kalan ugus siirele-
rine bagl olmayan bir kuralla diizenlemekte ve bakim ve-
rebilecek rotalarda daha az zamani kalan ucaklara atama
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onceligi taninmaktadir [8]. Tablo 1°de ilgili ¢alismalarin si-
niflandirilmasi goriilebilmektedir.

II. MATERYAL VE YONTEM

Bakim planlamali ugus atama modeli gelistirilirken, bir

Tablo 1. Bakim kisitli ugak rotalama ¢aligmalari

Yazar Yil Veri Amac Fonksiyonu Notlar Programlama
Liang vd. [7] 2015 Gergek Gecikme min. Bakim P

Basdere ve Bilge [6] 2013 Gergek Kalan ugus siiresi min. ~ Bakim P
Diaz-Ramirez vd. [9] 2013 Gergek Kar maks. Bakim P

Liang ve Chaovalitwongse [3] 2013 Gergek Toplam ceza puan1 min.  Bakim, Filo Atama Karma [P
Orhan vd. [8] 2011 Gergek Kalan ugus siiresi min. ~ Bakim P

Lapp ve Cohn [10] 2011 Gergek Bakim uyusmazligi min. Bakim LP

Afsar vd. [11] 2009 Gergek degil ~ Fayda maks. Bakim LP

El Moudani ve Mora-Camino [12] 2000 Gergek Maliyet min. Bakim DP

IP: Tamsayili Programlama (Integer Programming), LP: Dogrusal Programlama (Linear Programming), DP: Dinamik Programlama (Dynamic Program-

ming)

onceki bolimde ozetlenen literatiir incelenmis ve konu-
nun uygulamasi arastirilmigtir. Bu asamada, ugaklarin ba-
kim siiresinden 6nce yasal ugus saatlerini kullanmalarina
ve boylece kullanim verimliligini artirmalarina ve dolay1-
styla bakim maliyetlerini diisiirmelerine imkan taniyan bir
yaklagim gelistirilmistir. Ayn1 zamanda, uguslar atanirken
uygun kapasiteli uguslara atanmasi hedeflenmistir. Bu he-
defler dogrultusunda model iki amag¢ fonksiyonuna sahip
olacak sekilde gelistirilmistir. Birinci amag fonksiyonu, kul-
lanilmayan kalan yasal zamani minimize etmeye ¢alisirken,
ikinci amag fonksiyonu kullanilmamig ugak kapasitesini mi-
nimize etmeye ¢alisir. Kapasite kullanimimi artirmak ve ih-
tiyact kargilamak igin iki yontem takip edilmistir. ilk ola-
rak, ucus taleplerini dikkate alarak, filoda en ¢ok talep géren
ucusu karsilayabilecek kapasiteye sahip bir ucak secilmis-
tir. Bu atama esnasinda ugagin, talebi diisiik olan herhangi
bir ugusta bos kalmamasi i¢in makul koltuk sayisinda ol-
mas1 dikkate alinmistir. ikincisi, ugus talebi ile kapasitenin
daha etkin kullanilmasi i¢in, atanacak ugaklarin kapasitesi
ile ugusa olan talep arasinda minimum fark olmasini sagla-
yacak bir amag fonksiyonu olusturulmustur.

Bu bilgilerin 15181nda, bir havayolu sirketinin 6rnek bir ugus
programi olusturulmus ve bu haftalik ugus programini kap-
sayan bir filo tespit edilmistir. Problem, bu veri ve matema-
tiksel modeli kullanarak LINGO programinda ¢6ziilmiistiir.
Programlama esnasinda kullanilan indisler, parametreler,
setler ve karar degiskenleri Tablo 2’de 6zetlenmistir.
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Tablo 2. indisler, parametreler, setler ve karar degiskenleri

Gergeklestirilen ugus indisi

j (i) ugusunu takip edecek ugus indisi

k Ugak indisi

t Ugus (i) siiresi

r Ugak (k) kalan ugus siiresi

ck Ucak (k) yolcu kapasitesi

d Ucgus (i) yolcu talebi

1 Ucgus seti

S(@)  Ugus (i)’yi takip edebilecek uguslar seti

P(i)  Ugus (i)’ye 6nciil olabilecek uguslar seti

M(i)  Ugus (i)’yi takip eden bakimlar seti

{0, T} Yapay baslangic ve bitis noktalar1
Belirlenen haftada bakim gérmeden (k) ugaginin sirasiyla (i) ve
(j) uguslarini tamamlamast durumunda 1 degerini alir, diger du-

Xijk  rumlarda 0 degerini alir.
Belirlenen haftada bakim gordiikten sonra (k) ugaginin sirastyla
(i) ve (j) uguslarini tamamlamast durumunda 1 degerini alir, di-

Yijk  ger durumlarda O degerini alir.

Amag fonksiyonu 1:

. tixij,
min Yk (1 - ;—r:k) (Denk. 1)
Amag fonksiyonu 2:

. (xije+yije)(ce—dy)
min =Yg Zies(i) Ykek (%) (Denk. 2)

Kisit 1:

Ljeraywio) ¥ = LjesumyXije T Ljem® Yije Vo Vi (Denk. 3)
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Kisit 2:
Tl Vi) = dp VLV (Denk. 4)
Kisit 3:
Y Yjes tiXije < Tie Vi (Denk. 5)
Kisit 4:
Yier@uio}Yjik = LjesuiryVijk Vi Vi (Denk. 6)
Kisit 5:
Yier@uoy & + Vi) =1V, (Denk. 7)
Kisit 6:
Zjem Vi + Ljesoum @i + Vi) =1 V¥ (Denk. 8)
Kisit 7:
Yoo Vi € (013 V0 Vi (Denk. 9)

Amag fonksiyonlar1 ve kisitlarin agiklamalar1 asagidaki gi-
bidir:

Ilk amag fonksiyonu (Denk. 1), ucaklarmn planlanan bakim-
dan 6nce miimkiin oldugunca kullanilmasini amaglamak-
tadir. EASA yo6netmeliklerine gére ugaklar belirli bir ugus
saatinden sonra bakima alinmalidir. Bu amag¢ fonksiyonu,
ugaklarin ucus saat limitlerini agmadan olabildigince fazla
ucus saatini tamamlamasini saglamaya calismaktadir. Orne-
gin, bir u¢agin 5 saat daha ugus saati varsa ve hemen bir
bakim almasina veya 4 saatlik baska bir rotaya u¢masina
olanak saglayan bir ikilemdeyse, ucaklar rotayr ugurmaya
zorlar.

Ikinci amag fonksiyonu (Denk. 2), ucaklarin kapasitelerinin
en iyi sekilde kullanilmasini saglamaya ¢aligmaktadir. Uga-
gin kapasitesi gerceklestirilecek ugusa olan talebi karsila-
malidir, bu kisitlarda saglanmaktadir. Bu amag fonksiyonu,
ucagim verimini en iist diizeye ¢ikarmak i¢in ucagin, talep
diizeyine en yakin kapasitede se¢ilmesini saglamaktadir.

Modelde sekiz kisit vardir. ilk kisit (Denk. 3), ugus planini
iceren hafta boyunca bakima girmeyen ugaklar i¢in ugus-
lar, takip eden uguslara ve bakimi dahil eden XY donii-
siimii uguslarina baglar. Bir ugus bir ucak tarafindan gercek-
lestirildiginde, ucak gerceklestirdigi ugusu takip edebilecek
ucuslarin biriyle yoluna devam edebilmektedir. Onciil ve ta-
kip eden uguslar, kalkis ve inig havaalanlarindan yararlani-
larak tasarlanmistir. Ugagin son inis yaptigi havalimanindan
kalkis yapmasi zorunludur. Ugus takibi i¢in baska bir kriter
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de inis ve kalkis saatleridir. Takip eden ugusun inis saatin-
den 30 dakika sonra kalkmas1 gerekir. Buna ek olarak ilk ki-
sit bahsedildigi gibi planlanan ugus programi déneminde ba-
kim alacak ugaklarla ilgili dontisiimleri saglar. Kisit, hem
tiim uguslar hem de ugaklar i¢in olusturulmustur. Bir ugak
bakima girdiginde, u¢agin kalan ugus saatlerini hesaplama-
mak i¢in model bu ugagin dahil oldugu uguslarin karar de-
Siskenini degistirmektedir. Ayrmntili olarak: eger bir ugagin
ucusu bakim olarak tanimlanan uguslardan biri ise, bu ugak
bakim sonrasinda bakim ugusunu takip edebilecek ucusla-
rindan biri ile ugus programina devam eder.

Ikinci kisit (Denk. 4), secilen ugagin ilgili ugusa olan talep-
ten fazla bir kapasiteye sahip olmasini garantilemektedir.
Burada 120 ve 150 kapasiteli 2 ugak bulunmaktadir. Ugus ta-
lepleri her ugus igin 100 ila 150 arasinda rassal olarak tanim-
lanmustir. Tkinci amag fonksiyonu (Denk. 2) ugagin kapasi-
tesi ile ugusa olan talep arasindaki farki en aza indirmeye
caligirken, bu kisit talebin ugagin kapasitesini asmasini 6n-
ler. Bu kisit sayesinde ugus talebi gbz 6ntinde bulundurula-
rak yolcu kapasitesi yetersiz bir ugak atanamamaktadir. Bu
kisit X,_jk ve Y,_j_k karar degigkenleri yardimiyla hem bakima
girmis hem de girmemis ugaklar1 kapsamaktadir.

ilk amag fonksiyonu (Denk. 1), ugaklarm bakimdan 6nce
kullanilmayan izin verilmis ucus saatlerini en aza indir-
meye c¢alismaktadir. Baska bir deyisle, ilk amag fonksiyonu
ugaklart miimkiin oldugunca kullanmaya calisir. Bu nedenle
model, ucaklarin kalan ucus saatlerini asmamak i¢in bir si-
nirlamaya ihtiya¢ duyar. Burada ti¢lincii kisit (Denk. 5) bir
sinirlayici olarak islev goriir. Ugusun ugus siiresini (¢,) karar
degiskeniyle (Xijk) carpar ve ugus programinda bu ugak ta-
rafindan gerceklestirilen her ugusun siiresini toplayarak top-
lam ugus siiresini hesaplar. Burada toplam ugus saati, ucagin
kalan ugus saatlerini () asmamalidir. Sinir1 asmadan 6nce,
ugak bakim altina alinmali ve ilk kisit igerisinde Onerilen
doniisiim yapilmalidir. Bu dontisiim ucaklarin, bahse konu
ucus programi sirasinda bagka bir bakima ihtiya¢ duyma-
yacagl anlamina gelmektedir. Dolayisiyla, {liglincii kisit Y,
degiskenini igermez, ¢iinkii model bakimdan sonra ugagin
baska bir bakima daha ihtiya¢ duymayacagi bilgisi dogrultu-
sunda bu ugaklarin ugus saatlerini hesaplamay1 birakir.
Filodaki ugaklar modele gore bir kere bakim gordiikten
sonra, tekrar bakima ihtiyag duymadan haftalik ucus prog-
ramimi tamamlayabilmektedir. Herhangi bir ugak bakim
gordiikten sonra, birinci kisitin (Denk. 3) yardimiyla karar
degiskenini Y;jk’ye cevirir. Bu doniisiim modelde ugagin haf-
talik ugus programinin sonuna kadar tekrar bakim gerektir-
meyecegini garanti altina alir. Karar degiskeni Y, ye do-
niistiikten sonra, onceki ve sonraki uguslar dordiincii kisit
(Denk. 6) yardimziyla birbirine baglanir.
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Ucus programi belirlendiginde, uguslarin birbirini izledigi
bir sira organize edilir. Burada, u¢agin kalkis ve inis hava-
limanlarinin takibi yapilmamaktadir. Bunun yerine, ugusla-
rin kalkis ve inis saatleri, kalkis ve inis schirleri bilgileri kul-
lanilarak alt setlerle tanimlanan ugus baglantilar1 kullanilir.
Besinci kisit (Denk. 7), onciil uguslarin baglantilarini sag-
lamaktadir. Bu kisitla bir ugusa onciil ugus olabilecek sege-
nekler belirlenmekte ve bu segeneklerden sadece bir tane-
sinin secilmesi saglanmaktadir. Kisitin ilk boliimiinde Xijk
karar degiskeni, bakim uguslarinin 6nciil uguglarini takip et-
mektedir. Bu boliim, bakim olarak tanimlanan uguslardan
once hangi uguslarin yapilabilecegini belirtir. Ikinci boliim
ise normal uguslar i¢in ayni1 sekilde ¢aligir ve normal ugus-
lar dncesinde hangi uguslarin yapilabilecegini belirler. Do-
layisiyla, bir ucak, yalnizca 6nceden tanimlanan ucuslardan
birini yapabilir.

Altinet kisit (Denk. 8) ise her hangi bir ugustan sonra yapi-
labilecek uguslari tanimlar. Denklemin ilk kismi, bakimlari
takip eden muhtemel uguslar1 tanimlarken, ikinci kismu ise,
bakim disindaki uguslarla ilgilidir.

Son kisit (Denk. 9) ise karar degiskenlerinin 0-1 degerlerini
alabilecegi ile ilgilidir.

Modelin ¢6ziimiinde ¢ok amagli modellerin ¢dzimii igin
yaygin olarak kullanilan Oncelikli Hedef Programlama yon-
temi kullanilmistir. Bu metot n adet amag fonksiyonu olan
bir modelin, amag fonksiyonlarinin énem sirasina gore si-
ralanmasi ile baglar. En yiiksek 6neme sahip amag fonksi-
yonu dikkate alinarak, diger amag fonksiyonlar1 devre dis1
birakilarak model ¢oziiliir. Bulunan amag¢ fonksiyonu de-
geri kisit olarak eklenerek, model ikinci derecede 6neme sa-
hip amag¢ fonksiyonu i¢in ¢oziiliir. Bu sayede daha yiiksek
6nem sirasina sahip olan amag fonksiyonunun aldig1 en iyi
degerin korunmasini garanti altina alinir. Stire¢ bu sekilde
tim amag fonksiyonlar1 i¢in tekrarlanir [13]. Bu modelde
Oncelikli Hedef Programlama metodun kullanilmasinin en
onemli sebebi de bu temele dayanir. Ugaklarin bakima ka-
dar yasal smirlar dahilinde ugabilecekleri en fazla saati ug-
malart ve u¢agin bakimlar arasi ugus siiresi veriminin artirl-
masi1 en dnemli amactir. Kapasitenin verimli kullanilmasi ise
ikinci 6ncelikli amagtir.

II1. BULGULAR VE TARTISMA

Modelin ¢6ziimii i¢in gerekli veriler, kii¢iik bir hava yolu
sirketinin ¢evrimi¢i yayimlanan ugus programindan alinmis-
tir. Bu ugus programi 4 sehirden ve 38 ugustan olusan bir ag-
dir. Ugus programi yeni sehir ve ucuslar eklenerek biiytitiile-
bilir. Tablo 3 detayli olarak ugus programini gostermektedir.
Tablo 4 ise filodaki ugaklarin detaylarini gostermektedir.
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Tablo 3. Ugus programi

Ucus Mubhtemel takip

No Ucus eden ucuslar Muhtemel Bakimlar
1 2 |3

1 iS-iz 10.20-11.20 |2 8 |14

2 iZ-1S 12.00-13.00 |4 7 19

3 IS-T 12.50-14.10 |5 10

4 S-A 14.00-1520 |6 13

5 T-IS 14.50-16.10 |7 9 |11

6 A-iS16.00-1720 |7 9 |11

7 iS-1210.20-1120 |8 14 |20

8 Z-i$ 12.00-13.00 |11 |12 |15

9 IS-T 12.50-14.10 |10 |17

10 |T-IS14.50-16.10 |11 |12 |15

11 IS-A17.30-1850 |13 |18

12 |18-i2 19.00-20.00 |14 |20 |24

13 |A-IS19.20-2040 |15 |16 |19

14 |iz-iS20.40-21.40 |15 |16 |19 |*Ml

15 |iS-T12.50-14.10 |17 |28

16 |iS-A14.00-1520 |18 |22

17 | T-IS 14.50-16.10 |19 |21 |23

18 |A-IS16.00-17.20 |19 |21 |23

19 |iS-i2 19.00-20.00 |20 |24 |26

20 |iz-iS20.40-21.40 |21 |23 |25 |*M2

21 |iS-A17.10-1830 |22 |34

22 |A-IS19.10-2030 |25 |27 |29

23 |18-i220.10-21.10 |24 |26 |30

24 |iz-iS21.50-22.50 |25 |27 |29 |*M3

25 |iS-1Z10.40-11.40 |26 |30 |36

26 |iz-iS12.10-13.10 |29 |31 |32

27  |iS-T12.50-14.10 |28 |33

28 | T-IS14.50-16.10 |29 |31 |32 |*M4

29 |i8-i210.20-1120 |30 |36

30 |iz-iS12.00-13.00 |32 |35 |37

31 |iS-T12.50-14.10 |33

32 |iS-A14.00-1520 |34 |38

33 |T-S16.00-17.20 |35 |37 *MS5

34 |A-IS16.00-17.20 |35 |37 *M6

35 |iS-129.10-10.10 |36 |T

36 |iz-iS10.40-11.40 |37 |T

37 |iS-A13.00-1420 (38 |T

38 |A-IS16.00-17.20 |T

Tablo 4. Filo ugaklari

Ucaklar Kalkis Havaliman1 Kalan ucus siiresi  Ucak kapasitesi
1 Istanbul 360 saat 150
2 Istanbul 1900 saat 120

Bu boliimde model Lingo programi ile ¢ozdiiriildiigiinde ya-
pilan gozlemler 6zetlenmistir. 1. amag¢ fonksiyonu ugaklarin
kalan stirelerini oranlar yardimiyla tespit ederek olabildigince
fazla Xijk degiskenli ugus yaptirmaya calismistir. Bdylece
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ucaklarin kalan ugus saatleri miimkiin oldugunca kullanil-
mustir. 3. kisit yardimiyla ugaklarin bu sinirlari agmamalari
ve yasal engellere takilmamalar1 saglanmistir. Ugagin bakim
gormeden Once ugabilecegi ucus saatleri ugagin kalan ugus
sliresini asamayacagi i¢in 1. ugak 14. ucusu tamamladiktan
sonra bakima yénlendirilmistir. Tkinci ugak ise kalan ucus sa-
atleri yapabilecegi uguslarin toplam saatinden daha fazla ol-
dugu i¢in bakim ihtiyaci olmadan ugus programini tamamla-
mustir. Ugus programi Tablo 5 igerisinde gosterilmistir.

Tablo 5. Tamamlanmis ugus programi

Ucuklar
Uguslar 1 2
1 X122
2 X242
3 X35.1
4 X4.6.2
5 X5.7.1
6
7 X7.8.1
8 X 8.12.1
9 X9.10.2
10 X 10.11.2
11 X 11.13.2
12 X 12.14.1
13 X 13.15.2
14 Y 14.16.1
15 X 15.17.2
16 Y 16.18.1
17 X 17.19.2
18 Y 18.23.1
19 X19.20.2
20 X2021.2
21 X21.222
22 X 22252
23 Y 23.24.1
24 Y 24.27.1
25 X 25262
26 X2631.2
27 Y 27.28.1
28 Y 28.29.1
29 Y 29.30.1
30 Y 30.32.1
31 X31.33.2
32 Y 2.34.1
33 X 33352
34 Y 34.T.1
35 X 35.36.2
36 X36.37.2
37 X37.38.2
38 X 38.T.2

Veri setinde uguslarin bilyiik cogunlugu iki ugagin da karsi-
layabilecegi gibi 120 talepli secilmistir. Bu durumda diisiik
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kapasiteli ucagin daha fazla kullanilmasi beklenmistir. Bu-
rada belirli araliklarla 150 talepli uguslar belirlenerek mode-
lin 2. kisit destegi ile bu ihtiyaci karsiladigt tespit edilmis-
tir. Yaklasik yiizde 60 ucgus kapasitesi daha diisiik olan ikinci
ucak tarafindan gergeklestirilmistir. Ugus talepleri genel ola-
rak 120 seviyesinde seyreden uguslarda ikinci amag fonksi-
yonu sayesinde miimkiin olan tim se¢eneklerde kapasite ile
talep arasindaki farki minimumda tutmak adina beklenildigi
gibi diistik kapasiteli ikinci ucak atanmustir.

Calisma uguslarin baglanma sekli olarak literatiirdeki ¢alis-
malarin neredeyse tiimiinden ayrilmaktadir. Bu anlamda sa-
dece bir ¢alisma ile ayn1 metodu kullanmistir. Bu ¢alismada
da, Bagdere ve Bilge [6] tarafindan hazirlanan caligmada ol-
dugu gibi uguslar, zaman ve havalimani kisitlarina dahil edil-
meyerek, direkt olarak alt setlerle baglamistir. Setler de yine
zaman ve havalimani kisitlar1 g6z 6niine alinarak belirlenmis-
tir. Yine literatiirde birgok ¢alismada maliyetin azaltilmasi ya
da kazancin artirilmasi saglanmaya calisilarak rota belirlen-
meye calisilirken, bu ¢alismada ugaklarin kalan siirelerinin en
iist diizeyde kullanilmasi amag fonksiyonu olarak ele alinmig-
tir. Buna ek olarak literatiirde tek olacak sekilde bu amagla
birlikte ikinci amag olarak ucak kapasiteleri ile atandiklari
ucusun talebi arasindaki farkin minimize edilmesi hedeflen-
mistir.

Dinamik fiyatlandirma ¢aligmalarinda uguslar igin gelisen
anlik talep degisimleri sonuglart etkilemektedir. Biiyiik ha-
cimli olmayan filo-ugus programi ikilileri i¢in anlik talep
degisikliklerinde maksimum kar elde etmek adina atanan
ucuslarin kapasitelerinin uygun olmasi saglanabilir. Tam
tersi sekilde, biiyiik bir ugagin atandig1 ugustaki anlik talep
diisiistiniin programin tekrar calistirilmasi sayesinde daha
kiiglik bir ugakla karsilanmasi ve zararin azaltilmasi adina
ikinci amag fonksiyonu faydali olacaktir. Sekil.1’de de g6-
riilecegi lizere daha az kapasiteye sahip ikinci ugak daha sik
kullanilmustir. Yiiksek talep barindiran daha az ugus olmasi
dolayisiyla, kiigiik ugagin daha sik kullanilmasi ikinci amag
fonksiyonunun varligi sonucunda beklenen bir durumdur.

m Ucak1 mwUcak2

Sekil 1. Ugaklarin ugus tamamlama yiizdeleri
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IV. SONUC

Bu calismada, ugus setinin atama kararlarinin ¢dziimiine
ulagsmak adina oncelikle veri setleri gergek zamanli ugus-
lardan alinarak olusturulmus, filo biiyiikliigline karar veril-
mistir. Ugaklarin kapasitesi, kalkis havalimanlar1 ve bakim
sehirleri sekillendirilmistir. Takip eden ve 6nciil uguslar be-
lirlenerek ugus programinin nasil ilerleyebilecegine, hangi
seceneklerle sonucun farklilagabilecegine karar verilmigtir.
Daha sonra uguslarin nasil baglanacagi incelenmistir. Genel
olarak ilgili literatiirde sehirlerin ve zamanlarin baglanmasi
yolunun izlendigi goriilmiistiir. Sehir ve zaman kisitlari, kal-
kislar, varislar bu setlerin igerisinde tanimlanarak baglanti
sorunu giderilmistir. Uguslar ilk amag fonksiyonu sayesinde
ugcaklarin kullanilan yasal ugus saati limitlerinin en yiiksek
diizeyde kullanilarak bakim almalari i¢in en dogru sekilde
siralanmustir.

Model goreceli olarak kiigiik bir veri seti ile calistirilmis-
tir. Ugus sayist 38 olan set i¢in 2 ugakla yapilan galismada
Lingo 9.0 programinin 2.8 GHz islemci hizina sahip bilgi-
sayar ile ¢oziimii bulmasi 0.8 saniye siirmiistiir. Ancak ¢6-
ziimin bulunma hizi gergek yasamda, daha biiylik boyutlu
problemlerde yeterli olmayacaktir. Gelecek c¢alismalarda,
problemin sezgisel ya da meta-sezgisel metotlarla ¢ozil-
mesi diigiiniilebilir.
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PV Panelinin Altina Serbest Olarak Yerlestirilen Siyah Emici
Plakanin Termal Kapasitesinin Belirlenmesi

Determination of Thermal Capacity of Black Absorber Plate that Freely Placed to Beneath of the
PV Panel
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Oz

Fotovoltaik termal sistemler, ayni yiizeyden hem termal hem elektrik enerjisi kazanmak i¢in oldukg¢a popiilerdir. Bu ¢alismada, PV pane-
lin altina yerlestirilmis siyah boyali absorber plakanin 1s1 kazanct deneysel olarak arastirtlmistir. Bu amagla bakir borulu bir 1s1 degistirici
dizayn edilmistir. Ayrica siyah boyali bir aliminyum emici plaka dizayn edilerek absorber ve 1s1 degistirici 1s1l iletken bir yapistirici saye-
sinde birlestirilmistir. En sonunda absorber, PV panelin arkasina yerlestirilmis ve 1s1 yalitim malzemesi ile yalitilmistir. Ayrica sistem, bir su
1sitma sistemi ile birlestirilmis olup absorber plakanin 1s1 kazanci farkli iklim kosullart i¢in arastirilmigtir. Arastirma, farkli giines 1g1mnimu,
cevre sicakligi ve riizgar hizlari igin yiiriitiilmistiir.Sonuglar, sogutmadan dnce, absorber plaka sicakliginin 70-80 °C seviyelerine ulastigini
gOstermistir. Ayrica absorberin iyi oranda termal gilines enerjisi kazandig1 goriilmistiir. Bu enerji kolaylikla su 1sitma sistemlerinde kullani-
labilir. Ayrica, su 1sitma sistemi sayesinde absorber sicakliginin optimum degerlere diistiriilebilecegi gorilmiistiir.

Anahtar Kelimeler: Fotovoltaik, Emici levha, Termal sistemler, Giines 1s1nim1

Abstract

Photovoltaic — thermal systems are very popular for gaining both thermal and electrical energy from same surface. In this study, thermal
gain of black colored absorber plate that placed at beneath of PV panel was investigated experimentally. For this purpose, it was designed
that copper tubes heat exchanger. Also it was designed that a black painted aluminum absorber plate. Absorber and heat exchanger were
joined by means of thermally conductive adhesive. Finally, absorber was placed to beneath of the PV panel and it was insulated using heat
insulation material. Also absorber system was integrated with a water heating system. Thermal gain of absorber plate was investigated for
different climatic conditions. Research was conducted for different solar irradiance, ambient temperature, wind speed, relative humidity
values.Results show that absorber temperature reaches up to 70 — 80 °C before the cooling. Also it has been seen that absorber, gained well
amount solar thermal energy. This energy can be used for water heating systems easily. Also it has been seen that absorber temperature can
be decrease to optimum value by means of water heating system.

Keywords: Photovoltaic, Absorber plate, Thermal systems, Solar irradiance

I. GIRIS

Enerji, hayatimizin 6nemli pargalarindan biri fakat enerji kaynaklart sinirlidir. Yenilenebilir enerji kaynaklarinin daha fazla
kullanim1 bu sorun i¢in bir ¢6ziim olabilir. Baslica yenilenebilir enerji kaynagi olan gilines enerjisinin uygulamalari iki ana
boliimden olusmaktadir. Birincisi PV paneller sayesinde elektrik iiretimidir. Diger tiirii ise, termal kolektorler sayesinde ter-
mal enerji iretimidir. Ayrica bu alanda, fotovoltaik-termal (PV/ T) sistemler vardir. Bu sistemler, fotovoltaik panel ve ona en-
tegre edilmis 1s1 degistirici tinitelerden olusur.
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Giines pilleri yiiksek giines radyasyonuna maruz kaldiginda
daha fazla elektrik iretir, sicaklig1 arttiginda verimi diiser.
Sonuglar, bir hibrit PV/T modiiliin elektrik tiretiminin, artan
panel sicakligi ile azaldigini gostermektedir [1].

Isletme sicaklii, fotovoltaik siireglerde dnemli bir yere
sahiptir [2]. PV panellerin elektriksel verimi ¢aligsma si-
cakligina baglidir, performansin iyilestirilebilmesi i¢in
efektif sogutma gerekir [3]. Rawat ve arkadaslar1 [4] ba-
kir absorber plaka kullanilansu bazli bir PV/T sistem tize-
rinde ¢alismislar ve PV/T sistemin elektriksel ve termal
performansinin PV modiil performansina gore daha fazla
oldugunu tespit etmislerdir.Iste fotovoltaik-termal (PV/T)
sistemler, artan PV panel sicakligini diislirmesinin yani-
sira, farkli sekillerde enerji doniisiimlerine olanak saglar-
lar. Bu sistemlerin baslicalari, hava esasli ve su esasli sis-
temlerdir.

Soni ve arkadaglar1 [5] su bazli bir PV/T sistem iizerinde
calismislar ve sogutma yapilmadiginda maksimum PV
panel sicakligini 79.31 °C bulmuslar, optimum debi de-
geriyle sogutma yapildiginda ise, PV panel sicakliginin
47.13 °C degerine distiiglinii tespit etmislerdir.

Bu calismada, bir su esasli PV/ T sisteme entegre edi-
len siyah emici yiizeyin 1s1l kapasitesi belirlenmeye ¢a-
lisilmistir. Bu 1s1l kapasite, giines radyasyonu ile birlikte
diger meteorolojik degiskenlere dogrudan baglidir. Me-
teorolojik degiskenlere bagli olarak, PV panellerin si-
cakligini belirlemek igin gesitli ¢alismalar yapilmistir.
Ornegin, Muzathik [6], riizgar hizinin da hesaba katil-
dig1 asagidaki formiilasyonu ortaya koymustur.

(°C)=0,943xT,  +0,0195xIrridance-1,528xWind-
(M

Tmodu]

speed+0,3529

Bu formiilasyonda, ii¢ dnemli meteorolojik parametre olan,
hava sicaklig1, giines radyasyonu ve riizgar hizina bagl ola-
rak modiil sicakliginin degisimi incelenmistir.

Meteorolojik parametrelere bagli olarak, artan panel si-
cakliginin azaltilmasi ve kazanilan enerjinin su 1sitma sis-
temlerinde kullanimi ile ilgili ¢esitli calismalar yapilmis-
tir.

Kalogirou ve Tripanagustopoulos [7] yaptiklar1 calis-
mada, tipik bir termal giines kolektoriine entegre ettikleri
amorf silikon ve polikristal giines pilleri ile, dogal dola-
simli ve cebri dolasimli su 1sitma {initeleri kullanarak, sis-
temlerin elektriksel ve termal enerji kazanglarinin belir-
lenmesi tizerine ¢aligsmiglardir. Calisma sonuglarina gore;
cebri dolasimli aktif sistem performansinin dogal dola-
stml1 sisteme gore oldukca yiiksek oldugu goriilmiistiir.
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Giines enerjisi kazanci, konuma bagli olarak %60 ve %87
arasinda degismektedir. Hibrid olmayan PV sistem %38
civarinda fazla elektrik iiretmesine ragmen bu sistem, bi-
nalarin sicak su ihtiyacini yiiksek oranda karsilayabilme
ozelligine sahiptir.

Rekha ve arkadaglar1 [8] yaptiklari, caligmada, diizlem-
sel giines kolektort ile iyilestirilmis bir PV/T sistemin, 1sil,
elektriksel ve ekserji performansini sayisal olarak arastir-
mislardir. Calisma sonucunda, ortalama toplam elektrik-
sel, enerji ve ekserji verimleri sirastyla; 11%, 63% ve 15%
olarak belirlenmistir. Bir bagka ¢alismada Hossain ve arka-
daslari [9] paralel serpantin borulu bir su bazli PV/T sistem
iizerinde ¢alismislar ve sistemin maksimum termal verimini
76.58% bulmuslardir.

Bu ¢alismada, PV panelin arkasina yerlestirilen siyah boyali
absorber plakanin termal kazanimi1 belirlenmeye ¢alisilmis-
tir. Deneylerin yiirGitiildiigli atmosferik kosullarin degisimi
de sekillere aktarilarak, bu konuda yapilacak ¢aligmalara

151k tutulmaya caligilmastir.

II. MATERYAL VE METOT

Bu ¢aligsmada, siyah boyali aliiminyum plaka ile bakir 1s1 de-
gistirici, 0.88 W/ mK 1s1l iletkenlik degerine sahip 1s1l ilet-
ken bir yapistirici ile birlestirilerek bir absorber tinite olus-
turulmustur. Siyah boyali aliiminyum plaka, yapistiricinin
daha diizgiin yayilabilmesi i¢in, sekil 1’ de gortildiigii gibi
iic parca halinde su serpantini ile birlestirilmistir. Absorber
iinite, bir monokristal PV panelin altina serbest olarak yer-
lestirilmistir ( Sekil 2 ). Sistem, 33° egimli bir platform tize-
rine sabitlenmis ve 50 mm kalinliginda ve 0.035 W/mK 1s1
iletkenlik degerine sahip, tag ylinii esasli yalitim malzemesi
ile yalitilmistir. Tablo 1°de kullanilan malzemeler ve 6zellik-

leri goriilmektedir.

Tablo 1. Deney seti temel parca ozellikleri

No |Adi Ozellikler

1 PV panel TPSM6U Monocristalline 200W, V_: 45.4
V,I_:5.77, 808x1580mm

2 Absorber plaka Aliiminyum, 0.4 mm, siyah boyal,
808x1580mm

3 Su serpantini Bakir (A: 394 W/ mK) kolektor capi:
32mm, boru ¢ap1: 10mm

4 Boyler Is1 degistirici serpantinli, 100 1t

5 Pompa Frekans konvertorlii
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L PVPANIL

1. ABSORBER
PLAKA

Sekil 1. Absorber montaji ~ Sekil 2. Deney seti montaj semast

Absorber tnite, sekil 3’de goriildigi gibi su 1sitma devresi
ile irtibatlandirilmistir. Su 1sitma devresi, boyler, pompa, va-
nalar ve boru hattindan olusmaktadir. Ayrica bir genlesme
deposu, boyler serpantin seviyesini asacak sekilde yerlesti-
rilmistir ( Sekil 3 ).Tablo 1°de de belirtildigi gibi serpantin
malzemesi olarak 1s1l iletkenligi 394 W/mK olan bakir boru-
lar kullanilmigtir. Dagitict borular 10 mm , alt ve tst kolek-
torler ise 32 mm ¢apinda segilmistir. Absorber plaka ise; si-
yah boyal1 aliiminyumdan imal edilmistir.

Genlesme deposu BOYLER
Kolektér
- -—
I Kullanm Sebeke
[ Yeltm Malzemesi
l POMPA

Platform

Sekil 3. Su 1sitma devresi semasi

Ist degistirici akigskan olarak, donma riskine karsi, 1/3 ora-
ninda etilen glikol ( antifiriz ) igeren su — antifiriz karigimi
kullanilmistir. Bu orandaki karisimin 6zgil 1s1s1 ve yogun-
lugu, Duffie ve Beckman [10] tarafindan yapilan ¢alisma
baz alinarak, 20 — 40 °C i¢in yaklagik; Cp: 3700 j/ kg'C=
0.885 kcal/ kg°C, p= 1050 kg/m? olarak alinmistir.

Tablo 2°de veri alma cihazlarmin 6zellikleri ve Sekil 4’de
bilgi algilama sistemi ve sensor yerlesimi goriilmektedir.
Veri alma sisteminde; veri alma cihazlarindan alinan veriler,

282

analog 4-20 mA, Pt 100, mV okuma kabiliyetine sahip en-
distriyel modiillere aktarilmaktadir. Modiiller bu verileri,
okunarak bilgisayar diline ¢evrilmesi i¢in, RS-485 Modbus
RTU protokoliine ¢evirmektedir. Bilgisayara aktarilan veri-
ler ise bir program vasitasiyla raporlanip degerlendirilmek-
tedir.

Tablo 2. Veri alma cihaz 6zellikleri

No |Adi Yerlestirilme sekli Ozellikler

1 Sicaklik Su serpantini giris, ¢tkisina Pt 100
sensoril ve absorber plakanin merkez

noktasina yerlestirildi.

3 | Piranometre | PV agisiyla ayni olacak se- EKO MS -410
kilde 33° egimli olarak yer- Hassasiyet 11.78
lestirildi. pV/Wm2,0-2000

W/m?

4 Di1s hava Giines 15inlarina dogrudan Sicaklik ve nem
nem ve si- | maruz kalmayacak sekilde, i¢in iki farkli ana-
caklik sen- | yerden 1 m yukariya yerles- | log ¢ikisa sahip.
soril tirildi.

5 Riizgar hiz | PV panelin st kenari seviye- | Encoder pulse’ leri
sensoril sine yerlestirildi. 4-20 mA akima

cevrilmektedir.
Rizgarhizi Piranometre  Sicaklik semsori
g (PVTmodill -
i L.m a:llda o (::t;:i;:?llhnm PVTMODIL
verlestirildi )
'IA\ ‘ Hava
',| sieakhgr
‘ ‘ sensari
‘ ‘ ‘ Bilgi
Izl
| | i
| | [ —
LT (]
L b |?

Sekil 4. Bilgi algilama sistemi ve sensor yerlesimi [11,12]

III. BULGULAR

Calismalar, 37°N enlemi ile 32°E meridyenindeki Konya
ili’nde, Subat ve Mart aylar1 igerisinde farkli meteorolojik
parametrelere sahip giinlerde yiiriitiilmiistiir. Ol¢iimler, so-
gutmadan dnce absorber sicakliginin oldukea yiiksek oldu-
gunu ve sogutma islemiyle sicakliginin optimum degerlere
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distiriilebildigini gostermektedir ( Sekil 5 ). Tablo 3’den an-
lasilacagi tlizere, ele alinan her ii¢ giiniin, termal doniisiim
orani ortalamasi yaklasik % 50 seviyesinde olmustur. Ile-
tim borular1 yalitimsiz oldugu icin iletim hattindan havaya
1s1 transferi oldukga yiiksek seviyededir. Bu borularin yali-
tilmasi ile birlikte boyler toplam 1s1 kazanci artacak, iletim
hattindan havaya olan 1s1 transferi azalacaktir.

80

~
=]

@
=]

w
=]

s
=}

Absorber phika sicakhg {"C)
w
=]

5]
=}

=24 Subat 2018 11:00-13:53 27 Mart 2018 13:08- 16:05

===11Mart 2018 10:45- 13:4] =31 Mart 2018 12:30-15:30- Sojutmasiz —

-
=1

=]

Giiniin saatleri

Sekil 5. Sogutmasiz gilin ve sogutma yapilan giinlerdeki absorber
plaka sicakliklarinin karsilastirilmasi.

Boyler toplam 1s1 kazanci: Qb0y= m Cp (T,-T,) (2)
Boyler 1s1 kazanci Ay = ((Qboy /toplam saat)/860)1000 ( 3)
Ortalama boru hatt1 sicakhigi: T, = ( T,+ T.) /2 (4)

Boru hattindan havaya 1s1 kayb1 q,, =2aL A (T T, )/ In(
r,/r) (5)
( Boru hatt1 6zellikleri: L= 20m, ¥32x5,4 mm PP-R 80 PP3
boru A= 0.24 W/mK , boru hatt1 yalitilmamustir.)

(6)
(7)

Absorberden gekilen 1s1: q, = Aoy T Dy

Termal dontisiim orant: n, = q/ (Ix Ap)

Tablo 3. Farkli giinlere ait termal degerlerin karsilastiriimasi

Parametre 24 Subat 2018 | 11 Mart 2018 %1“84”‘
11:30 - 14:30 | 11:00-14:00 13:40-18:40

Ortalama absorber

plaka

Sicaklig (°C) 2997 33.03 31.19

Ortalama sogutma

suyu giris

Sicakligi (°C) 22.60 22.58 24.79

Ortalama sogutma

suyu ¢ikig

sicakligr (°C) 23.51 24.33 28.98
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Ovrtala:ma hava sicak- 16.03 17.13 137
lig1 (°C)
Ortalama 1ginim de-
geri (W/m?) 1142.03 1152.09 581.93
Ortalama riizgar hiz1
(mis) 2.66 1.41 3.21
B:)yler ilk sicaklig 11.80 18.80 17.60
(C)
Bf)yler son sicakligt 19.80 2410 23.90
(©)
Boyler toplam 1s1 ka- 708 530 630
zanci ( keal)
Boyler 1s1 kazanci

274.42 205.43 146.51
(W)
Boru hattindan ha-
vaya 1s1 kaybi 51432 463.43 230.98
(W)
Absorberden gekilen | 76 74 668.86 37749
151 (W)
Termal doniistim | 5 ¢ 45.71 51.07
orant (%)

Sekil 6 da; 24 Subat 2018 , Sekil 7 de; 11 Mart 2018 ve Sekil
8 de; 27 Mart 2018 giiniine ait absorber plaka termal kazan-
cm etkileyen, termal ve meteorolojik parametrelerin degi-
simleri goriilmektedir. Bu sekillerde sagda yer alan birincil
diisey eksende W/m?cinsinden giines 1sinimu, solda yer alan
ikincil diisey eksende ise, °C cinsinden sicaklik skalasi yer
almaktadir. Yatay eksen ise, giin i¢inde deneysel verilerin
alindig saatleri gostermektedir. 24 Subat ve 11 Mart gilinleri
ele alian saatler, giines 1siniminin en yiiksek oldugu 6glen
saatleri iken, 27 Mart giinii 6gleden sonray1 da tam kapsaya-
cak sekilde segilmistir. 27 Mart giinii, ortalama riizgar hizi
ve ortalama hava sicakligi diger giinlerden fazladir. Her ti¢
durumda da, absorber plakanin 1s1 kazaniminin ortalama 1s1-
nim degerine orant, 50 % seviyelerine yakin olarak gergek-
lesmistir. 11 Mart ve 27 Mart giinleri giin boyunca, bulutlu-
luk nedeniyle giines 1siniminda dalgalanmalar olugmustur(
Sekil 7 ve 8 ). 24 Subat giinii ise 13:30 dan sonra kismen 151-
nim dalgalanmalart olusmustur ( Sekil 6 ). Her {i¢ durumda
da meteorolojik parametreler degiskenlikler goéstermekle
birlikte, absorber plaka sicakliklariin 30-35°C civarinda ol-
dugu gortilmektedir ( Sekil 6-8 ). 50 mm yalitim uygulanmis
olmasi, absorber sicakligini daha kararli hale getirmistir. Ke-
sin say1sal sonug elde etmekten ziyade, montaj ve uygulama
teknigi acisindan, bu alanda yapilacak ¢aligmalara 11k tut-
mak amaglandigindan, belirsizlik analizi yapilmasina gerek

duyulmamustir.
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Termal Kapasitenin Belirlenmesi

24 Subat 2018

5

Ismum ( W/ m~)

W

A e A A Ny f NP NS NN
13:30 14:30

v

: 30 12:30 13:00

Giiniin saatleri
—Tgiris("C} e H a1

—Trikig [T} & sicakliE [ C)

Wi mt)

gar hiai| ms) de sicakhg [ °C)

Sekil 6. 24 Subat 2018 11:30 — 14:30 arasinda elde edilen degerler.

11Mart 2018

Tsmm (W/m")

Giiniin saatleri

——Tiris(C) ——Tgis('C] ——Hava sicakiigi [ C) Rizgar hia(mfs) ——Govde sicaklg (C) ——Igmm [W/ m*]

Sekil 7. 11 Mart 2018 11:00 — 14:00 arasinda elde edilen degerler.

27 Mart 2018

1200

1000

200

600

Ismmm ( W/ m~)

200

200

owBHEHEUE FERBRANBES

—
o wa 1
Giiniin saatleri
——— Tgiris '€ ) ——Takis['€) —— Hava

sicakl g ('C) Rizgar hizif m/'s) ——— Govde sicakhs | °C ) ——— Isinim [ W/ m*]

Sekil 8. 27 Mart 2018 13:40 — 18:40 arasinda elde edilen degerler.
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IV. SONUCLAR

Yapilan ¢alisma, PV panelin arkasina serbest olarak yerles-
tirilen siyah boyali plakanin olduk¢a yiiksek sicakliklara
ulastigini ve PV/T sistemlerde kolaylikla kullanilabilecegini
gostermektedir. Uygulanan hesap metoduna gore, absorber
plaka 1s1 kazanimi, incelenen her {i¢ giliniin ortalamasi ali-
nirsa 50% olarak gergeklesmistir. Sogutma iglemi ile, sicak-
lik optimum PV c¢alisma sicakligi seviyelerine disiirtilebilir
ve kazanilan termal enerji su 1sitma sistemlerinde kullani-
labilir. Bu ¢aligmada, sadece termal kazanim incelenmekle
birlikte, bu sekilde yapilacak bir uygulama ile, ayni alan-
dan hem elektriksel hem de termal enerji kazanilacagindan,
toplam verim oldukga ytiksek olacaktir. Sicak su iletim hat-
larina, boyler 1s1 transfer oraninin yetersiz kalabilecegi dii-
stiniilerek ilk etapta yalitim yapilmamistir. Yalitim yapilmis
olsaydi, boylerden kullanim suyuna 1s1 transferi artacagin-
dan boyler suyu, kullanim i¢in optimum degerlere ¢ikarila-
bilecekti. Sonuglar, bu sekilde bir uygulama ile oldukga iyi
termal kazanim elde edilebilecegini gostermektedir.

TERMINOLOJI
T Ortalama absorber plaka sicakligi (°C)
T, Ortalama sogutma suyu giris sicakligi (°C)
Tg Ortalama sogutma suyu ¢ikis sicakligt (°C)
T : Ortalama boru hatti sicakligi ("C)
T, Ortalama hava sicaklig1 (°C)
I Ortalama 1s1nim degeri (W/m?)
V., Ortalama riizgar hiz1 ( m/s)
T, Boyler ilk sicakligi (°C)
T Boyler son sicakligi (“C)
Qboy Boyler toplam 1s1 kazanci (kcal)
q,,, Boyler 1s1 kazanci (W)
q,., Boru hattindan havaya 1s1 kayb1 (W)
q, Absorberden ¢ekilen 1s1 (W)
Ap Absorber alani ( PV panel alan1 ) ( m?)
n,, Termal doniisiim oran1 (%)
C, Sabit basingta 6zgiil 1s1 (kcal/ kg °C)
p Yogunluk (kg/m?)
m Boyler kiitlesi (kg)
A Ist iletkenlik katsayis1 (W/mK)
r,Boru dis yarigap1 (m)
r, Boru i¢ yarigap1 (m)
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Thermoeconomic Performance Analysis of Steam Boilers of a Power
Plant Operating with Various Fuels

Cesitli Yakitlarla Cahisan Bir Santralin Buhar Kazanlarinin Termoekonomik
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Abstract

Energy consumption is one of the most concerned topics of the industry, and the cost of energy represents a large proportion of operating
expenditure for energy-intensive sectors. In the analysis and design of industrial processes, mainly thermodynamics is often used with eco-
nomic principles to obtain the optimum design for energy-efficient systems. The performance of the system can be analyzed via applying
the conservation principles of energy that is defined by the first law of thermodynamics. However, only regarding the conservation of en-
ergy is not sufficient to determine the real performance of the system. At this point, an exergy analysis is done to predict the useful part of
the energy, also to provide the magnitudes and places of the irreversibilities and losses within the system. Moreover, the thermoeconomic
analysis is done for providing useful information to design and operate a cost-effective system. In this study, thermoeconomic analysis of
the steam boilers in a power plant was performed. The simulations of the steam boilers were done by using the Aspen HYSY'S simulation
software. The mass, energy and cost balance equations were obtained for the boilers to determine the effect of various fuels on the pro-
cess economics.

Keywords: Energy, Exergy, Thermoeconomic Analysis, Steam Boiler, Simulation.

Oz

Enerji tiiketimi, endiistrinin en dnemli konularindan biridir ve enerji maliyeti, enerji yogun sektorler i¢in isletme giderlerinin biiyiik bir bo-
limiinii olusturur. Endiistriyel proseslerin analizinde ve tasariminda, enerji verimli bir sistem i¢in en uygun tasarimi elde etmek iizere temel
olarak termodinamik ve ekonomik prensipler birlikte kullanilir. Sistemin performansi, termodinamigin birinci yasasi tarafindan tanimlanan
enerji korunumu prensipleri uygulanarak analiz edilebilir. Ancak, sadece enerji korunumu prensibi sistemin gercek performansini belirle-
mek icin yeterli degildir. Bu noktada, enerjinin yararli kisminin belirlenmesi igin ekserji analizi yapilir, ayrica sistem igindeki tersinmez-
liklerin ve kayiplarin biiytikliiklerini ve yerleri de belirlenir. Buna ilaveten, maliyet-etkin bir sistem tasarlamak ve isletmek tizere faydali
bilgi saglamak i¢in termoekonomik analiz yapilir. Bu ¢aligmada, bir santralin buhar kazanlarinin termoekonomik analizi ger¢eklestirilmis-
tir. Buhar kazanlarinin simiilasyonlari Aspen HYSY'S simiilasyon yazilimi kullanilarak yapilmistir. Kazanlar i¢in kiitle, enerji ve maliyet

dengesi denklemleri gesitli yakitlarin proses ekonomisi tizerindeki etkisini belirlemek tizere elde edilmistir.

Anahtar Kelimeler: Enerji, Ekserji, Termoekonomik Analiz, Buhar Kazani, Simiilasyon.

1. INTRODUCTION

The basis of conservation of energy called as the first law of thermodynamics, defines that energy cannot be created or elimi-
nated in a system; it can only transform its form [1]. Moreover, the second law of thermodynamics introduces the difference
in quality between various forms of energy, and also states that all irreversible processes progress to maximize entropy; that
is, to become more randomized and to transform energy into a less useful form [2].
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Unlike energy, exergy or the available part of energy is not
conserved in actual processes. Exergy is explained as the
maximum amount of work that can be obtained by a sys-
tem or a flow of matter or energy as it approaches into ba-
lance with a reference environment, and it is always expen-
ded or eliminated throughout a real process in proportion to
the entropy generation because of the irreversibilities related
with that process [3]. Exergy analysis is a practical method
for system performance assessment and improvement since
it enables accurate magnitudes of the losses to be identified.

In literature, many studies related to energy conversion and
storage systems were reported by researchers for various app-
lications. Sari and Kaygusuz [4] studied energy and exergy
evaluations of energy storage systems. Ozturk performed an
exergy analysis of biological energy conversion [5]. Mert et
al. investigated a chemical heat pump system to progress the
low level thermal energy to upper levels [6]. Tsatsaronis and
Cziesla summarized the definitions and fundamentals of ther-
moeconomics [7]. A brief summary of exergy based econo-
mic-analysis approaches for analyzing thermal processes
were done by Dincer and Rosen [8]. A systematic methodo-
logy for describing and calculating exergetic efficiencies and
exergy related costs in thermal processes is offered by Laz-
zaretto and Tsatsaronis [9]. Atmaca carried out exergy analy-
sis of a cogeneration system including steam and gas turbines
[10]. Giimiis and Atmaca investigated the exergy analyses of
a compression ignition engine using diesel and compressed
natural gas as fuels [11]. Thermoeconomic evaluation of a ge-
othermal power plant was studied by Yildirim and Ozgener
[12]. Kwak et al. have done the exergoeconomic analysis for
a 500 MW combined cycle plant [13]. Sahoo performed the
exergoeconomic analysis and optimization of a cogeneration
system using evolutionary programming [14]. EI-Emam and
Dincer performed the thermodynamic and economic analy-
ses of a geothermal regenerative organic Rankine cycle based
energy and exergy concepts [15]. Pellegrini et al. have done
a comparative thermoeconomic study of supercritical steam
cycles and biomass integrated gasification combined cycles
for sugarcane mills [16]. The exergetic and economic evalu-
ations of an iron and steel factory were done by Mert et al.
[17]. A detailed thermoeconomic cost analyzes of a 600 MW
oxy-combustion coal-fired power plant were studied by Xi-
ong et al [18]. Exergoeconomic comparison of absorption ref-
rigeration systems have done by Farshi et al. [19]. Gungor et
al. performed exergoeconomic analysis of a gas engine driven
heat pump drier and food drying process [20]. Ozgeners pre-
sented exergy efficiencies and exergoeconomic parameters of
geothermal district heating systems [21]. The optimization of
integrated heat, mass and pressure exchange network using
exergoeconomic method was studied by Dong et al. [22].
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In this work, thermoeconomic analysis of steam boilers with
steam production capacities of 80 ton/h and 100 ton/h in a power
plant in Turkey was studied. The mass, energy, exergy and cost
balance equations were obtained for steam boilers, and their si-
mulation was done by using the Aspen HYSYS Simulation
Software to investigate the effect of fuel types on the process
economics. Thus, the examinations of the steam boilers, which
have relatively large capacity, were carried out by using exergy
and thermoeconomics methods in order to determine the place of
thermodynamic irreversibilities and the feasible improvements.

II. EXERGY ANALYSIS

Exergy analysis is a functional tool for constructing, assessing
and improving energy conversion systems. Exergy of a sys-
tem in a given state can be described as the maximum work
that can be obtained through interaction of the system with the
reference environment as it reaches chemical, mechanical and
thermal equilibrium [23]. Here, the reference environment is
considered to be so large, that its parameters are not influen-
ced by interaction with the system under consideration [24].

The total exergy of a system has been composed of four
components when the other energy effects were neglected [7,8]:

= _ Sph
)]

kn
denotes the physical, chemical,

potential and kinetic exergy components, respectively. Kinetic and
potential exergies are neglected in the exergy analysis of this study.
The reason for this is the variations of velocity and elevations are
insignificant and do not result in a substantial change in exergy [25].
Physical exergy of a system or a stream is the available part
of the energy of that system when the system delivered to ini-

tial to environmental states via taking only a physical process.

ot -
Pt and &

~ph _ -
EX =m\h—hy)-Ty(s—s
()i —5) )
The chemical exergy of a stream can be explained as the
maximum work that can be achieved by taking the stream to

compositional equilibrium with the environment:

=ch _ —ch

= :m(Zyiec +R7})Zy,-lnyi) o)
The place, amount and cause of the thermodynamic inef-
ficiencies in a thermal system could be determined by an
exergy analysis [7]. The general exergy balance equation
can be written for the k™ component of a system, as follows:
Erk=Epk 5L+ EDs &)
Here the F, P, L, and D denote the fuel, product, loss and dest-
ruction, respectively. The exergy of fuel is the exergy entering
the system, and the exergy of product is the exergy of exiting
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stream or work. Exergy loss is the thermodynamic loss due
to the exergy transfer to the surroundings. Exergy destruction
is the loss caused by the irreversibilities within the system li-
mits, and when the limits are assumed as the reference tempe-
rature T , the exergy loss is zero, and the thermodynamic inef-
ficiencies composed of solely of exergy destruction.

Exergy loss and exergy destruction can be written as fol-
lows, respectively:

G =4z, /-
A =Tkl (©)

gen k
The exergetic efficiency (€) of a system can be formulated as:

ek=@k/x{;,k=1[|()@k/@k)

III. THERMOECONOMIC ANALYSIS

)

(M

Thermoeconomic analysis relates thermodynamic assessments
relies on an exergy analysis with economic principles, in or-
der to allow the designer or operator of a system that is benefi-
cial to the design and operate of a cost-effective system, but not
acquirable by classical economic and exergy analysis. Thermo-
economics stands to the concept that exergy is the exclusively
acceptable base for determining pecuniary costs to the interac-
tions that a system experiences with its surroundings and to the
causes of thermodynamic inefficiencies within it [7, 26, 27].

The cost balance for a system operating at the steady state
can be written as;

d;],tot = i;]"' dJ

F tot

®)

@,tat d ; Jfot

is the total cost rate of the fuels and Q is the sum of the cost

Here, signifies the total cost rate of the products,

7 CI
rates related with the capital investment (Z101) and operating &
maintenance costs (Z27) [7, 26]:

CI , »OM
tot + Ztot

Z, =27 )
In exergy costing, a cost is correlated with each exergy
stream. So, Equations (10-11) are written for the entering (i)
and exiting (o) streams of matter with corresponding exergy
transfer rates. Equations (12-13) are written for the exergy

transfer rate associated with heat and power [7, 26]:
@: ¢ )dzj= ¢l @i)
& e )= ¢, (1he,)

(10)

(1)
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@ cquq]:CqQ”]TO/T)

(12)
Oz ez JE .
c;, ¢, ¢ Cq . .
Here, "*, "2, ™ and indicates the average costs per unit of

B & &

exergy transfer rate ($/GJ) so the units of ¥,
are dollars per hour ($/h).

Exergy costing includes cost balances commonly defined
for each component individually. The cost equation for a
component that gets heat and generates power is [7, 26];

&+ & -0 &)+ &+ 2
o i (14)

Equation (14) defines that the total cost of exiting exergy
streams equals the total outgoings to achieve them. By appl-
ying above cost equations (Equations (10-14)), the Equation
(15) can be written [7, 26];

Déo@k’féw@kﬂ:léi)@k +éq)d;]k+@
> 7 (15)

IV. STEAM BOILERS

In this work, the energy, exergy and thermoeconomic analy-
ses of two individual steam boilers (SB-1 and SB-2), with
steam production capacities of 80 ton/h and 100 ton/h were
done. The simulation screen view of the steam boiler-1 is
presented in Figure 1 while steam boiler-2 has identical view
with its own stream numbers.

Boiler System Boundary

=
[ Giymass
. 103

) T
1 C

¥
MX-100 l

£-100 E101 %

15l

1 3] 3

Figure 1. Steam boiler SB-1 and SB-2

The considered steam boilers were individually composed of an
air preheater, an economizer, an evaporator, a superheater and a
combustion chamber, and have the ability of combusting diffe-
rent types of liquid and gaseous fuels. Here, SB-1 was firing blast
furnace gas (BFG), coke gas (CG), steelworks off-gas (SOG)
and coal tar (CT) while SB-2 was firing blast furnace gas (BFG),
coke gas (CQ), steelworks off-gas (SOG) and natural gas (NG).
The stream properties of steam boilers were given in Table 1 and
the compositions of air and fuels were given in Figure 2.
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Table 1. Flow stream properties of the boilers

Composition of air (%)

Composition of blast furnace gas (%)

Steam Boiler-1 (SB-1) Steam Boiler-2 (SB-2) N2 Moz Heor MrzoE e Nz mro meoz

Stream P T Stream P T ‘ "
(kg/s) (bar) (K) (kg/s) (bar)  (K)

la(BFG) 0.3 1 298 | 6a(BFG) 11.5 1 298

1b (CG) 0.1 1 298 | 6b(CG) 0.5 1 298

1c(SOG) 84 1 298 [6c(SOG) 8.0 1 298

1Id(CT) 08 8 353 |6d(NG) 0.1 16 353

2(Ain 281 1 298 |7(Ain 4301 1 298 R e e

3(CMB) 378 1 419 |8(CMB) 624 1 424 23% ;z,;%fmrm

4(WT) 161 55 383 [9(WT) 236 55 383

5(ST) 161 45 7162 |10(ST) 23.6 45 716.2 ‘ \‘

V. RESULTS AND DISCUSSION

—

2.0%

6.0%

0.3%
5.5%

The thermoeconomic analysis of the steam boilers has been
carried out with the following assumptions:

Composition of steelworks off-gas (%)

mH2 WN2 ®O2 WCO ®CO2 ®CH4 = C2H4

Composition of coal tar (%)

EC EH EN O ES EHZO

*The boilers were operated at the steady-state during s 0% 09% a5

3.0%
3.0%
05% \ L

the analysis.

*Kinetic and potential energy effects were insignificant.

*Combustion reaction was occurred completely.

*Fuel/air ratio was kept constant.

*The reference state that used in calculations was 298.15
K and 1.013 bar.
The equations required for thermoeconomic analysis of
steam boilers were given in Table 2.

Figure 2. The compositions of air and fuels

Table 2. The mass, energy and exergy balances, exergy destruction, exergy efficiency, energy efficiency, improvement potential and cost
equations for the boilers

Steam Boiler-2

r@a"’@b"’@c"’@d"'@:@’ mgy =My

Steam Boiler-1

ED :E6a +E6b +EGC +56d +E7 +59 _ES _EIO
e=(Ej9 —E9)/(Epa +Egb +Esc +Egq +E7)
N=Es/(Ej; +Ejp +Ejc +Ejg +E; +Ey) n=E;/(Eg +Egy+Es. +Egq +E; +Eg)

Lyt =Ep(1-8)+E3 Lot =Zp (1-8) +Eyg

Cost balance ] ) ]
Ciy +Cip +Ci +Cg +C, +Cy

Cost balance
C6a +C6b +C6c +C6d +C7 +C9

+Zgp 1 =C3+C;5 +Zsp 2 =Cg+Cyo

Cla-Bia +C1p-Eqp +C1e e +C1g.2 = = = =
la-=—1la 1b-—1b le=1c 1d=1d Coaq-=6q T Cob-=6b T Coc-=6c T Cod =6d

+Cy. By +Cy.Ey +Zgp | =C3.E5 +Cs5.2 = ST S =
2=2 4-—4 SB-1 3-=3 5=5 +C7.87 €929 +ZSB—2 =cCg.=2g +C10-210
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Thermoeconomic Analysis

According to the data obtained from the power plant, the unit
exergetic cost of BFG, CG, SOG, CT and NG were taken as 4.05
$/GJ, 3.08 $/GJ, 4.42 $/GJ, 4.25 $/GJ, 8.49 $/GI, respectively.
On the other hand, the sum of the cost rates related with equ-
ipment were taken as 222.08 $/h and 256 $/h for SB-1 and SB-
2. Furthermore, since there is no additional cost to intake the air
required for combustion in steam boilers, the costs of air sucked
from the environment were taken as zero. Likewise, there is no
additional cost to exhaust the formed combustion gases.

The calculated values for the exergy of fuels (MW), exergy of
products (MW), exergy destruction (MW), energy and exergy
efficiencies (%) and improvement potential (MW) of the steam
boilers were given in Figure 3. The results of thermoeconomic
analysis were presented in Figure 4 for SB-1 and SB-2.

ESB-1 ®SB-2

120

100

o

Boiler Capacity Excray of Fuel

Exergy of
Product
(MW}

Excray Excray
Destruction  Efficiency
(Mw) (%)

Improvement  Encrey
Potential Efficiency
(Mw) (%)

{ton/h) (MW)

Figure 3. Results of the exergy analysis

According to the Figure 3, the exergy destruction rates
were almost the same for the boilers. While the impro-
vement potential of SB-1 was slightly higher than the
improvement potential of SB-2 based on the losses and
the exergetic efficiencies of the boilers. It was obvious
from the Figure 3 that steam boiler-2 operates more ef-
ficiently based on its higher steam generation capacity.
Figure 4 shows the cost distribution of generated steam
from the boilers. It was understood from the figure that

0, mN, ®CO mCO, mH, uCHy uGH, uCH,

Composition %

Gas Mixture Blast Furnace Gas

Base Case

the exergetic cost of steam produced from SB-2 was hig-
her than that of SB-1 based on the different feed compo-
sitions of the fuels. Since the analyzed boilers were a part
of power cycle, which was operating in a closed cycle, the
addition or consumption of water in the boilers and their
costs were negligible as mentioned in the assumptions.

Cost distrubution of generated steam from 58-1 Cost distrubution of generated steam from SB-2

v WI NG .
0% _ 1% s &% ows
% 0%

Air
0%

65 (BFG)
m6b (CG)
=6c(s0G)

= 1a (8FG)
=1b (cG)
= 1c(S0G)
=14 (cT)

=5d (NG)
=7 (A
=8 (CMB)
=9 (WT)

=2 (Air)
=3 (Cm8)
ma(wT)

Total Exergetic Cost: 1668.95 $/h Total Exergetic Cost: 1802.68 $/h

Figure 4. Results obtained from the thermoeconomic analysis

In the second part of this work, determination of the impact
of fuel types on the process economics were carried out by
using software called Aspen HYSYS [28]. The steam bo-
iler-2 (SB-2) was chosen to investigate the effect of vari-
ous fuels. Once the real operating condition of SB-2 was si-
mulated as Base Case, which was firing mixture of BFG,
CG, SOG and NG, then the effect of individual types of fuel
namely, BFG, CG, SOG and NG were simulated respecti-
vely among Casel to Case 4. Assumptions were made as ste-
ady-state operation, the constant fuel/air ratio, the constant
O, moles % at flue gas, and complete combustion.

According to the simulation results, comparison of the per-
centages of fuel composition of the cases, comparison of
fuel / CO, mass flow rate and comparison of the unit exer-
getic cost / CO, mass flow rates of the cases were obtained
as in Figure 5, Figure 6 and Figure 7, respectively. The si-
mulations demonstrated that the lowest fuel flows observed
in case 2 and case 4 due the fuels higher energy content.
As a result, CO, flow rates in these case considerably low

CHg W C3Hyg

Lkl

Natural Gas
Case-4

Coke Gas Steelworks oﬁ Gas

Case-2

Figure 5. Comparison of the percentages of fuel composition of the cases
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Figure 7. Comparison of the unit exergetic cost and CO, mass flow rate

compared to the other cases. While the unit exergetic cost of
natural gas was the highest (Figure 7).

The mole compositions of combustion gases (%), depending
on the fixed oxygen content (%) in the flue gas during boi-
ler operation were given in Table 4. Accordingly, CO, mass
flow rate in the combustions gas was highest in Case 3 based
on the higher CO and CO, content of SOG. The mass flow
rates of the fuels and the amount of CO,, which were obtai-
ned by using Aspen HYSYS simulation, were compared in
Table 5. Based on the simulations and calculations, the re-
sults of exergy and exergoeconomic analyses were shown in
Table 6 and Table 7, respectively.

Table 6 illustrates the results obtained from the boiler exergy
analysis based on the constant amount of steam production
scenarios during operation. It was understood from the table
that the highest exergy destruction was occurred in Case 2
while the lowest energy and exergy efficiencies realized in
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this case. Conversely, the most efficient scenario was Case
3 while it has the lowest exergy destruction rates. Moreover,
the exergetic costs of the generated steam in Case 2 was the
lowest (1613.70 $/h) and Case 4 was the highest (3662.45
$/h) due to the unit exergetic costs of the fuels. The mass
flow rates, the exergy amounts and the cost of each stream
in the cases were summarized in Table 7. The results were
demonstrated that the cost of generated steam which were
higher than the Base Case (1802.68 $/h) except the Case
2, were following the order of Case 4 > Case 3 > Case 1 >
Case 2.

Table 4. Mole compositions of combustion gases (%), depending on

the fixed oxygen content (%) in the flue gas during boiler operation

Composition (%) O, N, Cco HO
Base Case 5.000  69.965 19.590 5.445
Case 1 (BFG) 5.000 71.560  20.400 3.041
Case 2 (CG) 5.000 70.694  5.796 18.510
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Case 3 (SOG) 5.000 68.694  24.960 2.146 9GS 1(WT) 23.6 13.04 0.000 0.00
Case 4 (NG) 5.000 72285  7.305 15.410 10C5-1(ST) 23.6 41.09 12.650 1871.24
CASE 2
Table 5. Simulation results: Fuel type, fuel and CO, mass flow 62?2-2 (¢G) 238 12249 3.079 1357.73
- 7452 (Air) 47.1 0.12 0.000 0.00
8C52 (CMB) 49.9 5.13 0.000 0.00
SB-2 Base Qase Casel  Case2  Case3  Cased 9052 (WT) 36 13.04 0,000 0.00
Fuel Type CasMix. BFG CG_ S0G NG 10552 (ST) 236 41.09 10909 1613.70
Fuel Flow (kg/s)  20.0 35.0 2.8 17.4 2.4 CASE3
€O, Flow (kels) _17.6 BT a6 DB 62 6c%3(S0G) 174 10480 4419 166720
7683 (Air) 389 0.10 0.000 0.00
Table 6. The results obtained from the boiler exergy analysis 8CS3 (CMB) 56.3 8.15 0.000 0.00
based on the constant amount of steam production scenarios 9083 (WT) 23.6 13.04 0.000 0.00
during operation 1053 (ST) 23.6 41.09 13.001 1923.16
CASE 4
- @ @ @ e L. 7 6dCS4 NG) 24 111.44 8.491 3406.45
MW)  (MW) (MW) (%) MW) (%) 72: (Air) 51.2 0.13 0.000 0.00
BASE CASE 105.16  28.00 69.56 26.62  58.57 70.76 205-4 ((S\_;I)B) ;;2 ?31 34 gggg ggg
CASE | 111.05 28.00 71.75 2521 64.88 6547 1055 (ST) 23'6 41'09 2;1 759 3662 1
CASE 2 122.61 28.00 89.44 22.84 7411 63.70 - . - -
CASE 3 10490 28.00 68.71 26.69 5848 70.78
CASE 4 111.56  28.04 78.33 2510 63.83 64.61 Exergy flows and improvement potential of the cases were

Table 7. Results obtained from exergoeconomic analysis

g L ¢ &

Stream
(kgls)  (MW) (/G (sm)
CASE 1
6a%51 (BFG) 35.0 110.93 4.045 1615.36
7651 (Air) 473 0.12 0.000 0.00
8CS-1 (CMB) 82.3 11.25 0.000 0.00

CASE 4

CASE 3

CASE 2

CASE 1

BASE CASE

o

25 50

demonstrated in Figure 8. Thus, the magnitudes of exergy
flows of the cases were compared. Based on the constant
amount of steam production scenarios, it can be said that
the highest amount of exergy was supplied in Case 2 and
this resulted a highest exergetic destruction rate. Further-
more, the performance analyses of the cases were shown
in Figure 9. It was found that the exergetic efficiencies sli-
ghtly differ in the cases however, these differences are gre-
ater in energy efficiencies.

W Exergy
Loss

W Improveme
nt Potential

M Exergy
Destruction

M Exergy of
Fuel

M Exergy of

Product
75 100 125

Exergy (MW)

Figure 8. Exergy flows and improvement potential of the cases
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Figure 9. The demonstration of energy and exergy efficiencies

VI. CONCLUSIONS

The steam boilers of a power plant were analyzed, and the fol-
lowing results were achieved. Due to the exergy analysis, the
energy efficiencies were found to be 56.79% and 70.76%, and
exergetic efficiencies were found to be 20.47% and 26.62%
for SB-1 and SB-2, respectively. Furthermore, the amounts of
exergy destructions were 69.40 MW and 69.56 MW, the im-
provement potentials were 60.16 MW and 58.57 MW, and the
exergy destruction rates were 74.22% and 66.15% for SB-1
and SB-2 respectively. Due to the thermoeconomic evalua-
tion, it was found that the costs of fuel of SB-1 and SB-2 were
1446.90 $/h and 1546.62 $/h. The costs of steam generated by
SB-1 and SB-2 were 1668.95 $/h and 1802.68 $/h or as 28.76
$/ton and 21.21 $/ton, respectively.

On the other hand, in order to investigate the effect of the type
of fuel further simulations were done for SB-2 by using As-
pen HYSY'S simulation software. According to the simulation
case studies, the following results were obtained. The energy
efficiencies were found to be 65.47%, 63.70%, 70.78% and
64.61%, and exergetic efficiencies were found to be 25.25%,
22.87%, 26.73% and 25.14%, for the fuel BFG, CG, SOG and
NG, respectively. Based on the thermoeconomic assessment,
the costs of fuels were calculated (Table 7). It was found that
CG has the lowest and NG has the highest exergetic costs as
1357.73 $/h and 3406.45 $/h, respectively. In general, the re-
sults indicate that the cost of fuels were following the order of
CG < BFG < SOG < NG. In other words, the costs of steam
were 18.98 $/ton and 43.09 $/h while the CO, mass flow rate
was 4.6 kg/s and 6.2 kg/s for CG and NG, respectively.

Consequently, thermoeconomic analysis that identifies
place amount and causes of thermodynamic inefficiencies in
a system with an economic viewpoint is a very helpful tool
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to reduce environmental impacts, improve the energy con-
version systems and increase benefits. This study illustrates
the picture of system’s exergetic costs and can be used as gu-

iding study for the resembling systems.

NOMENCLATURE

BFG Blast Furnace Gas

c Cost per Exergy Unit, $/GJ
(E Cost Rate, $/h

CI Capital Investment

CG Coke Gas

COMB Combustion Gas

CT Coal Tar

e Specific Exergy, kl/kg

Specific Enthalpy, kl/kg

& Mass Flow, kg/s

NG Natural Gas

OM Operating And Maintenance Cost
SB Steam Boiler

SOG Steelworks Off-Gas

P Pressure, Bar

$ Specific Entropy, kl/kgK
ST Steam

T Temperature, K

WT Water

X Mole Composition, %

i Capital Investment and Operating & Maintenance

Cost
Greek Letters
Exergy Flow Rate, MW

i

Exergy Efficiency

Improvement Potential, MW
pot
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Subscripts

ch
CS
i
kn
0
ph
pt

chemical
case

in
kinetic
out
physical
potential
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Abstract

In the present study, the effects of cerium oxide (CeO,) additive on the sinterability, microstructural, mechanical and in-vitro bioactivity
properties of a commercially synthetic hydroxyapatite (HA) was investigated. HA without CeO, additive started to decompose at 1100
°C, but the decomposition temperature of the CeO, added samples decreased up to 900 °C. Decomposition rate of the sintered samples in-
creased by increasing sintering temperature. It was about 5.8% for pure HA, and increased to 11.4% when the CeO, additive to HA reached
to 2.5 wt%. SEM images showed that an excessive grain growth as well as microcracks occured on the surface of pure HA when it was
sintered at the temperatures than that of 1100 °C. The microcracks were also observed on the surface of HA-CeO, composites, when they
were sintered at 1300 °C. The composite of HA-0.5CeO, sintered at 1100 °C possess the higher fracture toughness (Kic) (2.510 = 0.225
MPam/2) and the higher compressive strength (152.73 + 6.31 MPa) compared to other HA-CeO, composites, and its mechanical proper-
ties are higher than that of pure HA at about 2-3 times. In-vitro bioactivity test results showed that apatite layers on the surface of the sam-
ples were in the different morphologies.

Keywords: Hydroxyapatite, Cerium Oxide, Sintering

Oz

Bu ¢aligmada, seryum oksit (CeO,) ilavesinin ticari safliktaki bir sentetik hidroksiapatitin (HA) sinterlenebilme, mikroyapisal, mekanik
ve in-vitro biyoaktivite dzelliklerine etkileri incelenmistir. CeO, ilavesiz HA 1100 °C sicaklikta dekompoze olmaya baglamis, CeO, ilave
edilmis numunelerde dekompoze olma sicakligi ise 900 °C’ ye kadar diismiistiir. Sinterlenmis numunelerin dekompoze olma oran1 sinter-
leme sicakligmin artmastyla artmistir. Saf HA” nin dekompoze olma oran1 yaklasik % 5.8 iken, HA’ ya yapilan CeO, katki maddesi agir-
likga% 2.5 e ulastiginda %11.4’ e ylikselmistir. SEM goriintiileri 1100 °C’ nin stiindeki sicakliklarda sinterlenen saf HA’ nin ylizeyinde
asir tane biiytimelerinin yani sira mikrogatlaklarin meydana geldigini gostermistir. Mikrogatlaklar ayrica HA-CeO, kompozitlerinin yiize-
yinde, 1300 °C sicaklikta sinterlendiklerinde gézlemlenmistir. 1100 °C” de sinterlenmis HA-0.5CeO, kompoziti, diger HA-CeO, kompozit-
lerine kiyasla daha yiiksek kirtlma toklugu (Kic) (2.510 + 0.225 MPam™!/2) ve daha yiiksek basma dayanimina (152.73 = 6.31 MPa) sahip-
tir ve mekanik 6zellikleri saf HA’ dan yaklagik 2-3 kat daha yiiksektir. In-vitro biyoaktivite testi sonuglari, numunelerin yiizeyindeki apatit
katmanlarmin farkli morfolojilerde oldugunu gostermistir.

Anahtar Kelimeler: Hidroksiapatit, Seryum oksit, Sinterleme

I. INTRODUCTION

Owing to the ageing populations worldwide, there is a strong need for developing biomaterials for tissue engineering app-
lications. Accordingly, hydroxyapatite (HA) is considered as the most common bioceramic which can be used extensively
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for repairing as well as reconstructing diseased or damaged
hard tissues as a result of its excellent chemical similarity
with the mineral phase of bone over other biomaterials [1].
However, the advantage of the HA chemical similarity with
the mineral phase of bone is outweighed by its poor mecha-
nical properties that prevent its bulk use in orthopedic imp-
lants. It has been investigated that load resistant HA biocera-
mics reinforced with other second-phase ceramic materials
with moderate tolerable compressive strengths powders (for
instance, zirconia, titania, magnesia or alumina) [2].

As an oxide ceramic, cerium oxide (CeO,), is a promising
material that has potential use in a number of applications
such as high-temperature ceramics, catalysts, capacitor de-
vices, UV blocking materials, oxygen sensor, fuel cells,
and biodiesel production [3-6]. Apart from these applicati-
ons, because of it’s excellent biological properties such as
protection of primary cells from the detrimental effects of
radiation therapy, prevention of retinal degeneration indu-
ced by intracellular peroxides and neuroprotection to spinal
cord neurons, anti-inflammatory, it can be also used as a co-
ating material and also an additive material to hydroxyapa-
tite, which has derived from bovine femur bone [7-12]. The
study about the bovine derived hdroxyapatite-cerium oxide
composites has the experimental datas on the density, hard-
ness, and compressive strength of that bioceramics, depen-
ding on the sintering temperatures as well as cerium oxide
ratio. However, the effect of cerium oxide additives were not
investigated on the phase stability, fracture toughness, grain
growth, porosity, and in-vitro bioactivity properties of com-
mercially available hydroxyapatite in Ref [12].

The aim of the present study was to investigate the effect of
cerium oxide on a commercially available hydroxyapatite. A
series of test were applied to physical and mechanical pro-
perties of sintered HA with and without cerium oxide addi-
tive. The type and amount of phases and grain size measure-
ments were carried out using X-ray diffraction patterns and
scanning electron microscope. In-vitro test were also perfor-
med to the samples having best mechanical properties.

II. EXPERIMENTAL PROCEDURE

I1.1 Sample Preparation

The raw materials used in the present study were HA (Ac-
ross Organics, Belgium) and CeO, (Sigma Aldrich, Ger-
many) powders, and CeO, powder were added to HA to ob-
tain the composites as shown in Table 1. The composite
powders were mixed by a ball milling device at 180 rpm for
2 h. The mixed powders were uniaxially pressed to prepare
the pellets according to our previous study [13]. Sintering
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process was performed at 900 °C, 1000 °C, 1100 °C, 1200
°C, and 1300 °C for 4h.

Table 1. Abbreviation and composition of the samples.

Name Abbreviation  Composition (wt/wt %)

Hydroxyapatite and HA HA (100)

cerium oxide composites HA-(0.5C HA (99.5) + CeO, (0.5)
HA-1.5C HA (98.5) + CeO, (1.5)
HA-2.5C HA (97.5) + CeO, (2.5)

11.2 Microstructural Characterization

Microstructural characterization of the samples were analy-
zed by a Philips X’Pert XRD machine using Cu-Ka as the
radiation source in the range of 26 values between 25° and
50°. The percentage of the phases detected by XRD analy-
sis was determined by Rietveld analysis. The changes in the
surface morphology of the sintered samples were determi-
ned by FEI Sirion XL30 SEM machine. The changes in the
average grain size of the sintered samples were determined
by the linear intercept method.

I1.3 The Determination of Physical and Mechanical
Properties

While the green and sintered densities of the samples were
calculated according to Equation 1, the porosity ratios were
calculated using Equation 2.

q= 1)
v
p = 100 — dr 2

Where; d is the green and/or sintered density (g/cm?), m is
the weight (g), v is the volume (cm?), p is the porosity (%),
dr is the relative density of the sintered sample.

The theoretical densities of the pelletized and sintered samp-
les were calculated according to Equation 3, and the rela-
tive density values of the samples were calculated according
to Equation 4.

g ™M @)
r T A
_l_—-
-+
d o)
d, = —x100

Where; d, is the theoretical density (g/cm?), m, is the total
weight (g), m, is the weight of HA in mixture (g), d, is the
theoretical density of HA (3.156 g/cm? [14]), m, is the we-
ight of CeO, in mixture (g), d, is the theoretical density of
CeO, (7.220 g/cm? [15]).
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The shrinkage rate of the sintered samples were calculated
using Equation 5.

L1 —-L2
L1
Where; L1 and L2 are the lengths of green bodies and sinte-

red bodies, respectively.

Q)

Shrinkage = ( ] = 100

The micro (p) — hardness of the samples was calculated
using Equation 6 by Shimadzu HMV2 microindentor at
load of 200 g for 20 s. The fracture toughness (K ) of the
samples were calculated by Equation 7 according to Ref
[16] using load of 300 g for 10 s.

HV = 0,0018544*(P/d?) (©6)

Where; HV is the vickers hardness (GPa), P is the app-
lied load (g), and d is the diagonal indent length (mm)

Kic = 0.203(c/a) 1 S(HV)(a)" )

Where; a is the half diagonal of the indentation (m), ¢ is the ra-
dial crack dimension (m) measured from the center of the in-
dent impression, and L is the crack length (m). Compression
tests were done using an universal testing machine (Devotrans
FU 50kN, Turkey) under a loading rate of 2 mm.min~!. The
in-vitro bioactivity properties of the samples, which had the
higher compressive strength of HA with and without CeO,,
were determined by simulated body fluid (SBF) prepared ac-
cording to Ref [17]. The apatite layers on the surface of samp-
les immersed in SBF solutions were investigated by SEM.

III. RESULTS & DISCUSSION

Figure 1 shows the XRD patterns of pure HA. The extra peak
observed at 20 angle of 31.03 was attributed to the B-TCP,
when pure HA sintered at 1100 °C, and 1200 °C. At 1300 °C,
a-TCP and CaO peaks were detected in addition to HA and
B-TCP phases. The XRD patterns revealed that HA powder
used in the present study started to decompose at 1100 °C.
Table 2 summarizes the decomposition rates of HA to se-
condary phases. While pure HA started to decomposition at
1100 °C, the decomposition of CeO, started at dissimilar tem-
peratures depending on additive ratios. The increase in sinte-
ring temperatures led to an increase in decomposition rates
of HA-CeO, composites, as in pure HA. The decomposition
in HA ceramics can be explained as following reactions [18].
(Ca,(PO4), is B-TCP, and Ca,P,0,is a-TCP)

Ca,(PO,)(OH), =>Ca,(PO,)(OH), +xHO, (R. 1)
Ca,(PO,)(OH),, = 3Ca,(PO,), + CaO + (1-x)H,0 (R.2)
Ca, (PO,)(OH), ==>2Ca,(PO4),+ Ca,P,0,+CaO+H,0 (R.3)

Previous studies have reported that the decomposition tem-
peratures of HA begin at different sintering temperatures
between 700 °C and 1400 °C [19-24], depending on the
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production process and the water vapor in the furnace at-
mosphere. The pure HA used in the present study started to
decompose at 1100 °C. The decomposition rate of pure HA
also agreed with previous reports [25-27].

1:HA 3: Alpha-TCP
11 2: Beta-TCP 4: CaO

1y

HA 1300

HA 1200

HA 1100

HA 1000

HA 900

28

Figure 1 XRD analyzes of pure HA depending on the sintering
temperatures

Table 2. The amount of HA and its decomposition rates in the

sintered samples

Sample Phase  Sintering temperature (°C)
900 1000 1100 1200 1300
HA 100 100 97.8 96.2 94.2
HA B-TCP - - 2.2 3.8 4.1
a-TCP - - - - 1.6
Ca0 - - - - 0.1
HA 99.2 925 90.5 90.6 90.2
HA-0.5C B-TCP - 7.0 8.8 8.9 8.8
a-TCP - - - - -
CaO - - - - 0.4
HA 98.3 92.1 90.2 89.7 87.9
HA-1.5C B-TCP - 7.6 8.9 9.1 9.6
a-TCP - - - - 1.1
CaO - - - - 0.3
HA 96.8  91.1 89.1 88.7 86.9
HA-2.5C B-TCP 1.0 8.2 9.2 8.3 9.5
oa-TCP - - - 0.9 1.3
CaO - - - 0.1 0.6
HA-CeO, composites consisted of CeO,, Ce O,,, Ce, O,

Ca,,Ce, PO, and Ca Ce(PO,),, in addition to HA, B-TCP,

0.167
a-TCP and CaO, as shown Figure 2 (a)-(c). The CeO, phase
detected at all sintering temperatures in the composites, re-
gardless CeO, ratio, and its peak intensities at 20 of 28.544°,
and 47.479° increased as CeO, ratio. The Ce O, ,, and Ce, O,
phases were only detected up to 1100 °C, which had due to
the formation of oxygen vacancies in CeO,, as stated in pre-
vious reports [28-30]. The Ca Ce PO, and Ca Ce(PO,) ,
phases detected at dissimilar temperatures depending on the
additive ratios. The Ca_,_Ce PO, and Ca Ce(PO,) , pha-

ses are formed due to the ion radii of the elements are close
to each other. The ionic radii are 0.97 A for Ce**, 0.99 A
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for Ca%*, 1.07 A for P>*, and 0.66 A for O?*, respectively
[31,32]. In the CeO, added samples, the decomposition rates
increased with increase in the sintering temperatures as well
as CeQ, ratios. The decomposition of HA composited with
CeO, at amount of 1.5 and 2.5wt % sintered at 1300 °C can
be explained by Reaction 4.

3Ca, (PO,)(OH), + CeO,==>Ca Ce(PO,), + Ca,(PO,), + Ca,P,0 +
5Ca0 +3H,0 R. 4)

The amount of HA% phase in HA-CeO, composites decreased
to the minimum value of 86.9% at 1300 °C, as shown in Table
2. Although the addition of CeO, led to an increase in the de-
composition rates of HA, it was found to be lower than that
of previous studies. For example the amount of HA phase in a
commercially available HA-SiO, composites decreased to the
minimum value of 18.2% at 1200 °C [33], whereas it decreased
to the minimum value of 57.0% for HA composited with ZrO,
[34]. The low decomposition rate of HA-CeO, composites than
that of the other HA based composites are due to the following
reasons. 1 — The difference in sintering regime and methods. 2
— The difference in the average grain size of the raw materials.
3 — The difference in the ionic radii of the additives. The ionic
radii of the Si is 0.40 A [35], Zr** is 0.84 A [36].

A
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Figure 2. XRD analysis of (a) HA-0.5Ce02, (a) HA-1.5Ce0O2,
and (a) HA-2.5CeO2 composites

HA-2.5C 900

25
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HA-1.5CeO, HA-0.5CeO; HA

HA-2.5CeO,

Figure 3 SEM microstructure images of samples sintered between
1100 °C and 1300 °C

Figure 3 shows the SEM images of samples sintered between
1100°C and 1300°C. As shown in Figure 3 the samples sin-
tered at 1100 °C showed a high amount of pores that rema-
ined between the grains. These observations corresponded
to the low shrinkage and the low density of sintered samp-
les. The SEM micrographs of pure HA sintered above 1100
°C evidence a significant grain growth. For these tempera-
tures, the average grain sizes of pure HA were measured as
7.955£1.616 pm and 17.167+2.156 pum, respectively. The
microcracks on the surface of pure HA was in transgranu-
lar form. Furthermore, microcracking was also observed on
the surface of pure HA. This is related to the thermal expan-
sion anisotropy (TEA) of the HA, which leads to the gene-
ration of thermal and residual stress fields as well as it re-
sults in contraction of individual grains from neighboring
grains at different rates when the pure HA ceramics sinte-
red using conventional sintering process. If the differences
in thermal contraction rates are large enough, the induced
stresses can cause microcracks [37], when the grain size, G,
of the HA exceeds, Ger, the critical grain size [38].As re-
ported by Ref [39], the critical grain size is about 0.4 um to
the formation of microcracking in HA ceramics. In the pre-
sent study, no microcracking observed for the pure HA at
about the average grain size of 0.473 £ 0.035 um, which is
good agreement with that paper. The microcracks were also
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observed to the CeO, added samples sintered at 1300 °C,
when the grain sizes reached to 3.565 + 0.411 um in HA-0.
5Ce0,, 4.114 £ 0.456 pm in HA-1.5CeO, and 4.283 + 0.541
um in HA-2.5Ce0,, respectively. As can be seen in the re-
sults for grain size, the presence of CeO, inhibited the grain
growth of HA particles. However, microcracks in CeO, ad-
ded samples were found to in a shorter form than that of
pure HA, and they were trapped in the grains. The microcra-
cks on the surface of CeO, added samples mainly are caused

by the difference in thermal expansion coefficient (TEC) of
the HA, CeO,, B-TCP, a-TCP, CaO, Ca, Ce PO, and Ca-
,Ce(PO,) , phases (HA = 16.9 x 10 ~6°C1 [40], CeO, ~ 14
x 10 ~6°C1 [41], B-TCP= 14.2 x 10°°C1 [42], CaO = 13.8
x 1076 «C~1[43]). Table 3 summarizes the green and relative
density values of pelleted samples. It is obviously seen that
the green and relative density values of the pelleted samples
decreased, as the CeQ, ratio increase. This may be related to
the harder structure of CeO, than that of HA.

Table 3. The green and relative density values of pelleted samples

Sample ID Theoretical density (g/em®)  Green density (g/cm?) Relative density of green bodies (%)
HA 3.156 1.651£0.016 52.316+0.529
HA-0.5CeO, 3.165 1.606+0.054 50.755+1.723
HA-1.5CeO, 3.184 1.596+0.071 50.133+£2.257
HA-2.5CeO, 3.203 1.577+0.064 49.258+2.006

Table 4. The physical properties of HA with and without CeO, additive, depending on the sintering temperatures

Property T(C) HA HA-0.5CeO HA-1.5CeO, HA-2.5CeO

900 5.333£0.571 48170315 4.70320.310 4.438+0.179

& 1000 8.940+0.383 7.240%0.180 7.230:0.163 6.797:0.315

=S 1100 13.53420.505 12.0740317 11.739:0.906 11.202+0.435

Z 1200 17.7340.704 18.4440.619 17.8911.537 17.8731.083

1300 18.2090.622 18.82620.869 18,7421 413 18.459:0.541

900 39.8680.406 42.658+1.329 43.701£1.041 45.05421.552

z 1000 34.978+1.722 39.585£1.516 40.642+2.128 40.94020.642
g 1100 21.910£1.541 30.496+3.172 31.617:4.520 32.2.951

= 1200 6.832£0.224 6.79751.690 7.930:1.477 90033 361

1300 6.304£0.469 3.793£0.370 71571786 8.661£1.366

900 1.897:0.012 1.825:0.042 1.822:0.051 1.80320.033

2o 1000 2.052£0.054 1.95820.021 1.92320.048 1.90120.068

z5 1100 2.46420.043 2.30520.105 2.177:0.143 2.163£0.094

| = 1200 2.940:0.070 2.988=0.11 2.97320.057 2.048£0.053

1300 2.957:0.077 3.06320.045 30290043 2.967£0.047

900 58.061:£0.570 57.575£1.627 57.341:1.329 56.298+1.041

e . 1000 65.5570.848 59.05920.642 6041451516 59.35742.128

FES 1w 73.4100.895 69.503£3.172 68.382:4.520 67.5432.951

& S 1200 95.981::0.595 93.202£1.690 92.069:1.786 90.096:3 361

1300 97.087+0.769 96.206+1.370 92.842+1.477 91 338£1.366

Table 4 shows the physical properties of the sintered
samples. Table 4 showed that little improvements in the
physical properties were achieved up to 1100 °C. For
the pure HA, the final shrinkage was 18.209 + 0.622%,
whereas the final shrinkage was about 18.459-18.826%
for CeO, added samples. The densities after sintering at
or above 1200 °C reached to 2.940 + 0.071 g/cm? and
2.957 £0.077 g/cm? for pure HA. However, although the
grain sizes were lower, the HA-CeO, composites had hi-

gher densities than pure HA at these temperatures. This
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can be related to the higher theoretical densities of CeO,
(7.220 g/em?), CaO (3.37 g/cm?), Ca,, Ce PO, (4.40 g/
cm?), and Ca Ce(PO,) ,(3.23 g/cm?) phases than that of
HA (3.156 g/cm?). The relative density of pure HA was
higher than the CeO,-HA composites regardless of the
sintering temperature used, which is due to the low the-
oretical density of HA than that of CeO,. Taking theore-
tical density of HA as 3.156 g/cm?, the relative density
of its attained to 97.087 + 0.769% after sintering at 1300
°C, which is higher than that of the data in literature. For
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example in Ref. [44] the authors claimed that relative
density after sintering at 1300 °C was about 87%; cont-
rary to authors of [45] who reported a relative density
of = 62-76% for samples sintered at 1300 °C. The hig-
her relative density of pure HA used in the present study
could be attributed to the various reasons: First is the
utilization of higher pelletizing pressure in the present
study. Second is the HA used in this study decomposed
to secondary phases at a lower rate than that of others.
Third is the lower starting particulate size of HA pow-
der. Fourth is the difference in the sintering regime and
sintering time. As reported by Ref [46], the sintered den-
sity of the compacts increased with applied pelletizing

pressure because a comparatively rapid grain growth oc-
cured. It is well-known that increase in the decomposi-
tion rates of HA leads to the decreasing in the final den-
sity because of the lower density values of the B-TCP
(3.07 g/ecm3 [47]), and a-TCP (2.86 g/cm3 [48]) phases.
As reported Ref [49] that the difference in the particle
sizes of the HA powders leads to the difference in the
degree of packing during compaction. Even if the same
pelletizing pressure applied to the HA powders derived
from meleagris gallopova in our previous study [50], the
difference in the degree of packing during compaction
are reflected in the relative density values of the final
products.

Table 5. The mechanical properties of HA with and without CeO, additive, depending on the sintering temperatures

Property T (°C) HA HA-0.5CeO, HA-1.5CeO, HA-2.5CeO,
900 0.76+0.06 0.78+0.01 0.76+0.03 0.73+0.02
2 1000 1.11£0.03 0.83+0.03 0.82+0.02 0.79+0.02
E 1100 1.51+0.08 1.79+0.09 1.43+0.09 1.12+0.06
;‘? 5 1200 4.76+0.22 4.89+0.22 4.83£0.15 4.78+0.16
== 1300 4.87+0.09 4.99+0.44 4.89+0.25 4.74+0.19
900 91.00+6.80 84.41+5.34 77.58+16.50 60.5446.61
1000 102.00£10.20 91.99+11.89 99.10+6.47 86.92+21.18
1100 130.00+6.22 152.73+15.58 123.06+23.76 115.86+18.21
%g 1200 101.00+5.01 139.08+6.31 116.32+11.62 112.36+8.28
©= 1300 65.00+5.59 107.04+5.98 69.71£3.43 58.76+10.14
900 0.68+0.05 0.69+0.03 0.68+0.09 0.67+0.08
& 1000 0.88+0.09 0.70+0.13 0.70+0.10 0.69+0.09
E 1100 0.96+0.05 2.51+0.22 2.32+0.15 2.02+0.14
§ 9;; 1200 0.92+0.06 1.86+0.23 1.65+0.29 1.45+0.26
~ 1300 0.71+0.13 1.45+0.28 1.22+0.09 0.8+

Table 5 shows the mechanical properties of the sintered
samples. Although the O mpressive of pure HA reached the
maximum value of 130 + 6.22 MPa at sintering tempera-
ture of 1100 °C, it decreased to 101.8 = 5.01 and 65.6 +
5.59 MPa, when it was sintered at 1200 °C and 1300 °C.
Given the significant improvement in densification achie-
ved at 1300 °C, the reduction in O mpressive A1 be attributed
to the presence of microcracks, and increasing in the ave-
rage grain sizes. Microcracks reduce the mechanical stren-
gth of HA ceramics, so HA ceramics containing TCP is not
the proper material for surgical implants that require high
mechanical strength [51]. It has been well established that
a decrease in grain size increased the mechanical proper-
ties according to the Hall-Petch equation (c = 6, + kd ~ 1/2)
[52]. The maximum o© value of pure HA obtained

compressive
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at sintering temperature of 1100 °C increased to 152.73 +
15.58 MPa with 0.5 CeO, additive. However, the O ompressive

HA-0.5CeO, composites decreased to 115.86 + 18.21 MPa
with increase in the amount of CeO, ratio at the same tempe-
rature. The o

compressive

of HA-CeO, composites decreased with
increasing temperature even if the relative densities of their
reached to above 90%.

compressve VAlUE Of 152.73 £ 15.58
MPa for HA-0.5CeO, composites obtained in the present
study is higher than that of a previous study (107 MPa), at
about 42% [12]. Increasing the sintering temperature from
900 °C to 1100 °C significantly improved the Kic values of
samples, but the more temperature caused to reduction the
Kic values. The peak Kic value of pure HA of 0.967+0.056

Hovewer; the maximum o
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MPam!’2 is inside the range of 0.6-1.5 MPam!/2, as stated
Ref [18]. The maximum Kic value of pure HA significantly
improved to 2.510 + 0.225 MPam!/? by the CeO, additive at
amount of 0.5 wt%. The higher Kic values of HA-0.5CeO,
composite compared to pure HA can be attributed to two
major factors: (i) grain size refinement and (ii) crack bri-
dging by CeO,. The addition of CeO, to HA more than 0.5
wt% led to reduction the Kic values of the composites at
all temperatures. It can be explained by decreasing the de-
composition ratio of the samples depending on the decre-
asing CeO, content as shown in Table 2. The peak value
of 2.510+0.225 MPam!/? measured to HA-0.5CeO, is also
compatible with the Kic value of human cortical bone (2-6
MPam!/?). The samples sintered at below 1100 °C had the
low p-hardness values than 2 GPa. Increasing in the sinte-
ring temperature from 1100 °C to 1200 °C contributed to the
sharply improvement in p-hardness values and reached to at
above 4.7 GPa. The lower hardness observed for the compo-
sites is associated with the lower density of the sintered bo-
dies as depicted in Table 4. The hardness of ceramics is ty-
pically a function of porosity, density, relative density and
average grain size [53]. The hardness increase with decrea-
sing grain size is typically attributed to the reduced free path
for dislocations in both metals and ceramics [54]. Figure 4
shows the relationship between hardness and the porosity,

HA-0.5C
2 HA-1.5C
HA-2.5C

Hardness (GPa)

45 40 35 30 25 20 15 10 5 0O

Porosity ratio (%)

Hardness (GPa)
o = n (=2

3]

&

0
55 60 65 70 75 80 85 90 95 100
Relative density (%)

density, relative density and average grain size of sintered
samples. The figure showed that hardness of the sintered
samples increased with increasing density and relative den-
sity. Moreover, the decrease in porosity and average grain
size of the sintered samples led to increasing the hardness.

Figure 5 shows the SEM images of pure HA and HA-0.
5Ce0, samples after SBF test. The surface morphology of
the samples changed with the soaking time, and for 7 day of
SBF immersion a layer consisted of dendritic apatitic struc-
tures on the materials could be observed. The dendritic apa-
tite structures on the surface of pure HA were found to the
more thickness after 15 days of waiting time. Hovewer, the
dendritic apatite layer on the surface of HA-0.5CeO, compo-
site changed to flake like layers at same waiting time. When
the immersing time reached to 30 days, all of the surfaces of
pure HA and HA-0.5CeO, composite were covered by apa-
tite layers. The micrographs clearly exhibited that the apatite
crystals has dissimilar morphologies on the surface samples.
It is obviously seen that the apatite crystals on the surface
CeO, added sample has a thicker and smooth without dr-
ying cracks. The same structures were also imaged in a pre-
vious study [55]. The positive effect of CeO, on the in-vitro
bioactivity of hydroxyapatite may also related to the Ca
Ce, PO, phase, which accelerate the increasing intracel-
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lular calcium ions (ubiquitous intracellular messenger) by
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Figure 4. The relationship between microhardness and (a) the porosity, (b) the density, (c¢) the relative density, and (d) the average grain

size of sintered samples
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activation of Ca?* receptor found in the membranes up-regu-
lating signaling pathways speeding up the adhesion and pro-
liferation of osteoblasts, as reported Ref [36]. As stated in
Table 2 that HA-0.5CeO, composites include B-TCP phase
at amount of 8.0% in addition to HA peaks. That type com-
bination known as biphasic calcium phosphate, which has
the more bioactivity property compared to pure hydroxya-
patite

Figure 5 SEM images of pure HA and HA-0.5CeO, samples after
SBF test

IV. CONCLUSION

In this research hydroxyapatite/CeO, composites were sinte-
red at various temperature by pressureless sintering. X-ray
diffraction and scanning electron microscopy results clearly
revealed that the pure decomposed at 1100 °C, and when
sintering temperatures at elevated temperatures an excessive
grain growth with microcracks observed. By adding CeO,
the grain growth was inhibited, but the decomposition tem-
perature decreased to 900 °C depending on the increasing
CeO, ratio. The mechanical properties of hydroxyapatite
could be improved when it was doped with CeO, at amount
of 0.5 wt%. The composite of HA/0.5CeO, can be used in
human body, because it has enough fracture toughness, com-
pressive strength and in-vitro bioactivity properties.
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Abstract

There may be more than one element affecting quality and efficiency in the manufacturing organizations. As a result of multiple elements
occurring at the same time, permanent losses occur in final production and quality. Both the customer sense of trust and their satisfaction
are negatively affected because of those problems.

Failure to achieve targeted levels of quality and productivity in the organization reduces customer satisfaction. Quality and productivity in
the organization are affected by inefficiency in resource utilization, bottlenecks in the production and inefficient workflow design within
the organization.

This study aims to improve production process in a manufacturer of air operated diaphragm pumps by simulation analysis. Most efficient
way of utilizing raw materials, manpower, vehicles and equipment is sought by simulation based process improvement. Discrete-event sim-
ulation software (Arena) is used to detect problems in the production process such as: transportation, blockage and/or layout. Simulation is
used to experiment with process improvement approaches without making changes in the real-world production system.

Simulation models of the current state and the proposed future state with improvements to the layout of the production system are created.
The results from the models were compared with each other and evaluations were made. The future state simulation model utilizes existing
resources for process improvement, without the requirement for additional resource acquisition. Comparison of current state model and fu-
ture state model simulation output data, suggests a 67% increase in the number of products produced per month. It is foreseen that this in-
crease can greatly affect the operational efficiency and future managerial decisions, and suggestions are made for future works.

Keywords: Assembly Line, Process Improvement Simulation, Pump, Pump Process Improvement.
Oz
Imalat organizasyonlarinda kaliteyi ve verimliligi etkileyen birden fazla unsur olabilir. Ayn1 anda meydana gelen ¢oklu elemanlarin bir so-

nucu olarak, nihai iiretim ve kalitede kalici kayiplar meydana gelir. Bu sorunlar nedeniyle hem miisteri giiven duygusu hem de memnuni-
yeti olumsuz yonde etkilenmektedir.

Kurulusta hedeflenen kalite ve verimlilik seviyelerinin saglanamamasi miisteri memnuniyetini azaltir. Kurumdaki kalite ve verimlilik, kay-
nak kullanimindaki yetersizlik, liretimdeki darbogazlar ve organizasyon icindeki yetersiz is akis1 tasarimindan etkilenir.

Bu ¢alisma, simiilasyonlu analizle hava ile ¢alisan bir diyafram pompa iireticisindeki iiretim siirecini iyilestirmeyi amaglamaktadir. Simii-
lasyona dayali siireg iyilestirme ile hammadde, insan giicii, ara¢ ve gere¢ kullanmanin en etkili yolu aranmaktadir. Kesikli olay simiilasyon
yazilimi (Arena), tiretim slirecindeki sorunlari tespit etmek i¢in kullanilir: ulasim, ttkanma ve / veya diizen. Simiilasyon, ger¢ek diinya iire-
tim sisteminde degisiklik yapmadan siireg iyilestirme yaklagimlarini denemek i¢in kullanilir.
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Uretim sisteminin diizeninde iyilestirmelerle mevcut durumun ve
onerilen gelecek durumun simiilasyon modelleri olusturulmus-
tur. Modellerin sonuclar1 birbirleriyle karsilagtirildi ve degerlen-
dirmeler yapildi. Gelecekteki durum simiilasyon modeli, ek kay-
nak edinme sart1 olmadan, siireg iyilestirme i¢in mevcut kaynaklari
kullanir. Mevcut durum modeli ve gelecekteki durum modeli simii-
lasyonu ¢ikt1 verilerinin kargilastirilmasi, ayda iiretilen iiriin sayi-
sinda % 67 artis oldugunu gostermektedir. Bu artisin operasyonel
verimliligi ve gelecekteki yonetim kararlarini biiyiik 6l¢iide etkile-
yebilecegi ve gelecekteki caligmalar i¢in Onerilerde bulunacagi 6n-
goriilmektedir.

Anahtar Kelimeler: Montaj Hatti, Siireg Tyilestirme Simiilasyonu,
Pompa, Pompa Siireg Iyilestirme.

1. INTRODUCTION

Production planning and control is a predetermined process,
which includes the use of human resource, raw materials,
machines etc. PPC is the technique to plan every step in a
long series of separate operation. Therefore, it is the other
name of the function that determines the levels or limits of
the future activities and which takes precautions at the requ-
ired times. Production planning and control functions and
objectives are to organize the production facilities like mac-
hines, men, etc., to achieve stated production objectives with
respect to quantity and quality time and cost. In addition,
it is to conform to delivery commitments. Also, coordinate
with other departments relating to production to achieve re-
gular balanced and uninterrupted production flow.

Companies strive for continuous improvement of their busi-
ness processes and production systems in order to main their
competitiveness and/or status quo under fierce global com-
petition. Therefore, it can be said that the importance of pro-
cess management and process improvement is of great im-
portance.

In recent year’s textile and apparel companies in Turkey are
threatened by increased competition especially from their
Asian rivals that have the advantage of low labor costs. The-
refore, companies should prioritize rational use of their re-
sources and place emphasis on efficiency and efficacy of
their business operations.

In most of the enterprises operating in the sector, there are
basic problems such as inability to use resources effectively,
bottlenecks in production lines or unbalanced workflows.
These problems reduce efficiency / productivity; which ad-
versely affects product quality, customer satisfaction and
service levels.

In this study a simulation analysis based process improve-

ment methodology is proposed to improve layout in a disc-
rete parts manufacturer of diaphragm pumps which in turn
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positively affects productivity and quality levels. Simulation
analysis point to problems in the current layout of the en-
terprise which hinder effective usage of resources. Current
production process also includes bottlenecks and capacity
utilization is lower than expected. The main purpose of this
study is to propose a simulation analysis based methodology
for layout improvement. Manufacturing system layout of a
discrete parts manufacturer of diaphragm parts is analyzed
to propose an improved future state with gains in producti-
vity and quality levels.

In the second part of the study, information was given about
the studies carried out on process improvement. In the third
chapter, the application related to the process improvement
in a pump manufacturer is explained. As a result, a gene-
ral performance evaluation was made and recommendations
were made for future studies.

2. LITERATURE REVIEW ON PROCESS
MODELING AND IMPROVEMENT

This section includes a review of existing literature on pro-
cess improvement in manufacturing sector.In the produc-
tion management process, it is simply a series of operations
where inputs are transformed into output through a produc-
tion process. Process planning is the design and implemen-
tation of a production system that will enable the production
of the desired product or service in the desired amount, at the
most appropriate time and with acceptable cost [1]. Process
management aims to ensure continuous monitoring and im-
provement of processes. Within this scope, continuous eva-
luation, analysis and improvements are carried out in order
to design and maintain the processes and to better meet cus-
tomer expectations and needs [2].

In a study carried out in the textile sector, bottlenecks in the
production line of a manufacturer of jeans were identified
and a process improvement was proposed to eliminate bott-
lenecks. A simulation based assembly line balancing appro-
ach was proposed and resulting improvements were anal-
yzed. Comparison of future and current state simulation
models indicate 47% improvement in productivity [3].

In the study carried out in an automotive supplier industry,
physical resources such as labor, materials, machinery and
equipment have been re-designed in a way to minimize the
total material and transportation cost and process develop-
ment has been studied. Effects machine-equipment layout
changes on the manufacturing system performance were
examined. In the study, LayOPT package program was used
for the placement of the physical resources, and the new
settlement plan and the improvements made by the ARENA
simulation program were used to measure the performance
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of the new placement method and it was observed that the
improvements have a positive affection the performance [4].

In a study carried out in an aviation company that collabo-
rates with global partners such as Airbus and Boeing on re-
search and development (RD) and manufacturing projects, a
new manufacturing model was proposed that enhances qua-
lity control and improvement in the manufacturing process.
The firm’s current quality control approach is to avoid er-
rors with close to 100% inspection. The proposed system
has mechanisms that take into account changes in the variety
and quantity of products, improvements in the system and
capacity constraints. According to the results obtained from
carrying out statistical process control, failure modes and ef-
fects analysis (FMEA) and measurement system analysis,
quality levels were improved not just in the final product but
also on other areas such as workforce training, lean produc-
tion system and product design. [5].

Another study was conducted on Total Productive Mainte-
nance (TPM); a general approach to maintenance that aims
to improve production and quality levels. TPM is a guide-
line that aims to achieve zero percent failure and error goal
with active participation from all level of employees. Re-
sults of the analysis indicate significant improvements in
production levels as a result of changes in traditional main-
tenance approaches, continuous training, inter-departmental
coordination, sharing of responsibility and usage of compu-
ter software [6].

Referring to the importance of methodical approach in ma-
chining optimization, Six Sigma study was conducted in the
sector to reduce the breakage rate of cutting tools. Accor-
dingly, cutting tool breaks have been reduced by 85%, it ear-
ned a profit of over €1000000 [7].

The program of TRIZ, which has been used in design and
manufacturing processes, has been carried out by using this
technique which helps to develop creative solutions to prob-
lems in “Theory of Inventive Problem Solving”. The imp-
lementation of TRIZ in the manufacturing process was dis-
cussed and the effects on the process were evaluated with
the results of the sample application. The results show that
TRIZ may contribute to the optimization of the manufactu-
ring process [8].

In order to measure the effectiveness of business assets, a
study was performed by using Overall Equipment Effective-
ness (OEE) analysis. In this context, OEE analysis was car-
ried out by expressing the equations related to machine and
equipment conformity, performance efficiency, quality pro-
duct ratio calculations in a firm that produces aspirators. A
method for improvement such as single minute exchange of
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dies (SMED) and process planning was proposed. Results
indicate improvement in process performance [9].

A process improvement study was carried out at the factory
that manufactures hydraulic gear pumps. Engineering sys-
tem analysis was made to improve material handling and
man-machine utilization time. Man-machine utilization
charts and Group Technology (GT) techniques were propo-
sed to improve man-machine utilization and material hand-
ling [10].

Process development work was carried out in a company
producing pump impellers. Since the propeller shape has a
direct effect on the efficiency and performance of the pump,
3D designs have been made. According to propeller shape,
performance and yield values were compared. According to
the findings, the results of the propellers designed with the
3D designs made in place have been added to the yield and
performance values [11].

A process improvement study was carried out for the transi-
tion to a lean manufacturing system in a company that uses
batch production. Batch production; a production system in
which similar or same-type products are produced in batches
to meet a certain order or continuous demand. Lean manufa-
cturing is a concept aimed at reducing waste, increasing qua-
lity and adding value to the company. Toyota Manufacturing
System (TMS) is the precursor to lean manufacturing (LM)
system with the latter born out of efforts of Western practiti-
oners to adopt TMS to Western companies. The study synch-
ronizes and increases adaptability of the manufacturing sys-
tem using process improvement methods during transition to
improve efficiency and performance. Transition from batch
production system to lean manufacturing system resulted in
improvements in levels of productivity, efficiency and per-
formance rates [12].

Chan and Spedding examined quality and cost assessment
with total Quality Management for business process restru-
cturing and process improvement [ 13]. Schiefer emphasized
the importance of case studies on the application of environ-
mental management concepts in industry by attracting atten-
tion to environmental issues for process improvement and
process efficiency in supply chain management [14].

Freire and Alarcon proposed an improvement methodology
for the design processes of construction projects. In this
study, it is aimed to ensure efficiency with improvements
related to cycle times and waiting times [15]. Rohleder and
Silver conducted a literature review on process improve-
ment, emphasizing the strategic importance of business pro-
cess improvement and, based on personal experience [16].

Kayigkan carried out process management practices and
process improvement studies in a food business. The aim
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of this study is to determine the processes, measure the data
related to the process, implement the process management,
monitor the applications and improve the processes in the
process through process improvement techniques [17].

The details of the process development project at BSH were
studied [18]. Karaman has implemented corporate process
improvement in a finance company [19]. Etle¢ (2017), by
the application of the process improvements in lean manu-
facturing techniques have been applied in a cosmetics com-
pany [20].

A company that performs ice cream production was carried
out. The current situation analysis was conducted by exami-
ning all stages of business processes. After the analysis, the
problems were determined and the studies were carried out
to solve the problems by selecting the appropriate methods.
As a result of the application, the main problems were iden-
tified and workmanship errors, cleaning and hygiene, and
factory layout solutions were produced. Some of the solu-
tions produced have been implemented and provided sig-
nificant improvements in a short time, while some of the
proposals were evaluated by taking into consideration the
medium-term targets of the organization [21].

The study focuses on Jishuken technique. In order to bet-
ter understand the technique, the Japanese business mana-
gement style, the logic of lean manufacturing and the phi-
losophy of continuous improvement are explained. Then,
the concepts and features of the Jishuken technique, training
and implementation steps of the process, as well as the app-
lication of the method to show the selected examples were
emphasized. The result of this study is that it is a recommen-
ded way of working to reduce unwanted costs in enterprises,
to train qualified managers, to strengthen internal communi-
cation, to adopt the principle of continuous improvement of
the managers, to adopt the process, to reduce the resistance
to lean transformation in enterprises and to establish a wor-
king philosophy in the enterprise [22].

Senol (2017), the energy saving potential of the pumps and
pumping systems used in the water plant unit of an enterp-
rise operating in the iron and steel sector was investigated.
As a result, the energy consumption has been reduced from
240 kWh to 109 kWh in winter, and from 347 kWh to 125
kWh in summer, bringing the total value from approxima-
tely 2.241.000 kWh / year to 920.000 kWh / year [23].

Alpaslan (2018), conducted a process improvement study
focused on customer satisfaction at an automotive service
department [24].
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3. MATERIAL AND METHODS

Computer simulation models are created to mimic the beha-
vior of the real-world system. Simulation modeling provides
us with the flexibility to work on the model of the enginee-
ring system considered, avoiding the difficulties associated
with making changes in the real-world environment. Simu-
lation modeling allows us to anticipate the effects of changes
made to the engineering system before changes are made.
In this study, Arena 13.0 discrete-event simulation software
was used.

When developing a simulation model, a number of steps
must be followed. These are; analysis of the system, formu-
lation of the model, verification and validation of the mo-
del logic, planning of experiments, analysis and interpreta-
tion of results [25].

Simulation method has advantages and disadvantages as ot-
her methods. The advantages of the simulation method can
be listed as follows:

Most complex systems cannot be analytically eva-
luated and accurately defined by mathematical models. In
such cases, simulation is the only research method.

Simulation makes it easy to estimate an existing
system according to changing conditions.

It is possible to find out which of the proposed dif-
ferent system designs will best meet the desired target by si-
mulation method.

Once the model of the system is created, it can be
used as many times as needed in the analysis of different si-
tuations.

It is inexpensive to obtain data for the system.

Simulation is the most appropriate method when
system data is not very detailed.

Simulation enables the examination of dynamic
structures by emphasizing the universality of the systems.

The disadvantages of the simulation method can be lis-
ted as follows:

Hide critical assumptions that invalidate the model,

Not applicable to deterministic problems,

May not propose a solution methodology,

May not provide optimal solution,

Requires expertise to build complex and compre-
hensive models,

Data collection, modeling and analysis can be
costly.

There are different package programs developed for simula-
tion. In this study, ARENA 13.9 package program was used.
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Arena is a popular simulation program with a Windows in-
terface developed by Systems Modeling Corporation, which
also introduced Siman. Arena program includes detailed and
comprehensive functions such as animation, analysis of in-

put and output data required for successful simulation.

When creating a program model, Arena uses Siman com-
mands to run the created model. But the feature of this prog-
ram is that almost no command information is needed. In
Arena, you can create your model program by adding the
modules that are given shortcuts in the templates to your
program page and by entering the desired information (arri-
val time, stack size, next station name, etc.) in the window

that opens when you double-click these modules.

Since the Arena runs under Windows, it provides great con-
venience for working with toolbars, menus, and windows.
The strength of the Arena model system is that it allows spe-
cial applications in environments such as production, health
sector, flow lines, computer networks. Therefore, it was de-
emed appropriate to use Arena simulation program.

Simulation was used as a method in the study. Simulation
is the imitation of the behavior of the real system in a com-
puter environment. Simulation provides important insights
into what kind of changes we can make to a system without
changing or stopping it. It also allows us to anticipate the im-

pact of future changes to the system on the system.

The flowchart showing the steps of the simulation process
can be expressed as follows:

. Problem identification,
Setting up the computer model,
Ensuring the validity of the model,
Designing experiments
Collecting necessary data,
Performing the simulation,
Evaluate statistical outputs,
Review the simulation,

Further data collection and analysis,

Reporting

3.1. Current Situation Simulation Model

The following pictures are taken from the Arena program

we used.
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3.2. Future Situation Simulation Model
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Figure 2. Future Situation Simulation Model

Verification: It is performed to verify that the simulation
model reflects the real system in the same way. All the flows
from the first entry to the system with the create module
with the dispose module from the system are followed step
by step and the inputs are passed through all the necessary
steps in the system respectively. From this it was concluded
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that the system was verified. So the model represents the ac-
tual system adequately.

Validation: It is a stage in which the outputs obtained from
the simulation model are compared with the outputs of the
real system. At this stage, the outputs from the simulation
and the outputs of the actual system are compared. If there is
no statistically significant difference between the two main
findings, it is concluded that the model is valid.

Finally, In the validity test phase of the model ”Final Num-
ber of Products” is taken as performance measure. When the
historical data of the real system for the 12-month period
between January and December 2017 were obtained, it was
seen that the number of final products was 4391. On the ot-
her hand, the number of final products obtained from the
simulation model was found to be 4396. The results were
found to be very close to each other. It is concluded that the
model has been verified.

Herein, future situation simulation model and current situ-
ation simulation model were created. In these models, each
square box shows a process in production. The operation ti-
mes of these processes is entered into the program according
to the information received from the company. The compi-
led version of these data are given in Table 1. When this
information is entered into the related operations and the
model is executed, the result gives us the number of final
products. In the same way, the future situation simulation
model is developed and improvements are made and the fi-
nal product number is obtained. The yield ratio is obtained
by comparing these two final product numbers.

4. APPLICATION

4.1 Firm’s Basics

Since 2001, the company has been producing diaphragm
pumps, it is a medium-sized firm and has about 70 emplo-
yees. It is a firm that manufactures both air and electric di-
aphragm pumps and has a wide place in domestic market
and exports to many countries.

Pump manufacturing process involves sand casting of a
component that is done at a subcontractor which is then
shipped to the company. Sand-casted pump part is then ma-
chined, machining process is followed by production of the
pump’s diaphragm component using plastic injection. Pump
assembly and quality control of the finished product takes
place next. After quality inspection the pump is transferred
to paint shop. The painted pump is then stored in the finis-
hed goods area.
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4.2 Product Flow in Firm

The production flow diagram of the diaphragm pump is as
follows [26]:

Input Quality Conitrol

e

Machining

Plastic Injection

Assembly

.y

Quality Control

Dvehouse

.yt

Finish

Shipping

Figure 3. Production Flow Chart

In the ground floor of the manufacturing facility there is
a quality control section for raw materials and semi-finis-
hed goods. The machining department is also located on the
ground floor with multiple vertical milling machines and lat-
hes with a storage area for machined components. Quality
control section in the ground floor inspects incoming mate-
rials and if the procured material passes inspection approval
is granted to use the material in downstream production pro-
cesses. On the 2nd floor, a plastic injection machine produ-
ces several pump components in batches. A single batch of
injection moulded parts are produced in a single production
run followed by visual inspection and splitting of individual
parts that are interconnected [27].

Painting shop and assembly area are located on the third
floor where components are painted and assembled to cre-
ate the finished product. Assembly area is separated from ot-
her areas by glass walls requiring movement of components
to be assembled into this area manually. There is a final qu-
ality inspection of finished goods before shipping. If finis-
hed-product passes quality inspection, it is transported to the
packaging area.

4.3 Problems in Production Flow and the Proposed
Future-State for Solving Those Issues

The situation in which the process has been improved after
the changes that are planned to be made in the current situa-
tion is shown by the future-state model. A number of impro-
vements have been obtained with the future-state model. A
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number of problems have been observed in the current pro-
duction flow. The main problems identified are [28]:

It was determined that human resources and equip-
ment was not utilized effectively in the shop-floor.

Inefficient usage of workforce leads to lack of effi-
ciency in production and decreases productivity.

Line balancing becomes an issue since bottlenecks
in the production process cannot be detected and remedied.
For instance, insufficient number of personals was identified
as a bottleneck in the production and the problem was sol-
ved by transferring personal from other departments to the
assembly department.

Even though the ground floor has adequate space,
it is not used effectively since only the machining depart-
ment is located at this floor. There are also problems with
workflow since assembly, painting and quality control de-
partments are located at the third floor. At the same time, the
installation, paint shop and quality control departments on
the third floor cause confusion in the workflow.

Work flow and inter-departmental disturbances ca-
use loss of time, which prevents timely delivery of products
and therefore delivery times are usually not met [29].

Overtime work is done to meet delivery times
which leads to additional production costs and negatively
affects employee performance. The rapid work done to meet
the delivery times cause quality problems in the line and this
prevents the coordination between the employees. Delays
and quality problems arising from rapid work also negati-
vely affect customer satisfaction and lead to loss of confi-
dence [30].

In the present case, a future simulation model is
proposed to solve the above problems. To solve the space
and workflow issues on the ground floor, it was suggested to
carry the finishing and packaging section to the ground floor
and to the assembly and paint shop area. Quality Control
area on the third floor was moved to the second floor. Thus,
it is estimated that lead-time and disturbances in production
flow will be alleviated with new layout.

A number of arrangements have been made for the simula-
tion model of the future and current state. These regulations
are as follows:

Several personnel were relocated to detected bott-
leneck operations in the assembly area from the quality cont-
rol area since they were not used effectively in their current
area.

The quality control section was moved to the se-
cond floor. Thus, the time of transport of the materials is re-
duced.
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The joker milling machine in the machining sec-
tion with low efficiency is placed as main band. Thus, per-
formance and efficiency of the machining area was impro-

ved.

The processed products section on the ground floor

was removed from there and moved to an upper floor.

Assembly and painting areas were relocated to the

ground floor.

Two personnel are relocated to the assembly sec-
tion which is determined as a bottleneck and product collec-
tion and control operations have been made faster.

The drying process of the parts from the machining
process is taken from the ground floor

In order to ensure interdepartmental coordination,
the division of labor has been increased and the division
of work that is done on the same workstation among wor-
kers has been eliminated. For instance, removal of part from
the plastic injection machine and checking for defects was
aggregated into a single operation to be completed using a
single operator.

4.4 Utilizing the Simulation Method to See the Impact
of the Proposed Flow in the Future

The proposed improved process for the future situation has
been utilized as a result of the simulation method to see what
will change in the current system and how the existing sys-
tem will be affected. In this context, firstly, the current state
simulation model was established and it was confirmed that
this model represents the current system in full. Later on, a
current state simulation model has been created by making
some changes on the existing simulation model. It is seen
that the proposed process for the future situation is effective
by comparing the future situation simulation model with the
outputs of the current situation simulation model.

4.4.1 Current state simulation model for product flow
in firm

The scope of application is modeled by simulating the exis-
ting production flow simulation in the machining, plastic in-
jection process, assembly, quality control, painting and fi-
nish sections. The ARENA 13.9 package program was used
to create simulation models. Table 1 is shown that statistical

distributions for operation times.
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Table 1. Statistical Distributions of Operation Times

DEPARTMENT | OPERATION DISTRIBUTION ;mi;Ml-
Product Inspection Expression 75
Input Confirmation Expression 30
Input Quality Distribution of Mate-
Control rials to Units Expression 23
Product Process Pre-
paration Expression S
Machining Expression 7
Measure Control Expression 8
Eye control Expression 2
. Quality Control Ap-
Machining proval Expression 10
Washing Expression 12
Drying Expression 45
Moving to 34 Ground Expression 35
Plastic Injection Pre-
paration Expression 12
Plastic Injection Prog-
ramming Expression 8
Injection Process Expression 6
Taking of the product
Plastic Injec- from the machine Expression 2
tion Depart- | Eve Control Process | gy ecion 2
ment Trimming Process Expression 2
Approval Process Expression 3
Separation to the fi-
nished product se-
ction Expression 3
Dispatch Process to
31 Ground Expression 35
Collecting Parts Expression 45
Product Preparation Expression 12
Assembly Mounting Operation Expression 3
Dimension Control Expression 5
Eye Control Ope-
ration Expression 2
Dyeing Process Expression 10
Drying Process Expression 120
Dyehouse Pressure Control Ope-
ration Expression 20
Approval Operation Expression 5
Labeling Operation Expression )
Approval Products Expression 15
Finish Packaging Operation Expression 10
Trucking Expression 75
Shipment Operation Expression 55

312

4.4.2 Verification of the current state of the simulation
model and validity testing

Verification: It is performed to verify that the simulation
model reflects the real system in the same way. All the flows
from the first entry to the system with the create module
with the dispose module from the system are followed step
by step and the inputs are passed through all the necessary
steps in the system respectively. From this it was concluded
that the system was verified. So the model represents the ac-
tual system adequately.

Validation: It is a stage in which the outputs obtained from
the simulation model are compared with the outputs of the
real system. At this stage, the outputs from the simulation
and the outputs of the actual system are compared. If there is
no statistically significant difference between the two main
findings, it is concluded that the model is valid.

In the validity test phase of the model ”Final Number of Pro-
ducts” is taken as performance measure. When the histori-
cal data of the real system for the 12-month period between
January and December 2017 were obtained, it was seen that
the number of final products was 4391. On the other hand,
the number of final products obtained from the simulation
model was found to be 4396. The results were found to be
very close to each other. It is concluded that the model has
been verified.

4.5 Analysis of Simulation Results and General
Evaluation of Simulation Results

In the future status simulation model, more resources of the
same quality are provided by working with the same resour-
ces without adding extra resources with the existing resour-
ces. The final product number, which is taken as the per-
formance criterion, is compared according to the current
situation simulation model and the data obtained from the
future situation simulation model. According to the current
situation simulation model data, the one-year number of Fi-
nal Products was 4396 and the number of Final Products was
366 per month.

On the other hand, according to the data of the future case si-
mulation model, the one-year number of Final Products was
7352 and the number of Final Products was 613 per month.
It is determined that there are 2956 differences between
the current situation simulation model and the final pro-
duct number of the future situation simulation model and
246 items per month. Based on these findings, it is seen that
there is a 67% increase in the number of the final case si-
mulation model compared to the current situation simula-
tion model data.
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Table 2. Comparisons of Data Obtained from Present Status
Simulation Model and Data Obtained from Future Status

Simulation Model

Data from the Fu-
Data from the Current Situation | ture Situation Simu-
Period . Simulation Model 'lation Model
(Final Number of Products) (Final Number of
Products)
12 Months 4396 7352
Average 366 613

Increase % 67

Table 3. Comparisons of Time Data Obtained from Present
Status Simulation Model and Data Obtained from Future Status
Simulation Model

VA Time (Minute) Average | Minimum Maximum Value
Value
Time Data from the 7.0980 6.1667 8.0167
Current Situation Simu-
lation Model
Time Data from the Fu- | 3.5568 3.1500 4.3333
ture Situation Simula-
tion Model
Difference 3.5412 3.0167 3,6834

With VA Time, Current Situation Simulation Model Ave-
rage process time which is 7.0980 minutes is shortened to
3.5568 minutes. That is why the difference between cur-
rent status and future status is 3.5412 minutes. On the other
hand, Current Situation Simulation Model Minimum pro-
cess time which is 6.1667 minutes is shortened to 3.1500 mi-
nutes. That is why the difference between current status and
future status is 3.0167 minutes. For the last value, Current
Situation Simulation Model Maximum process time which
is 8.0167 minutes is shortened to 4.3333 minutes. That is
why the difference between current status and future status
is 3.6834 minutes.

5. CONCLUSIONS

The purpose of this work is to improve process in a manu-
facturing enterprise. In this context, an enterprise operating
in the manufacturing sector was dealt with and the flow of
one of the products produced by this enterprise was exami-
ned and the problems in the production of the said enterp-
rise were determined and they were tried to be eliminated.

The current situation is compared with the future situation
and the performance evaluation of the company has been
done. According to this study, the results and evaluations are
as follows;

A future situation model for eliminating the prob-
lems encountered in the current situation is proposed. At this
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stage, the simulation model of the current situation was de-
veloped. Once this model has been verified and tested for
validity, the proposed future situation simulation model has
been developed.

Future situation simulation model and the sources
which are not used effectively in the installation section are
evaluated at the determined bottleneck points. In addition,
two personnel were given to the assembly section which was
seen as the bottleneck point and the human resource was
reinforced. The product collection and control operations
there were made faster.

At the same time, it has been suggested that the
processed products section on the ground floor is removed
and moved to an upper floor. Mounting and paint sections on
the third floor was moved to the ground floor to the vacated
place. Thus, the work flow problems and loss times between
the sections were eliminated.

When the current situation is compared with the fu-
ture situation, it is determined that there are 2956 differen-
ces between the current situation simulation model and the
final product number of the future simulation model and it
corresponds to 246 units as the average of the month. Based
on these findings, it is seen that there is a 67% increase in the
number of the final case simulation model in the final case
compared to the current situation simulation model data.

The application of this study has been carried out with a fo-
cus on one of the products (models) produced by the pump
manufacturer. Therefore, it is possible to realize the imple-
mentation of the applications in the different sectors that are
concerned with the process improvement as well as the cont-
ribution of the results obtained from the study to the sector.

It is believed that study for the future studies would be cont-
ributed to the sector and the companies manufacturing pump
in terms of total cost reduction, improving quality, increa-
sing competitiveness, customer satisfaction, annual produ-
ction capacity, number of final products, reduction of scrap
rate and efficiency improvement works.
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Abstract

Biomedical engineering is one of the fastest developing research disciplines in the past 60 years with the aid of rapid advances in technol-
ogy. Biomedical engineering has emerged in Turkey in late 1970s but the research conducted in this area has been developing only in the
past 15 years. The aim of this review is to summarize the problems regarding biomedical engineering in Turkey; to present the main sub-
jects that are conducted in biomedical field in Turkey; and to summarize the prominent research papers conducted by Turkish Institutes
published during the period 2008-2018 that contribute and/or have a potential to contribute to research and development (R&D) in bio-
medical engineering field in Turkey. These studies were divided into categories of tissue engineering, biosensors and biomedical devices;
and summarized in this review.
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Oz

Biyomedikal miihendisligi, teknolojideki hizli gelismelerin yardimiyla son 60 yilda en hizli gelisen arastirma disiplinlerinden biri olmus-
tur. Biyomedikal miithendisligi Tiirkiye’de 1970’lerin sonunda ortaya ¢ikmis, ancak bu alanda yapilan arastirmalar sadece son 15 yilda ge-
lismeye baslamistir. Bu derlemenin amaci, Tiirkiye’de biyomedikal miihendisligi ile ilgili sorunlari 6zetlemek; Tiirkiye’de biyomedikal
alaninda yiiriitiilen ana konular1 sunmak; ve 2008-2018 yillar1 arasinda yaymlanan ve Tiirkiye’de biyomedikal miithendisligi alaninda aras-
tirma ve gelistirmeye (AR-GE) katkida bulunan/bulunma potansiyeline sahip olan ve Tiirk Enstitiileri tarafindan yiiriitiilen dnde gelen arag-
tirma makalelerini 6zetlemektir. Bu arastirmalar doku mithendisligi, biyosensdrler ve biyomedikal cihazlar konularina ayrilarak incelen-
mistir.

Anahtar Kelimeler: Biyomedikal miihendisligi, doku miihendisligi, biyosensorler, biyomedikal cihazlar, arastirma ve gelistirme, Tiirkiye

L. INTRODUCTION

Biomedical engineering is the application of engineering principles to biology and medicine for mainly diagnosis and treat-
ment of patients [1, 2]. Therefore, biomedical engineering aims to use technologies to design and develop instruments to im-
prove human life and to be used for research purposes.

1.1. A Brief History of Biomedical Engineering in the World

The field of biomedical engineering emerged in the 1950s mainly in the United States of America (USA), however, the foun-
dation of biomedical engineering was established during the late 1700s when Luigi Galvani initiated his research on electrop-
hysiology [1, 3]. Galvani studied the ‘animal electricity’ by observing electricity in living organisms. Galvani observed that
frog muscle fibers contracted with electrical discharge and he stated that the source of animal electricity was muscle tissues or
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nerve fibers [3, 4]. Engineering was initially associated with
biology and medicine through only instrumentation [5]. At
the end of 19™ century, Wilhelm Roentgen invented X-Ray
machine and in early 20" century, Willem Einthoven built
the foundation of two medical instruments, the electrocardi-
ograph and the electroencephalograph, via string galvano-
meter invention [5]. Therefore, initially biomedical engine-
ering was mainly concerned with manufacturing of medical
devices during 1950s and 1960s [1, 2] Engineers were int-
roduced to hospitals in 1960s to protect patients from elect-
rocution from medical devices during treatment by mainta-
ining electrical safety of these instruments in hospitals [1].
The rapid growth of science and technology enhanced deve-
lopment of new techniques and methods in biomedical engi-
neering as well [5]. Moreover, the research area of biomedi-
cal engineering has expanded from medical and laboratory
instrumentation to artificial organs, biomaterials, biomecha-
nics, medical imagining, computer analysis of medical rese-
arch data, etc. mainly in the last 20 years [1-3]. As an acade-
mic field, biomedical engineering began to appear in the late
1950s [2]. At Drexel University in the USA, graduate bio-
medical engineering programs were taught and shortly after
that PhD programs were taught at Johns Hopkins University
and University of Pennsylvania [6—8]

1.2. A Brief History of Biomedical Engineering in
Turkey

In Turkey, biomedical engineering first emerged in late
1970s as research on medical devices at Middle East Tech-
nical University (METU) [8]. Initially, biomedical engine-
ering field was primarily concerned with the limited pro-
duction of medical devices in Turkey [8, 9]. Biomedical
engineering was introduced as a graduate program and then
as PhD programs [9]. During the late 1970s and beginning
of the 1980s, Bogazigi University started teaching biomedi-
cal engineering as an elective course and opened graduate
programs [8, 9]. METU opened graduate programs in 1985
and then Marmara University trained the first biomedical
device technology technicians during the late 80s [8]. Junior
technical colleges have been teaching biomedical device te-
chnology since 1980s [9]. The undergraduate studies of bi-
omedical engineering began in the beginning of 2000s. As
of 2018, approximately 51 universities have biomedical en-
gineering undergraduate programmes in Turkey [10]. Since
there are 175 universities in Turkey officially recognized by
Turkish higher-education institutions [11], less than half of
these universities have biomedical engineering undergradu-
ate programs. In this paper, some of the challenges of bio-
medical engineering encountered in Turkey is presented and
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the prominent researches on biomedical engineering condu-
cted in Turkey during the period 2008-2018 is summarized.

II. CHALLENGES REGARDING BIOMEDICAL
ENGINEERING IN TURKEY

Biomedical engineering trainings began in 1980s, however,
the number of graduates could not meet the number of bio-
medical engineers required especially in the hospitals [8, 9].
Due to this, the main problem in biomedical engineering du-
ring the 80’s and 90’s in Turkey was that many expensive bi-
omedical devices were imported but none of them were used
effectively due to the lack of trained biomedical technicians
and researchers [8, 9]. Not only in biomedical engineering
but in general, the number of researchers is reported to be
57% lower than EU average in 2014 according to European
Research Area Progress Report [12]. Therefore, the lack of
number of researchers in biomedical engineering still has
not been completely resolved as biomedical engineering still
is not being taught as undergraduate programs in many uni-
versities in Turkey [13]. Another problem is that the num-
ber of medical devices manufactured is very low and they
do not have the advanced technology [13—15]. Therefore,
most medical devices i.e. imaging and dialysis devices are
imported from other countries which costs more than manu-
facturing of these devices [13]. According to a report 85%
of the medical devices in the sector is imported from other
countries [16]. Moreover, maintenance of these devices cost
a lot more since they are imported from other countries [13].
Although the number of medical devices have been incre-
asing over the years in Turkey, ultrasound machine being
the most common, MR being the least common medical de-
vice, the total number of medical devices in Turkey com-
pared to Organization for Economic Cooperation and De-
velopment (OECD) countries, is not sufficient [14, 16, 17].
Moreover, the distribution of medical devices is reported to
be uneven throughout the country as big cities contain the
most number of medical devices and small cities and gene-
rally south east of Turkey has the least number of medical
devices [16]. Health expenditure has been increasing espe-
cially in the last 10 years in Turkey. As of 2016, total health
expenditure was approximately 120 million Turkish Liras in
general total which is almost 25 times more than the expen-
diture reported in 1999 [18]. Not only medical devices but
also other medical supplies are also imported to great ex-
tent [19]. Therefore, there is an increasing need of biome-
dical supplies, efficient biomedical instruments, researchers
and technicians to operate them. According to European Re-
search Area Progress Report, 2016, Turkey still needs to im-
prove national research systems as it falls behind EU [12].
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Therefore, as in biomedical perspective, considering a 20-
year gap between the USA and Turkey, today there is still
need for development on this research area and proper use
of medical devices.

In general, Turkey has been making progress in R&D pro-
jects as some university laboratories, research institutions
and technology development zones have been associated
to European Union (EU) Framework Programs (FP) since
2003 [20, 21]. Framework Programs are the European Com-
munity research and technological development activities
and have been undertaken since 1984 [22]. Turkey has been
participating in multi — annual FP series since FP6, which
took place between 2002-2006. Turkey also participated in
FP7, which was during 2007-2013; and currently to Horizon
2020 (2014-2020) which has a funding of about 80 billion
Euros [23]. In FP7, more than 1000 participants with about
950 projects received approximately 200 million Euros in
EU funding [23].Turkey’s investment on R&D is reported
to be below EU average, which is less than 1% of gross do-
mestic product (GDP) [23]. Although there is an increase in
R&D in biomedical engineering with participation to these
EU FP, valorization and industrializing remain to be one of
the main challenges in this research area [20]. Also Turkey
only publishes 1,5% of scientific literature globally [24],
therefore there is still need to do more scientific publishing
including biomedical engineering.

There is still insufficient research on some research areas
of biomedical engineering such as biotelemetry, bioima-
ging, bioinformatics in biomedical engineering in Turkey
[13, 25]. Biotelemetry is the remote detection of a living or-
ganism’s physiological functions and has been developing
due to fast growing technology of smart phones specifically
to trace elderly as it is estimated that by 2050, there will be
a 70% increase in the number of people in the EU aged over
65 [26]. Biotelemetry is also important specifically for me-
dical emergencies, however, there has not been any tangible
research on this area in Turkey yet [13]. Bioinformatics is
the analysis of biological data especially used in molecular
biology and likewise, bioinformatics has not been taught or
studied effectively in Turkey [13]. Biomedical tools used in
sports medicine are also still insufficient [13].

III. MAIN BIOMEDICAL ENGINEERING
RESEARCH AREAS IN TURKEY

According to data retrieved from Scopus, research and de-
velopment in biomedical engineering has been increasing in
Turkey since 1970 especially after 2000 (Figure 1) [20, 25].
In general, number of publications have increased in Turkey
[24] and in accordance with this, there is a steady increase
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in the number of documents published in biomedical engi-
neering area specifically after mid 90s (Figure 1) [25]. Du-
ring the period 1970 — 2018, in total 4802 documents related
to biomedical engineering were retrieved [25]. According to
Scopus database, most of these studies were conducted at
Hacettepe University (11%) and then at METU (9%), then
at Ege University (8%), Gazi University (6%) and Istanbul
University (5%) [25].

During 2008 — 2018, 3655 research documents were publis-
hed [25]. When compared with the number of publications
between 1970-2018 with the same search criteria except for
the publication years, 76% of the publications were publis-

hed during the period 2008-2018.

The number of published articles regarding biomedical
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Figure 1.
engineering during 1970-2018 in Turkey. Data retrieved from
Scopus; last accessed January 22, 2019 [25].

Scopus is an international citation database where peer-re-
viewed literature can be accessed [25] and since citation
numbers show the scientific respectability of a specific re-
search [24], first 100 most cited papers out of 3655 rese-
arch documents published in between 2008-2018 regarding
biomedical engineering on Scopus database were analy-
zed and the ones with significant results that would contri-
bute to R&D in Turkey were summarized. Also the papers
which were not in the first 100 most cited list but would and/
or have a potential to contribute to R&D sector in Turkey
were selected and summarized as well. Reviews and confe-
rence papers were excluded. The selected researches were
mainly conducted in Turkey and some of them were colla-
borated with international institutions. As of 2018, The USA
and Germany are the two countries collaborating with Tur-
key for biomedical engineering research according to Sco-
pus database. The United Kingdom, The Netherlands and
Italy were the other countries that were collaborated to pub-
lish articles related to biomedical engineering [25]. Most of
the studies in biomedical engineering in Turkey have been
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conducted as an interdisciplinary branch relating to the field
of medicine, engineering, materials science, molecular bi-
ology, chemistry and dentistry [25]. Therefore, the studies
published during the period 2008-2018 in biomedical engi-
neering research area were divided into categories of tissue
engineering, biomaterials and nanomaterials, biosensors and
biomedical devices; and summarized for this review.

3.1. Tissue Engineering, Biomaterials and Nanoparticles

Tissue engineering is a new branch of engineering and has
rapidly been growing since 1980s [2, 3]. It is an interdis-
ciplinary field combining biological sciences (cell biology,
histology) with engineering methods and materials sciences
[2]. Tissue engineering mainly develops new therapeutic
strategies, designs biocompatible artificial tissues and de-
vices. Therefore it aims to regenerate impaired tissues, to
provide function to organs that lost their ability and to treat
wounds [2, 3, 27, 28]. Tissue engineering research areas in-
clude production of new biocompatible devices made of
materials like polymers, ceramics and metals; and scaffold
matrix materials to grow cells on; therefore academic and in-
dustrial communities have an increasing number of research
and development projects on this subject [3, 28]. Tissue en-
gineers treat the materials beforehand so that these materials
are biocompatible and in case they are biodegradable, tissue
engineers make sure biomaterials and their by-products do
not have any side effects and toxicity [3].

Tissue engineering is increasingly becoming a popular re-
search area in Turkey as well, especially the design and de-
velopment of scaffold materials. Scaffolds are derived from
native extracellular matrices (ECM) to offer three-dimen-
sional support for regeneration of tissues and organs [29]
and various studies have been conducted on scaffolds and
improvement of their materials.

In materials sciences, biomaterials are widely used in tissue
engineering applications and have many applications [30].
Biomaterials are mainly classified as metals, ceramics, poly-
mers [29]. Biopolymers are polymers from natural sources
which can either be synthetic or natural such as collagen,
chitosan, etc.

Biomaterials can be used as scaffolds, implants, orthopedic
devices and drug delivery systems [30]. Biodegradable bio-
materials are mainly used as bioresorbable sutures, wound
dressing materials, orthopedic devices since they slowly hy-
drolyze in the body and they do not need to be removed with
an operation [31-34]. Function of biomaterials can be clas-
sified either as passive (e.g. a heart valve biomaterial) or bio
active (e.g. hydroxyapatite-coated hip implants) [35].
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Biomaterials research area in Turkey is mostly based on
scaffold synthesis, tissue implants and drug delivery appli-
cations with the use of natural and synthetic polymers and
also nano sized particles [21].

In scaffold synthesis studies involving biomaterials, poly-
hydroxybutyrates, PHB, as a polymeric scaffold, was synt-
hesized from a bacterium strain and nanofibrilar scaffold of
PHB was produced by electrospining technique [36]. Also
when surface of PHB scaffold was modified, it improved
cell attachment and proliferation which are necessary for
optimal tissue engineering applications [36]. Developing
scaffold materials with favourable mechanical qualities has
also been studied. For instance, gelatin fibre-based scaffolds
were mechanically improved with boron nitride nanotubes
(BNNTs), which has a potential to improve mechanical pro-
perties of scaffolds for tissue engineering applications [37].
Auxetic PCL, polycaprolactone, nanofiber membranes were
fabricated to be used as scaffolds with improved mechanical
properties used in tissue engineering [38].

Scaffold synthesis for bone tissue applications, chitosan
based scaffolds with sequential growth factor delivery sys-
tem were constructed to increase bone cell proliferation for
bone tissues [39]. A 3-D scaffold capable of releasing two
bone morphogenetic proteins (BMP) was also designed
[40]. New biomimetic scaffold materials were demonstrated
to increase osteoblastic differentiation to form new bone tis-
sue when electrospun polycaprolactone (PCL) nanofiber
mats were synthesized in calcium phosphate solutions [41].
To repair bone deffects, scaffolds were obtained from stron-
tium doped bioactive glass and these scaffolds were shown
to release strontium for bone tissue regeneration [42].

In bone tissue engineering studies other than scaffold sy-
nthesis, biomaterials are used such as cerium oxide-bovine
hydroxyapatite composites were prepared with improved
mechanical properties [43]. Apatites are widely used in im-
plants and Raman spectroscopy was used to analyze the ef-
fect of coating hydroxylapatite [44]. Bioactive glass fibers
were prepared to be used in bone and soft tissue regenera-
tion [45]. To treat bone, cartilage and adipose tissue defects
in regenerative medicine, a synthetic polymeric agent, F68,
was shown to enhance cell differentiation [46]. This par-
ticular study also employed human tooth germ stem cells
(hTGSCs) isolated from wisdom teeth as stem cells to dif-
ferentiate into bony tissues for skeletal repair [46]. In den-
tal procedures zirconia, a ceramic material, is widely used
and in a study Er:YAG laser irradiation was shown to im-
prove mechanical properties i.e. shear bond strength of yt-
trium-stabilized tetragonal zirconia (Y-TZP) ceramics [47].
Additionally, roughening the surface of Y-TZP ceramic by
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laser treatment was shown to decrease microleakage in the
adhesive-ceramic interface [47]. Also PHB membranes were
treated with NaOH for antimicrobial purposes to be used in
orthopedic and dental tissue engineering applications [48].

Since chitin and chitosan have a wide range of applications
in medicine as biomaterials, they were extracted for the first
time from six different aquatic invertebrates [49]. Tannic
Acid molecules were turned into poly(tannic acid) particles
in a single step to be used as a biomaterial since poly(tan-
nic acid) particles are determined to be more biocompatible
than tannic acid molecules [50]. Sodium alginate was used
in a drug delivery system to synthesize pH and temperature
responsive beads to deliver an anti-inflammatory drug, indo-
methacine (IM) [51].

In other applications of biomaterials, a biodegradable nerve
conduit was synthesized using polyesters which can be effe-
ctive in nerve injury regeneration [52].

Environmentally friendly and biocompatible materials for
organic field-effect transistors were developed to have wide
range of applications including biomedical implants [53].

Mechanically improved hydrogels were produced from
Poly(N,N-dimethylacrylamide; PDMA) for autonomous
self-healing purpose of the tissue [54]. A promising wound
dressing material with favourable properties was also fab-
ricated using a silk protein, sericin, is also added to wound
dressing material [55].

In order to heal tendon injuries, adipose-derived stem cells
(ASC) were used instead of using mesenchymal stem cells
which is commonly used in the literature [56]. ASCs were
shown to increase primary tendon healing in this study col-
laborated with Japan [56]. Self healing hydrogel with strong
adhesion and good self-healing properties to be applied in
tissue engineering was produced with a poly(acrylic acid)
having 30% catechol appendants on its backbone [57]. Ad-
ipose derived stem cells were used to synthesize hydrogels
which were also UV crosslinked to increase vascularization
in wounded tissues [58].

Peptide nanofibers were designed to interact with growth fa-
ctors by mimicing heparin which is necessary for formation
of new blood vessels in case of injuries [59]. This is an im-
portant study for tissue regeneration as there is no need to
add growth factors exogenously to form new blood vessels
[59]. In a follow up study, nanofiber gel which is again mi-
micking heparin was synthesized and shown to enhance scar
free wound reperations [60].

Nanoparticles are also applied in clinical diagnostics and in
therapeutic methods as they are suitable to be used in can-
cer therapy and bioimaging of specific cell targeting. In
bioimaging applications of nanoparticles, gold—magnetite
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(Au-Fe,0,) hybrid nanoparticles (HNPs) were synthesized
to be used in magnetic resonance imaging (MRI) as contrast
agents (CAs) to enhance imaging quality for diagnosis [61].
These novel Au-Fe, O, hybrid nanoparticles (HNPs) were
found to be good candidates as MRI CAs [61].

Collagen is a natural biomaterial and recently its nanofibers
are synthesized to be used in biomedical applications [62].
Collagen nanofibers were synthesized using electrospin-
ning to be used in drug delivery systems since collagen is a
highly biocompatible biomaterial [63]. Furthermore, struc-
tural properties of collagen nanofibers were observed [62]
and different preparation parameters were tested when its
nanofibers were synthesized by electrospinning [64].

Magnetic nanoparticles (MNPs) have been used in tissue
engineering as new nanobiomaterials. The chitosan-coated
magnetic nanoparticles (CS MNPs) were fabricated and
characterized to be used in different biomedical applica-
tions such as drug delivery and magnetic resonance imaging
(MRI) [65]. As another application of MNPs, they were en-
capsulated within cell-encapsulating hydrogels [66]. Since
these hydrogels were degradable, the release of encapsu-
lated MNPs were studied to be applied in tissue regenerative
medicine and drug delivery systems [66].

Iron oxide particles were coated with PHB polymer and this
magnetic carrier system was used as a drug delivery system
for cancer treatment [67]. A new method to coat magnetic
iron oxide nanoparticles (MIONPs) with polyethylene gly-
col (PEG) hydrogel was designed [68]. MIONPs are used
in early tumor or cancer detection and in targeted therapies,
this new method to coat MIONPs allowed specific tissues to
be targeted and also enhanced viability and drug uptake of
HeL A cell [68]. Gold-coated iron oxide magnetic nanoparti-
cles were also synthesized to isolate bacteria in a biological
sample facilitating bioassay studies [69].

Poly(acrylonitrile) (p(AN))-based materials such poly(acry-
lonitrile-co-(3-acrylamidopropyl)-trimethylammonium chlo-
ride (p(AN-co-APTMACI)), poly(acrylonitrile-co-4-viniyl
pyridine)(p(AN-co-4-VP)) and poly(acrylonitrile-co-N-iso-
propylacrylamide) (p(AN-co-NIPAM)) were prepared, chem-
ically modified and succesfully used in drug delivery systems
[70]. Also some of the particles were shown to have antimi-
crobial activities [70].

Apart from drug delivery and bioimaging, nanoparticles can
be used for antimicrobial purposes. For instance, to prevent
bacterial infection of medical devices, instead of using anti-
biotics, adhesion of bacteria on medical devices were redu-
ced through controlling surface properties of titanium nano-
tubes [71]. Four types of xeolites, the nanoporous alumina
silicates, with different cation contents were synthesized and
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their antimicrobial properties were tested [72]. Xeolite with
silver Ag* was shown to have more antimicrobial property
than other xeolites containing copper (Cu*?) and zinc (Zn*?)
[72]. This study suggests that zeolites with synthesized vari-
ous materials can be used to manufacture antimicrobial sur-
faces, textiles, medical devices or household items [72].

3.2. Biosensors

Sensors are widely used in bioinstrumentation systems to
monitor physiological variables and also non-physiologi-
cal variables such as environment, agriculture and biopro-
cessing [1, 73]. Sensors mainly convert physical parameters
to electrical signals [73]. Sensors with a biological sens-
ing component i.e. enzyme, anti-body, etc. that can detect
the presence of a specific agent such as a chemical group or
a compound are classified as biosensors [2, 74]. Biomedi-
cal sensors are designed to detect and measure physiolog-
ical variables and provide diagnostic information [1]. Re-
search related to biosensors have been steadily increasing
since 1980s [74].

Biosensors are studied substantially in Turkey as well. Bio-
medical engineering research in Turkey is mostly related to
biosensor synthesis with a wide range of applications. The
most prominent study in biosensor research in Turkey is a
study collaborated with the USA and it involves graphene
nanosheets as novel biosensor materials [75]. In that parti-
cular study, graphene nanosheets were chemically develo-
ped to detect some neurotransmitters such as dopamine and
were shown to be more effective than single-walled carbon
nanotubes [75].

Carbon nanotubes, a novel class of nanomaterial, can also be
used in biosensor design to detect various molecules. In vivo
detection of the marker and signalling molecule nitric oxide
concentration was achieved by development of near-inf-
rared-fluorescent single-walled carbon nanotubes sensors
[76]. This optical sensor study would allow to detect tissue
inflammation and cancer activity as well as to study cell sig-
nalling [76]. Multiwall carbon nanotubes (MWCNTs) and
gelatin were employed in an amperometric biosensor de-
tecting hydrogen peroxide in disinfector solutions biosen-
sor [77]. Amperometric hydrogen peroxide biosensor was
synthesized with myoglobin (Mb) on multi-walled car-
bon nanotube (MWCNT) —Nafion—nanobiocomposite film
with gold electrode [78]. In order to detect phenol and its
derivatives which are toxic to environment, an amperomet-
ric biosensor was developed by incorporating horserad-
ish peroxidase (HRP) to carbon nanotube (CNT)/polypyr-
role (PPy) nanobiocomposite film [79]. More recently, a
new amperometric biosensor based on HRP immobilized on
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poly(glycidylmethacrylate)-grafted iron oxide nanoparticles
was synthesized to detect phenol’s and its derivatives’ their
presence in the environment [80].

A xanthine biosensor was fabricated with chitosan, Co,O,
nanoparticles and using multiwall carbon nanotubes
(MWCNTs) [81]. A sensitive urea biosensor was also syn-
thesized when urease enzyme was immobilized on polyam-
idoamine grafted multiwalled carbon nanotube (MWCNT-
PAMAM) dendrimers [82].

A DNA biosensor was presented to determine anticancer
drug, 6-mercaptopurine (6-MP) [83]. For this purpose, DNA
was immobilized on a pencil graphite electrode which was
modified with polypyrrole and functionalized multiwalled
carbon nanotubes (MWCNT/COOH) [83].

A new DNA biosensor with cysteamine and gold nanopar-
ticles was also fabricated to detect aflatoxin M1 in milk
samples which provided good analytical results and in that
particular study interaction of aflatoxin and DNA on gold
nanoparticles were shown [84]. In a prominent study in 2014
by Yola et al, an electrochemical DNA bioensor with better
stability and higher selectivity to certain DNA samples was
prepared with iron-gold nanoparticles (Fe@AuNPs) using
n-graphene oxide [85]. In relation to this study, an electro-
chemical biosensor with Fe@AuNPs was developed to de-
tect cefexime in biological samples, i.e. human plasma [86].
This biosensor has potential to enable new -lactam antibi-
otics recovery [86].

Since pathogen detection with biosensors have been becom-
ing popular, a new quartz crystal microbalance (QCM) bi-
osensor was developed to detect Salmonella pathogen that
causes gastroenteritis in humans [87]. This QCM biosensor
was based on DNA aptamers which are the bio-recognition
molecules [87].

Glucose biosensors have wide range of applications such
as in medical diagnosis, therefore, in the last decade many
studies using different approaches and materials to be used
as glucose biosensors were fabricated. A sensitive electro-
chemical glucose biosensor was synthesized using gold
(Au) nanoparticles on a semiconductor, molybdenum di-
sulfide (MoS)) nanosheet in a single step reaction [88]. A
new sensitive glucose sensor was fabricated using activated
carbon (AC) and monodisperse nickel and palladium alloy
nanocomposites by an in-situ reduction technique [89]. A
highly sensitive amperometric glucose biosensor was de-
signed with the immobilization of glucose oxidase (GOXx)
on poly(pyrrole propylic acid)/Au nanocomposite for diag-
nosis of diabetes [90].

microRNAs, miRNAs, are the small non-coding ribonucleic
acids (RNAs) and have recently been gaining attention in
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biomedical research due to its potential to be used as bio-
markers in diagnosis and treatment of cancer [91, 92]. An
enzyme biosensor for the early detection of breast cancer
was developed by detection of mir21 which forms in can-
cer cells during the early stages of breast cancer [91]. A very
sensitive and rapid electrochemical biosensor was also de-
veloped to detect mir21 using protein 19 [92].

Myocotoxins are found in meat and dairy products due to
fungal infection of crops and cause serious health problems.
Citrinin (CIT) is one of the most harmful mycotoxins and
in order to detect mycotoxins in food, a sensitive molecular
CIT imprinted surface plasmon resonance (SPR) biosensor
was designed for the first time and was shown to success-
fully detect CIT in red yeast rice [93].

Biosensors using different materials to detect various mol-
ecules were also designed. For instance, a new approach to
synthesize an ethanol biosensor, an amperometric biosensor
was reported [94]. This amperometric biosensor containing
polypeptide and ferrocene side was reported to detect etha-
nol content in alcoholic beverages [94]. Chitosan—ferrocene
(CHIT-Fc) hybrid, a redox biopolymer, was synthesized to
be used as an immobilization matrix for biomolecules in bi-
osensor systems [95].

3.3. Biomedical Devices

Biomedical engineers have been contributing to modern he-
alth care by developing instruments for diagnosis, treatment
and follow up of patients and also for prevention of diseases
[2, 14]. Nowadays, these devices are engineered to use non
— invasive methods and to provide rapid results with more
information specific to each patient’s requirements [2]. Bi-
omedical devices can mainly be classified as diagnostic de-
vices, which provide information about the condition of the
patient (electrocardiography, X-ray, etc); and as therapeutic
devices , which aim to cure a disease or a condition (defib-
rillators, heart pacemakers, etc.) [3].

A new effective biomedical instrument for kidney stone
destruction was developed by using hydrodynamic cavi-
tation where fluid pressure is used to trigger inception,
growth, and implosion of cavities [96]. A new device named
soft tissue stiffness meter (STSM) was also designed to as-
sess soft tissue stiffness to diagnose dermatological patho-
logies [97]. This study has significance on on diagnosis of
skin cancer since cancerous tissues are stiffer than healthy
tissues [97, 98].

Data analysis techniques are very important for efficiency of
biomedical devices. In a study, electroencephalogram (EEG)
signal processing and analysis framework were developed
to classify EEG data in order to determine the presence of
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epileptic seizure [99]. In EEG results, data can be incomp-
lete due to electrode disconnections. For this purpose, an al-
gorithm called CP-WOPT (CP Weighted OPTimization) was
developed for incomplete data to factorize tensors which can
be applied for EEG [100]. ECG signal classification system
was initially developed [101]. Further on, a new fast electro-
cardiogram (ECG) data classification and monitoring spe-
cific to a patient has also been developed by using 1-D con-
volutional neural networks (CNNs) [102]. Therefore, long
ECG data of a patient, such as a Holter device output which
records ECG of a patient for more than 24 hours, can be pro-
cessed rapidly and accurately. For this purpose, CNNs are
used for ECG classification in this study for the first time
[102]. Another signal classification for EEG was developed
using a new deep learning approach [103]. A classification
system for electromyography (EMG) was also developed for
arm prosthesis control studies and for this purpose discrim-
inant analysis and support vector machine (SVM) classifier
were used to identify and classify EMG signals at a good ac-
curacy [104].

Metamaterial absorbers (MA) are used in biomedical de-
vices since MAs have high absorption at wide angles of
incidence for both transverse electric (TE) and transverse
magnetic (TM) waves and a new MA with polarization inde-
pendency and with different configuration was presented to
be used in metamaterial (MTM) applications was presented
[105]. Then, an MA with electromagnetic properties was de-
signed which can be used in medical technologies as well as
in sensors [106].

Phonocardiogram (PCG) is a biomedical device which de-
termines heart defects through auditory perception of heart
sounds. Wavelet types of PCG were examined and for the
accuracy of this method, different wavelets on PCG signals
were tested and Morlet wavelet was determined to be the
most suitable wavelet for the time— frequency analysis of
PCG signals [107]. A dynamic receive beamformer integ-
rated circuit (IC) for High-Frequency Medical Ultrasound
Imaging was developed in a study on biomedical devices
[108]. High-Frequency Ultrasound has more resolution of
some organs and arteries and in this study beamformer IC
is developed for efficient intravascular ultrasound (IVUS)
imaging [108].

Apart from technology used in biomedical devices, there
are various studies related to biomedical engineering using
advanced technologies. Ablation cooling is a method used
in aerospace engineering, however, it is recently applied in
biomedical engineering to increase ablation rate of tissues
without side effects [109]. In that particular study, specifi-
cally as a research area of biophotonics, which is concerned
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with interaction of light and tissues, ultrafast laser pulses
were used and ablation of brain tissue was achieved with-
out a thermal damage [109]. Scaffold-free biomimetic aortic
vascular structures were developed for 3D bioprinting and
for this purpose, new algorithms and methods were designed
[110]. A real human heart aorta was used to generate com-
puter model of macro-vascular tissue so that the computer
aided algorithms would be used to bioprint 3D scaffold free
tissues [110].

IV. CONCLUSION

Turkey has a potential in biomedical engineering as there
is a steady increase in published research in this area in the
past 15 years (Figure 1). Turkey has been participating to
EU funded framework programs and projects in recent ye-
ars; therefore, its contribution to biomedical engineering is
expanding [21-23]. Most of the studies in biomedical engi-
neering area are conducted on biosensors, tissue engineering
& biomaterials and biomedical devices with prominent re-
sults that would contribute to or has a potential to contribute
to research and development sector in Turkey. More diverse
study areas of biomedical engineering can be explored with
the improvement of infrastructure in biomedical engineering
and with the aid of fast developing technologies; therefore,
Turkey can reach advanced countries in biomedical engine-
ering research field.
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Oz

Kardiyovaskiiler hastalik riskini tetikleyen hipertansiyon, obezite, diyabet gibi dnlenebilir hastaliklarin ve risk faktoriilerinin siklig: tilke-
mizdeki geng bireylerde hizla artmaktadir. Bu hastaliklarin kontrollii bir sekilde takip edilebilmesi ve énlenebilmesi i¢in Marmara Univer-
sitesi 6grencilerinin demografik ve saglik verilerinin kayit altina alinmasini ve izlenmesini saglayan web ve mobil uygulamanin gelistiril-
mesi saglanmistir. Boylece, Framingham risk skoruna gore dgrencilerin 10 yillik kardiyovaskiiler risklerinin hesaplanarak goriintiilendigi
ve kisiye 6zel hale getirilmis tibbi onerilerin e-posta yoluyla bildirildigi bir web platformu PHP ve MySQL kullanilarak olusturulmustur.
Ogrencilerin ilerleyen zamandaki kardiyovaskiiler hastalik risklerinin takip edilebildigi bu platform, yiiksek risk grubunda olan bireylerin
risk seviyelerinin normale indirilebilmesi i¢in farkindaliklarini arttiran bir islevsellige sahiptir. Hazirlanan web platformunun desteklen-
mesi i¢in, Marmara Universitesi dgrencilerinin kendi saglik durumlarmi takip edebilecekleri, kalp sagligi konusunda bilinglendirici bildi-
rimlerle desteklenecegi ve yasam kalitelerini arttirabilmeleri i¢in bir standart olugturulmasina yardimer olacak “Saglikli Kalpler” adinda
Android ve i0S platformlarinda kullanilmak {izere bir mobil uygulama gelistirilmistir. Bu uygulama igerisinde adim sayar, egzersiz ek-
leme, listeleme, saglikli beslenme ve giincel saglik durumunu izleme gibi fonksiyonlar bulunmaktadir.

Anahtar Kelimeler: Kalp Sagligi, Saglikli Kampiis, Mobil Uygulama, Web Platformu

Abstract

The incidence of preventable diseases such as hypertension, obesity and diabetes which triggers the risk of cardiovascular disease increa-
ses rapidly in young individuals in our country. In order to monitor and prevent these cardiovascular risk factors and diseases in a control-
led way, a web and mobile application was developed to record and monitor demographic and health data of Marmara University students.
Thus, a web platform was created using PHP and MySQL, in which 10-year cardiovascular risks of students were calculated according
to Framingham Risk Score and displayed and personalized medical recommendations were notified to them via e-mail. This platform, in
which students can monitor the risks of cardiovascular disease in the future, has a functionality that increases the awareness of individu-
als in high-risk groups in order to normalize their risk levels. In order to support the web platform, a mobile application has been develo-
ped for use on Android and i0S platforms called “Healthy Hearts” which will allow Marmara University students to follow their own he-
alth status, be supported with awareness-raising notifications about heart health and help to establish a standard for improving their quality
of life. This app includes functions such as step counts, exercise addition, listing, healthy eating and monitoring of current health status.

Keywords: Heart Health, Healthy Campus, Mobile Application, Web Platform
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hastaliklarin (BOH) sayisi ve sikligi da artmaktadir. 2012
yilinda diinyada gergeklesen 56 milyon 6liimiin 38 milyonu
kalp ve damar hastaliklari, kanser, kronik solunum yolu gibi
BOH’lardan kaynaklanmistir. Saglik Bakanligi raporuna
gore bu hastaliklara sebep olan faktorlerden birisi yapilan fi-
ziksel aktivitelerin yetersiz olmasidir [1]. Bu raporda, sag-
likl1 kalma ile ilgili (wellness) teknolojilerin ve uygulamala-
rin kullanimlarinin 6zendirilmesi gerektigi basligina da yer
verilmistir [2].

Universite 6grencileri arasinda cep telefonu kullaniminin
cok yaygin olmasi, mobil uygulamalarin kullanilmasina yo-
nelik olumlu goriisleri ve mobil saglik sistemlerine katilma
konusunda istekli olmalar1 yoniinde arastirmalar da bulun-
maktadir [3]. Bu nedenle, iiniversiteye devam eden 6gren-
ciler arasinda mobil saglik uygulamalar: konusunda farkin-
dalik olusturmak, ilerleyen zamanda bireylerin sagliklaria
olumlu katki yapacak niteliktedir. Artik disiplinlerarasi bir
calisma konusu haline gelen mobil saglik sistemlerine 6g-
rencilerin katilim gdstermesi, hem 6zel hayatlarinda hem de
is diinyasindaki faaliyetlerinde olumlu etki etme potansiyeli
tasimaktadir.

Bu ¢alisma kapsaminda, kalp sagligini takip etmek isteyen
Marmara Universitesi dgrencileri arasinda goniilliiliik ilkesi
temelinde bu caligma gergeklestirilmistir. Calismada, de-
mografik, boy, kilo, bel ¢evresi, kolesterol, kan sekeri, kan
basinci, sigara kullanimi gibi verilerinin toplanmasi, kalp
saglig risk skorlarmin belirlenmesi, elde edilen dlgiim so-
nuglarina gore risk durumlarimin takip edilmesi, gergekles-
tirilen fiziksel aktivitelerin izlenmesi, aktivite durumlarinin
raporlanmast ve kisiye 6zel tibbi dnerilerle 6grencilerin ya-
sam kalitelerini yiikseltmelerine olanak saglanmasi i¢in web
ve mobil uygulamalari gelistirilmistir.

1.1 ilgili Cahsmalar

Giintimiizde kullanilan akilli telefonlarin bilgi isleme yete-
negi yiikselmis ve bununla birlikte kullanim kolaylig1 art-
mistir. Mikrofon ve kameranin yani sira ivmedlger, GPS,
nabiz Olger gibi sensorler ile donanimlari giiclendirilmistir.
Bu ozellikler dikkate alindiginda akilli telefonlarda saglik
uygulamalarinin gelistirilmesi yaygimlasmistir. Gelistirilen
mobil saglik uygulamalari, bireylerin ¢esitli tibbi ve fizik-
sel aktivite verilerinin saklanmasina, takip edilmesine, ra-
porlanmasina ve bdylece bireylere daha saglikli bir yagam
sunulmasina olanak saglamaktadir [4].

Ulkemizde, diger gelismis iilkelerde oldugu gibi geng nii-
fusta hipertansiyon, obezite ve seker hastaligi siklig1 fazla-
dir ve hizla artmaktadir. Oniimiizdeki yillarda eriskinlerde
daha fazla kalp damar hastalig1 ve bunlara bagl o6liimlerle
karsilasmamak i¢in gen¢ bireylerde kalp damar hastaligi
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riskleriyle daha etkin miicadele edilmesi gereklidir. Bu bag-
lamda yapilan bu 6zgiin ¢alisma ile benzer konulari isleyen
literatiir tarama sonuclar1 asagida paylasilmistir.

Richardson ve arkadaslari tarafindan gergeklestirilen ¢a-
lisma sonuglarina gore liniversite yasaminin ilk yillarinda,
ogrencilerin kilolarinda yaklagik %15°lik bir artis oldugu or-
taya konmustur. Bu ¢aligma, {iniversitenin ilk yilinda, birgok
ogrencide kilo artist goriildiigi 6zellikle de erkeklerde {ini-
versite 6grenciliginin ikinci yilinda kilo artiglarinin devam
ettigini gostermektedir [5].

Farinelli ve arkadaslari tarafindan gerceklestirilen ¢aligma
18-35 yag arasi bireyler iizerinde gerceklestirilmistir. Bu ca-
lisma kilo alimimi dnlemeye yonelik bir mobil saglik uygu-
lamasi olup, dokuz aylik siiregte uygulamay: kullananlarin
kullanmayanlara gére daha fazla kilo verdigi tespit edilmis-
tir [6].

Walsh ve arkadaslarinin g¢alismasi, yaslart 17-26 arasinda
degisen 58 kisilik bir grup tizerinde gerceklestirilmistir. Bu
mobil uygulamanin sonuglar1 incelendiginde, belirlenen he-
defler dogrultusunda, kendi kendini izleyen ve geri bildi-
rimlere gore aktivitelerini diizenleyen geng erigkin bireyle-
rin fiziksel aktivitelerini ger¢eklestirme oranlariin 6énemli
olgiide arttig1 tespit edilmistir [7].

Bir mHealth uygulamasi olan iCardia [8] g¢alismasinda,
akilli telefon kullanan kullanicilardan fiziksel aktiviteleri ve
kalp atis1 gibi verileri ger¢ek zamanli olarak merkezi bir su-
nucuda toplanmis ve kardiyovaskiiler hastaliklarin uzmanlar
tarafindan takibi saglanmistir. mHealth uygulamalari, gele-
neksel kardiyovaskiiler programlarin kapsamini genisletme-
nin yani sira, daha fazla kullanici katilimini saglayarak daha
fazla veri toplama olanag1 saglamaktadir. Boylelikle hasta-
larin problemlerinin daha hizli ve net bir bi¢imde ¢éztimiine
ulagma imkani sunulmaktadir.

WE-CARE ise EKG isaretlerini okuyan bir donanim vasita-
styla akilli cep telefonuna ulagan kalp atis sinyallerini, ger-
¢ek zamanli olarak bir merkezde toplayan ve bdylece kalp
saglig1 takibini saglayan bir mHealth uygulamasidir. Ge-
listirdikleri algoritmalar vasitasiyla, sunucuya gelen EKG
isaretlerini inceleyerek, hastalarin kalp saglig1 riskini takip
etmektedirler. Anpeng ve arkadaslari ¢alismalarinin sonu-
cunda mHealth kavramimnin umut verici oldugunu ve gele-
cekte gercek uygulamalara doniistiiriilebilecegini belirtmis-
lerdir [9].

Gergeklestirilen bu pilot ¢aligma, tamamen 6zgiin olarak
tasarlanmis olup, Ogrencilerin iniversiteye kayitlarindan
mezuniyetlerine kadar kardiyovaskiiler risk durumlarinin
degerlendirildigi, web ve mobil platformlarda bireyselles-
tirilmis Onerilerin sunuldugu, 6grenci merkezli etkinlikle-
riyle ve “kalp dostu tiniversite kampiisii” hedefiyle heniiz
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iilkemizde benzeri olmayan Marmara Universitesi Ogrenci
Kalp Saglig1 Projesi’nin teknik altyapisi igin ilk adimlardir.

II. MATERYAL VE YONTEM

Temel olarak web ve mobil platformu olmak iizere iki ki-
simdan olusan uygulama, Facebook, Twitter, Instagram gibi
sosyal medya platformlari ile desteklenmistir.

2.1 Materyal

Calismada goniilliliik ilkesi temelinde 770 6grenciye ait yas,
cinsiyet, kilo, boy, bel ¢evresi, kan sekeri, sistolik ve diyas-
tolik kan basinci, kolesterol, sigara kullanimu, ila¢ kullanimi
ve diyabet gecmisi verileri toplanarak bir veritabani olustu-
rulmustur. Ogrencilerden verilerin toplanabilmesi igin M.U.
Tip Fakiiltesi Klinik Arastirma Etik Kurulu Onay1 alinmis-
tir (Protokol No: 09.2017.327 Onay Tarihi: 07.04.2017). Bu
verilere ek olarak 6grencilere, kalp saglig1 konusundaki bil-
gilerini ve farkindaliklarini tespit etmek amaciyla bazi an-
ketler uygulanmis ve her bir 6grencinin anketlere verdikleri
cevaplar da veritabanina kaydedilmistir.

10 yillik kardiyovaskiiler risk hesaplamasi i¢in Framingham
Risk Score kullanilmistir [10].

2.2 Veritabam

Gelistirilen web ve mobil uygulamalarinda MySQL veri-
tabani kullanilmistir. Veritabaninda olusturulan tablolar ve
aciklamalari1 Tablo 1°de goriilmektedir.

Tablo 1. Kullanilan veritabani tablolar1 ve agiklamalart

Tablo Adi  Agiklamast

Ogrenciler  Ogrencilerin kisisel ve demografik tiim bilgilerinin tutul-
dugu tablodur.

Ogrenci | Saglik él¢iimleri yapilan ogrencilerin tiim saglik verileri-

bilgileri nin tutuldugu tablodur. Ogrenciler tablosu ile iliskilidir.

Kullanicilar ' Sistemde ogrenci, veri girisi yapan ve analizleri incele-
ven saglik personeli ile yénetici tiplerinde 3 farkl kulla-
nict bulunmaktadir: Bu kullanicilarin tiimiiniin sisteme
girisleri igin kullamici adi&sifre gibi bilgilerinin tutul-
dugu tablodur:

Kullanici_ | Giris yapan kullanicinin 6grenci, saglik personeli veya

tipleri vonetici oldugunu belirten tablodur. Kullanicilar tablosu
ile iliskilidir.

Anket Ogrencilere uygulanan 4 farkli anket bulunmaktadir. Bu

tipleri anketlerin listesinin tutuldugu tablodur.

Anket Her bir ankette yer alan sorularin tutuldugu tablodur.

sorulari Anket_tipleri tablosu ile iligkilidir.

Anket Anket dolduran 6grencilerin fakiilte, béliim, sinif ve

ogrenci hangi anketi doldurdugu bilgilerinin tutuldugu tablodur.
Anket sorulari tablosu ile iliskilidir.
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Anket Ogrencilerin her bir anket icin verdikleri cevaplarin tu-

cevaplari | tuldugu tablodur. Anket_tipleri, anket sorulari ve anket _
ogrenci tablolaryla iliskilidir.

Fakulteler | Marmara Universitesi 'nde yer alan tiim fakiilte, yiikseko-
kul ve enstitiilerin adlarinin yer aldigi tablodur.

Fakulte Marmara Universitesi'nde yer alan her bir fakiiltedeki

bolumleri  boliimlerin adlarmmin yer aldigi tablodur. Fakulteler tab-
losu ile iliskilidir.

Ogrenci_ Sisteme kayitl 6grencilerden, hazirlanan web platformu

yorumlari | ve yapilan tiim ¢alismalar hakkinda degerlendirmeleri-
nin ve goriislerinin yer aldig tablodur. Ogrenciler tab-
losu ile iliskilidir.

Islem_log | Veri girisi veya giincellemeleri sirasinda yapilan tiim is-
lemlerin kimin tarafindan ve ne zaman yapildigi bilgi-
lerinin tutuldugu tablodur. Bu islemlerden bazilari bir
ogrencinin saglik bilgilerinin sisteme eklenmesi, anket
cevaplarmin girilmesi, kisisel bilgilerinden bazilarinin
giincellenmesi, silinmesi vb. iglemlerdir.

Egzersizler | Kullamicilarin yapmus olduklar: egzersizler, bu egzersiz-
lerin tarihi, zamam, siiresi gibi detaylart ile birlikte bu
tabloda tutulmaktadur.

Doktorlar | Sisteme dahil olan doktorlarn bilgilerinin tutuldugu tab-
lodur:

Beslenme  Kullanicilarin beslenme aligkanliklart ile ilgili yapmis ol-
duklart veri girisleri bu tabloda tutulmaktadir.

PlanhiBildi- | Kullamicilara gonderilecek olan standart bildirimler bu

rimler tabloda tutulmaktadir:

AppLog Kullanicilarin mobil uygulamayi kullanim istatistikleri
bu tabloda tutulmaktadir.

2.3 Web Uygulamasi

PHP programlama dili kullanilarak olusturulan web plat-
formu, 3 ana modiilden olugmaktadir. Bu modiiller sirastyla
asagidaki gibidir.

Saglik personeli: Ogrencilere ait demografik, saglik ve
anket verilerinin sisteme girilmesi, 6grencilere ait tiim bilgi-
lerin ve ¢esitli raporlarin gortintiilenmesi, bilgilerin giincel-
lenmesi ve silinmesi iglemlerinin gergeklestirildigi bolim-
diir.

Ogrenci paneli: Sisteme kaydi yapilan 6grencilerin giris
yaparak, kendi bilgilerinin goriintiilenmesi, yapilan 6l¢iim-
lere gore kisisel gelisim grafigi, yapilan anketlere ait soru-
lara verilen cevap ylizdelerinin gériintiilenmesi islemlerinin
gerceklestirildigi boliimdiir.

Yonetim paneli: Veri girisleri i¢in yeni kullanicilarin ta-
nimlama islemlerinin gergeklestirildigi boltimdiir.

Olusturulan web platformunun site haritas1 Sekil 1°de go-
riilmektedir.
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Sekil 1. Saglikli kalpler site haritas1

2.4 Mobil Uygulama

Hazirlanan mobil uygulamanin icerdigi fonksiyonlar asagi-
daki gibidir:

Mobil cihazin sensdrleri kullanilarak kullanicinin attigi
adim sayisinin takip edilmesi,

Kullanicinin yaptig1 yiiriime, kogma, bisiklet siirme gibi ak-
tivitelerin takip edilmesi ve bu aktivitelerin mesafe ve siire
gibi degerlerinin tutulmasi,

Yapilan bu aktivitelerin listelenmesi,
Onceden kayit edilmis saglik verilerinin gosterilmesi,

Kullanicilara verilmis onerilerin bildirim olarak gonderil-
mesi

Bu ¢alismada gergeklestirilen uygulamanin sistem mimarisi
Sekil 2’de goriilmektedir. Uygulamanin kullanicilari, akill
telefonlar1 sayesinde internete baglanip, uygulamalarindan
sunucuya yaptiklari fiziksel aktivitelerin verilerini gonder-
mektedirler. Gonderilen veriler veritabanina kaydedilmekte
ve gerekli hesaplamalar gerceklestirilmektedir. Kullanici-
lar, aktivitelerinin raporunu giinliik, haftalik, aylik veya yil-
lik gibi farkli zaman araliginda goriintiileme imkéanina sa-
hiptirler.

Bu kapsamda toplanan veriler asagidaki gibi listelenebilir.

Hareketlilik: Kullanicinin yapmis oldugu yiiriime,
kosma, bisiklet siirme ve benzeri fiziksel aktivitelerin
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verilerini kullanici profili ile iliskilendirerek veritabanina
kaydedilmesi,

Beslenme: Kullanicilarin giin igerisinde tiikettigi yiye-
cek ve igeceklerin saglikli/sagliksiz gibi bilgilerinin kayde-
dilmesi,

Kullanim: Kullanicilarin uygulamay1 kullanim siiresi-
nin 6l¢iilmesi, bunun sonucunda fiziksel aktivitelerindeki
degisiklerinin belirlenmesi ve bu konuya iliskin istatistiksel
bilgilerin ¢ikarabilmesi

API ve web uygulamasi Linux sunucu igerisinde yer almak-
tadir. Bu sunucuda “CentOS 7” igletim sistemi ¢alismakta-
dir. Veritabani ise farkli bir Linux sunucusunda yer almak-
tadir. Mobil uygulamasina gonderilen bildirimler i¢in “One
Signal” adl1 bir eklenti kullanilmaktadir. API ve mobil uy-
gulamasi, ortak ¢alisma 6zelligine sahiptir [11]. Yani API
tarafinda tetiklenen bildirimler, bu eklenti sayesinde mobil
uygulamasina ulastirilabilmektedir. Gergeklestirilen mobil
uygulama “Android” ve “i10S” isletim sistemlerinin her iki-
sinde de kullanilabilmektedir.

Mobil uygulama ] [ Web uygulamasi

r

Bildirimler

Sekil 2. Sistemin genel mimarisi

API, uygulamada veritabani, web uygulamasi, mobil uygu-
lamasi ve bildirim mekanizmasi gibi diger mimari bilesen-
ler arasinda koprii gorevi iistlenmektedir. Bu nedenden do-
layr mimarinin tam ortasinda yer almaktadir ve ¢ok kritik
bir oneme sahiptir. API ile ilgili dikkat edilmesi gereken en
onemli unsurlar giivenlik ve siirekliliktir. Hem veritabani ile
hem de mobil uygulamasi ile direkt iletisim kurabilen tek bi-
lesen API’dir.

API’nin bulundugu sunucular yedekli olarak iki farkli ko-
numda tutulup, birbiriyle stirekli iletisimde bulunarak bi-
rinci sunucuda yapilan herhangi bir degisiklik ikinci sunu-
cuya yansimaktadir. Bdylece birinci sunucuda herhangi bir
problem veya ariza meydana geldigi durumda ikinci sunucu
tizerinde en giincel yazilim hali ile sistemin iglemesi devam
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etmektedir. API’nin diger bir rolii ise oturum ydnetimidir.
Oturum yoénetimi kullanicilarin erigim izin kontrolii ve veri
glivenliginin saglanmasi i¢in gereken bir mekanizmadir.
Mobil uygulamalarda kurulmasi gereken oturum yonetimi,
web uygulamalarindan islem siiresi ve islem siirekliligi gibi
noktalarda farkliliklar gostermektedir. Mobil uygulamalarda
oturum ydnetimi i¢in jeton (token) kullanilir. Mobil uygu-
lamada kullanici giris yaparken bir jeton tretilmekte, bu je-
ton kullanictya gonderilerek kullanicinin mobil cihazinda
kaydedilir ve daha sonra yapilan her bir istekte bu jetonun
parametre olarak kullanilmasi saglanir. API tarafindan ye-
niden iiretilen jeton ile kullanicidaki jeton ayni ise islem ya-
pilmasi saglanarak bir kontrol mekanizmasi ¢alistirilir. Bu
jeton, kullanicinin bilgileri ve anahtar kelimeleri sifrelene-
rek, her kullanici igin essiz olacak sekilde iiretilmektedir.
Boylece kullanicidan gelen ve iiretilen jeton kontrol edile-
rek veri akisinin ilk agamasindaki giivenlik ve kullanicinin
oturum ydnetimi saglanmaktadir.

Android ve 10S igin gerekli olan Nodels, Ionic 3, Android
SDK ve Xcode bilesenleri ile yazilim altyapisi hazirlanmis-
tir. Uygulamanin gelistirmesi igin IONIC platformu kulla-
nilmistir. Bu platformun secilmesinin nedeni, yazilim gelis-
tirme stirecinin hizlandirilmasi, web tabanli teknolojilerin
kullanilmast ve bir¢ok ortam igin ayni kaynak kodu kulla-
nilarak uygulama gelistirilmesi gibi avantajlara sahip olma-
sidir.

Mobil uygulamasi, iki servis saglayict (provider) ve birkag
yardimer ekran olmak iizere toplamda alti ekrandan olus-
maktadir. Bu ekranlarda, oturum ag¢ilmasi, veri toplanmasi,
geemis verilerin gosterilmesi, 6zet saglik durumunun goste-
rilmesi ve saglikli yasam ile ilgili genel bilgilerin gosteril-
mesi gibi 6zellikler bulunmaktadir. Servis saglayicilari ise
API ile iletisim kurmak ve yerel depolama alani yonetmek
gibi islemleri gerceklestirmektedir.

2.4.1 Bildirimler

Gelistirilen sistemde bildirimlerin kullanim amaci, kullani-
cilara belli zamanlarda kalp sagligr ile ilgili 6neriler sunmak
ve daha fazla aktivite yapmalarin tesvik etmektir. Bu bildi-
rimler gonderilirken her zaman makul 6l¢iide olmasina dik-
kat edilmektedir.

Bildirimlerin gonderilebilmesi i¢in OneSignal platformu
kullanilmaktadir. Bu platform ile basit web ve mobil bil-
dirimleri iicretsiz olarak gonderilebilmektedir. Bu platfor-
mun kullanici dostu arayiize sahip olmasi sayesinde giden
bildirimler, kayitli olan kullanicilarin listelenmesi ve izlen-
mesine olanak saglamaktadir. Platformun API hizmeti de
iyi tasarlanmis olup farkli platformlardan kullanilma im-
kant sunmaktadir. Bu API’nin ¢esitli metotlar1 sayesinde
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kullanicilara toplu veya 6zel bildirimler géonderme imkani
bulunmaktadir. OneSignal platformunun grafiksel arayiizii
sayesinde bildirim gonderilen kullanici sayis takip edilebil-
mektedir.

Filter messages by:

RCE: ALL MESSAGES YPE:ALL

Sekil 3. Onesignal bildirim listesi

Sekil 3’te OneSignal’in gondermis oldugu bildirimlerin lis-
tesinin yer aldig1 panel gosterilmektedir. Bu ekranda bildi-
rimin baglig1 ve igeriginin yani sira bildirimin gonderilme
zamani, kac¢ kullaniciya basarili olarak gonderildigi, kag kul-
lanicida basarisiz oldugu ve kag kullanici tarafindan tiklan-
dig1 gibi bilgiler de takip edilebilmektedir. Bu takip saye-
sinde kullanicilar tarafindan hangi bildirimlerin daha ¢ok
dikkate alindigi, hangi saatlerin bildirim gondermek igin
daha verimli oldugu ve kullanicilarin uygulamaya olan ilgisi
¢gibi bilgiler edinilebilmektedir. Bu bilgiler kullanilarak gon-
derilen bildirimlerin optimizasyonu miimkiin kilinmaktadir.

Gonderilen bildirimler iki gruba ayrilir. Birinci gruptaki bil-
dirimler, 6nceden planlanmis genel kalp saglig ile ilgili bil-
dirimlerdir ve bu bildirimlerden bir liste olusturulmustur.
Hangi bildirimin hangi glinde gidecegine karar verilmistir.
Daha sonra kullanicinin uygulamay1 kullanmay1 basladik-
tan sonra zamanlanmig bir gorev tanimlayarak giinliik ola-
rak bu bildirimler génderilecektir. Ikinci gruptaki bildirimler
ise, kullanicinin yaptig1 egzersizlere bagli olusan bildirim-
lerdir. Kullanicinin egzersiz verilerinin analizinden sonra
ogrencinin kalp saglig: risk skoru dikkate alinarak, belirle-
nen giinliik aktivite hedefine ulasildiysa olumlu igerikli, he-
defin altinda kalindiysa olumsuz igerikli bir bildirim gonde-
rilebilmektedir.

2.4.2 Saghkh kalpler mobil uygulamasimin kullanici
arayiizleri

Bu baslik altinda, gelistirilen “Saglikli Kalpler” mobil uygu-
lamasinin aktivite ile ilgili olan kullanici arayiiz ekranlari ve

aciklamalarina yer verilmistir.



Saglikli Kalpler Web ve Mobil Uygulamasi

Int. J. Adv. Eng. Pure Sci. 2019, 4: 328-335

2.4.2.1 Uygulama hakkinda ekrani

Sekil 4’te goriilen ekranda kullanicilara mobil uygulama
hakkinda bilgi verilmektedir.

Carrier ¥ 4:19 AM

Saglikh Kalpler Hakkin...

Bu uygulama Marmara Universitesi, Saghkl
Kalpler projesi kapsaminda geligtiriimektedir.

Yazilimin geligtiriimesi Marmara Universitesi Fen
Bilimleri Enstitiisii Bilgisayar Miihendisligi Anabilim
Dali 6§rencisi Mensur Bajgora'nin yilksek lisans tezi
kapsaminda Dr.Ogr.0y. Buket Dogan ve Dr.Ogr.Uy.
Zehra Aysun Altikardesin danigmanhd ile
gergeklestiriimektedir.

Tibbi konularda kardiyoloji uzmani Prof.Dr. Ali
Serdar Fak hocamizin rehberliginden yararlaniimigtir.

Saglikli Kalpler mobil uygulamasinin telif haklari,
yalnizca yukanda yer alan kigilere aittir. Tim haklan
saklidir.

Sadlikli Kalpler iletigim adresi:
sagliklikalpler@gmail.com

Sekil 4. Uygulama hakkinda sayfasi ekran goriintiisti

2.4.2.2. Anasayfa ekrami

Rad P 12:26 AM

Ana Sayta

&) (&

Kolesterol

Kan Basnci

Kilo

Bel

=+ %O @ X

Boy
Sigara

Tarih

Sekil 5. (a) Uygulamanin ana sayfasi ve (b) fiziksel aktivite
baslatma ekrani

Sekil 5 (a)’da gosterilen ekran kullanici, uygulamaya
giris yaptiktan sonra acgilan ilk ekrandir. Bu ekranda kul-
lanicinin yapilan son saglik kontroliindeki dlgiilen bil-
gileri gosterilmektedir. Boylece kullanici her zaman
giincel saglik durumunu gorebilmektedir. Ekranin st
kisminda gosterilen kalp sekli, kullanicinin kardiyo-
vaskiiler risk degerini gosterecek sekilde hesaplanan
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FRAMINGHAM skor puani [12] renklendirilerek go-
riintiilenmektedir. Bu degerler elektronik veri tabaninda
kayit edilerek, katilan her 6grenci i¢in hesaplanmaktir.
Risk skoru yiiksek olan dgrencilerin profesyonel des-
tek alabilmeleri i¢in imkan saglamak hedeflenmistir.
Eger FRAMINGHAM skor degeri bir veya birden kii-
¢iik ise yesil, birden biiyiik ve ikiden kiiciik ise sari, iki
veya daha biiyiik bir deger ise kirmizi rengini almaktadir
[12]. Ana sayfanin sag alt kosesinde bulunan yesil renkli
butona basilarak, kullanici yeni bir fiziksel aktivite bas-
latabilmektedir.

Sekil 5 (b)’de goriilen fiziksel aktivite baslatma ekraninda,
bisiklet, yiirime ve kosu olmak tizere ii¢ farkli aktivite bas-
latilabilmektedir. Ogrencinin fiziksel aktive performansiin
gbzlemlenmesi ve bu gozlem sonucunda gerekli dnerilerin

verilmesi i¢in bu ekran en énemli rolii oynamaktadir.

2.4.2.3 Fiziksel aktivite ekram

Aktivite Ozeti KAPAT

Mesafe
1.10 km

00:00:05

Adim Sayisi
1881

saat dakika saniye

C e D

Saglikh kalb sampiyonu

Sekil 6. (a) Fiziksel aktivite ekrani ve (b) bitmis fiziksel

aktivitenin Ozeti

Sekil 6 (a)’da goriilen ekran, fiziksel aktivite gergeklestirme
sirasinda kullaniciya gosterilmektedir. Bu ekran, kullanici-
nin ilgili fiziksel aktivitesinin siiresini gostermektedir. Boy-
lece kullanici hedefledigi siireye ulasip ulasmadigini kontrol
edebilmektedir. Sekil 6 (b)’de ise yapilan fiziksel aktivite-
nin kat edilen mesafe ve adim sayisini igeren 6zet ekrant go-

rilmektedir.
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2.4.2.4 Egzersiz gecmisi ekrani

Corriee ® 10:43 PM + Carrier ¥ 12:38 AM
Fiziksel Aktiviteleri
26 Nisan 2019 Cuma .
6462 m 542 0.2 dk Kogu
26 Nisan 2019 Cuma . Tarihi
Mesale  AdmSaysi  Zaman \'x
486 m 563 173 dk Kogu
) Siire (dk)
26 Nisan 2019 Cuma
Mesafe  AdmSayisi  Zaman a
1779m 39 032¢k Yirime i
Kalori
26 Nisan 2019 Cuma
Mesafe Adim Says: Zaman a Adim Sﬂy\s\
1105 m 73 0.58 dk. Yirime
Mensafe (m)

Nat

O I

Sekil 7. (a) Egzersiz ge¢misi ekrani ve (b) egzersiz ekleme ekrant

Sekil 7 (a)’da goriilen ekranda, kullanicinin yapmis oldugu
fiziksel aktivitelerin listesi gosterilmektedir. Kullanici, ek-
rani asagiya dogru kaydirarak gecmise dogru zaman, me-
safe, siire, egzersiz ¢gesidi ve adim sayisi gibi tiim fiziksel ak-
tivite bilgilerini gérebilmektedir.

Ekranin sag alt kosesinde gosterilen diigme (+) ise kullani-
cmin yaptig1 fiziksel aktivitelerini ekleyebildigi ekrani ac-
maktadir. Sekil 7 (b)’de gosterilen bu ekran, fiziksel aktivite
ekleyebilmek i¢in gerekli bilgilerin giris yapilabilecegi ek-
randir. Bu ekrandan eklenen fiziksel aktivitelerin dogrulugu
tespit edilemedigi i¢in kullanicinin performans hesabi yapi-
lirken dikkate alinamayabilir.

2.4.2.5 Ge¢mis kontroller ekrani

Carrier @ 10:43 PM

Gecmisi Kontrolleri

10:43 PM

Gecmigi Kontrolleri

20 Nisan 2018 Cuma

KanBasinci  Kolesterol Kilo @
106/62 mmHg 149 mg/dl 76 kg

Genel Ortalama: 106/62 mmHg
En son kan basincinizin ortalamasi

106 dir. Bu deger normal sinirlarin
igindedir.

Sekil 8. Gegmis kontroller liste ve grafik ekrani
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Sekil 8’de goriilen ekranda, yapilan saglik kontrolleri ta-
rihe gore listelenmistir ve kan basinct, kolesterol, kilo, kalp
saglig1 risk skoru gibi bilgiler gosterilmektedir. Bu listede
kullanici, saglik durumunun degisimi hakkinda bilgi alabil-
mektedir. Ayrica grafik sekmesinde, yapilan dl¢timlerde ali-
nan kan basinci degerleri grafiksel olarak gosterilmektedir.

2.4.2.6 Saghikh beslenme ekrani

Carrier ¥

10:47 PM

Saglikh Beslenme

Son 7 giin saglikli beslenme gegmiginiz

o00000©0

Sekil 9. Saglikli beslenme ekrani

Sekil 9°da goriilen saglik beslenme ekraninda, kullanici o
giin ile ilgili yapilan beslenme durumunu degerlendirebil-
mektedir. Ayrica bu ekranda, kullanicidan alinan son 7 giline
ait degerlendirmeler gosterilmektedir. Boylelikle kullanici,
beslenmesine ne kadar dikkat ettigini takip edebilmektedir.

III. BULGULAR VE TARTISMA

Bu calisma ile Marmara Universitesi dgrencilerinin kalp
sagligi konusunda farkindaliklarini arttirmaya yonelik, 6nii-
miizdeki 10 yillik siire¢ igin kardiyovaskiiler hastaliklara
yakalanma risklerini 6grenebilmelerine, risk diizeylerini dii-
siik tutabilmek i¢in fiziksel aktivite, dogru beslenme ve te-
mel saglik verilerini diizenli olarak kontrol etmelerine ola-
nak saglayan, boylece yasam kalitelerini yiikseltmelerine
yardimet olacak bir web platformu ve bunu destekleyen bir
mobil uygulamasi gelistirilmistir. 770 6grenciye ulasan bas-
langi¢ seviyesindeki bu kiiglik projenin basarili ve dncii bir
calisma oldugu ortaya konmus olup Marmara Universitesi
basta olmak iizere lilkemizdeki tiim iiniversitelerde saglikli
kampiis adi altinda ¢esitli projelere onciilik etmesi hedef-
lenmektedir.

Marmara Universitesi Ogrenci Kalp Saglhgi Projesi kapsa-
minda gerceklestirilen bu g¢aligma iiniversite 6grencileri-
nin demografiki klinik ve bazi biyolojik verilerinin kendi
katk1 ve katilimlariyla mobil cihaz ve yontemlerle takibinin
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miimkiin olabilecegini pilot olarak gdstermis ve farkinda-
lik yaratmistir. Bu durum biraz biiyiik bir destekle iiniversite
ogrencilerinin kalp damar sagliginin korunmasinda 6nemli
ve etkin katki saglayabilir.
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Auxiliary Air Conditioner for Vehicles Storing Liquid Hydrogen

Sivi Hidrojenli Tasitlar icin Yardime Bir Klima Sistemi
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Abstract

Current Vehicle Air Conditioning (VAC) systems, which are operated by compressors driven by Internal Combustion Engines (ICEs) or
batteries, increase the fuel consumption and emissions depending on the thermal load of the vehicle passenger cabin. Since decreasing the
thermal load of the vehicle will decrease the fuel consumption and emissions, studies in this area is very important from the economic and
environmental aspects. In this study, an Auxiliary Air Conditioning (AAC) system for Internal Combustion Engine Vehicles (ICEVs) or
Fuel Cell Vehicles (FCVs) that store Liquid Hydrogen (LH,) as a powering source has been proposed to make contribution to the works
in this significant area. ICEVs were evaluated as Gasoline Equivalent Hydrogen Internal Combustion Engine Vehicles (GEHICEVs) and
Diesel Equivalent Hydrogen Internal Combustion Engine Vehicles (DEHICEVs) considering their average fuel consumption rates accord-
ing to the New European Driving Cycle (NEDC). According to the analyses, approximate hydrogen consumption values have been found
that reach 0.7 g/s for GEHICEVs, 1.6 g/s for DEHICEVs, and 0.6 g/s for FCVs with maximum cooling rates of 326 W, 704 W, and 250
W, respectively.

Keywords: Liquid hydrogen, air conditioning, internal combustion engines, fuel cell vehicles.

Oz

Igten yanmali motor veya batarya ile hareket ettirilen bir kompresor ile ¢alisan giiniimiiz tasit klimalari, tasit yolcu kabininin 1s1l yiikiine
bagli olarak yakit tiikketimini ve emisyonlart artirmaktadir. Kabin 1s1l yiikiiniin diigiiriilmesi yakit tiiketimi ve emisyonlari azaltacag igin,
bu alandaki ¢alismalar ekonomik ve ¢evresel yonden ¢ok dnemlidir. Bu ¢aligmada, icten yanmali motor veya yakit hiicresinde yakit olarak
siv1 hidrojen kullanan tasitlar i¢in yardimei bir klima sistemi 6nerilmektedir. Igten yanmali motoru olan tasitlar, benzin (GEHICEV) ve di-
zele (DEHICEV) esdeger hidrojen yakatli tagitlar olmak iizere ikiye ayrilmakta ve bu tagitlarin yakit tiiketimleri Avrupa Yeni Siiriis Cevri-
mi’ne (NEDC) gore hesaplanmaktadir. Analizlere gére; GEHICEV, DEHICEV ve yakit hiicreli tasitlarda (FCV) yaklasik hidrojen tiiketim
degerlerinin sirastyla 0.7-1.6-0.6 g/s oldugu ve degerlere gore yapilabilecek en yiiksek sogutma degerlerinin yine sirasiyla 326-704-250 W

olarak ortaya ¢iktig1 bulunmustur.

Anahtar Kelimeler: Sivi hidrojen, klima, i¢ten yanmali motorlar, yakit hiicreli tasitlar.

1. INTRODUCTION

Since fossil fuel sources are depleting rapidly and the enormous environmental effects of their utilization can no longer be ig-
nored, there have been many advances in alternative fuel technology in recent years [1-3]. Being one of the alternative fuels
to create clean and environment friendly future with energy-efficient and low-polluting nature, hydrogen is increasingly stu-
died as a potential candidate to replace these fossil fuels. One of the areas that fossil fuels are being used is vehicles, which
mainly benefit from internal combustion engines to convert the chemical energy of these fuels into wheel movement. Hyd-
rogen vehicles, on the other hand, have become increasingly popular since the first hydrogen-powered fuel cell vehicle la-
unched, and being right beside FCVs, some ICEVs with hydrogen can also be seen on the market. When hydrogen is used
in a fuel cell to generate electricity or is combusted with air, the only products are water and a small amount of Nitrogen
Oxides (NO,) [4-6]. The high energy density and absence of carbon is the main advantages of the hydrogen. But, problems
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such as cost of production, storage issues, hydrogen embritt-
lement, and percolation through the tank and the fuel line are
the main drawbacks of the hydrogen usage in vehicles [7].
Though most hydrogen vehicles store hydrogen in gaseous
form in their tanks like Ford Zetec 2.0 L [8, 9] and Toyota
Mirai FCV, some examples like first GM FCV Electro Van
(1966), GM HydroGen3, BMW Mini Hydrogen and BMW
750hl1 [10-12] use liquid hydrogen as a fuel, which is sto-
red in vacuumed cryogenic tanks [13, 14]. Liquefaction of
hydrogen is one of the best ways to store hydrogen [15],
thus LH, constitutes a promising part of hydrogen applicati-
ons [16]. LH, is presently used for some other areas such as
space applications and the semiconductor industry. Gasifica-
tion of LH, inthose applications results in waste energy that
can be used for refrigeration purposes with auxiliary equip-
ments at small costs. This study deals with one of the arcas
where this applies: VAC systems.

Considering the safety and comfort functions, an AC sys-
tem is one of the essential subsystems of vehicles. But, fuel
consumption of vehicles increases due to the mechanical
compressor of the AC system that uses a significant power.
This increase can reach to the values of 12-17% according
to indeterminate conditions such as road factors, environ-
mental factors and driver factors for subcompact to mid-
size cars [17-18]. In a study, it is maintained that air con-
ditioning usage can increase the vehicle fuel consumption
by 20% on average [19]. Farrington et al. [20] reported that
the driving range of an electric vehicle decreases by nearly
40% due to the use of AC system. Welstand et al. [21] inves-
tigated the effects of AC system on vehicle exhaust emissi-
ons and fuel consumption variations, and they found out a
high correlation among them. For these reasons, reducing
the energy consumption of the VAC systems will help to im-
prove overall energy efficiency and environment friendly
state of vehicles [22-24]. Many systems and methods have
been proposed to improve energy efficiency of VAC systems
so far. A few of these systems and methods include: alterna-
tive systems to the conventional vapor compression cycles
[25-31], new designs of compressors [32-34], and evapo-
rators [35], alternative driving sources to the engine of the
vehicle [36], additional functionalities like calculating skin
temperatures of the vehicle passengers by an infrared sen-
sor [37] and some control methods such as PID [38, 39],
rule based [40], and fuzzy [41-45]. Linder and Kulenovic
[46] proposed a prototype of a hydrogen open sorption sys-
tem to decrease the cooling load of air-conditioning systems.
They experimentally investigated the system on a labora-
tory circumstances using metal hydrides. They derived the
energy source of the system from a compressed hydrogen
storage tank, which is used in hydrogen powered vehicles.
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Not wasting the compression of hydrogen and using it for
additional cooling purpose, the proposed system could inc-
rease the overall energy efficiency of hydrogen powered ve-
hicles. In their system, supply pressure of the hydrogen was
53 bar and they reach a cooling power of about 900 W. Pino
et al. [47] analyzed the behavior of an FCV on AC usage in
terms of hydrogen consumption under standard urban and
highway driving cycles at extreme and smooth ambient con-
ditions and different passenger loads. They found the incre-
ase of hydrogen consumption as varying value of between
3-12.1% when the air conditioning system of the FCV is on.
The nominal capacity and COP of their system were 3 kW
and 3, respectively. They also found out that the most ef-
fective parameters of the hydrogen consumption increment
are: number of passengers and weather conditions. Thus, it
can be concluded that the VAC systems are crucial systems
[48] in vehicles to develop both efficient and environmental
friendly vehicles, having internal combustion engines, fuel
cells, or batteries. On the other hand, there are limited stu-
dies on cryogenic fluids (including hydrogen, helium, nit-
rogen, oxygen, and air) and their usage to generate cooling
by researchers. For instance, Liquid Natural Gas (LNG) was
used to provide cooling during its gasification process in an
open Rankine power cycle in some studies [49-54]. Deng et
al. [50] reports that providing only cooling or only power is
not an efficient way to wholly extract the stored energy of
the LNG. Therefore, it requires a combined system to pro-
vide both cooling and powering ability of LNG at a maxi-
mum degree. In some other studies [55, 56], Liquid Nitrogen
(LN,) was investigated as a cryogenic fluid to provide coo-
ling in refrigerators. Dakhil [57] used LN, by spraying it in
a cooling space to generate cooling in a refrigerator system.
LN, was also evaporated using the ambient temperature and
low heat source and then expanded to generate power in an
open Rankine cycle in some studies [58-62]. The reported li-
terature indicates that there is a need to investigate combi-
ned cooling and power systems to extract more energy from
cryogenic fluids, and to see the feasibility of using these sys-
tems to meet economical and environmental concerns.

In the present paper, the use of LH, to provide both cooling for
air conditioning and power for wheel movement in vehicles
has been theoretically investigated, where several thermody-
namic equations and calculations apply in terms of the con-
sumption, cooling, COP, and AC saving. The analyses were
conducted for vehicles in two groups: GEHICEV and DE-
HICEV as ICEVs and FCVs, mainly depending on their fuel
consumption and latent heat of evaporating hydrogen. Parking
analysis was also performed for vehicles. Proposing an auxi-
liary air conditioner, it is aimed at the study that LH, can be
feasibly used in ICEVs and FCVs as the main power source
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together with the supplementary refrigerant at the same time.
Therefore, fuel economy and environmental friendly opera-
tion will be improved in LH, powered vehicles.

2. LIQUID HYDROGEN AS A FUEL FOR VEHICLES

2.1. Liquid Hydrogen

Having an element number of one, hydrogen is located at
the top left of the periodic table. It is abundant in nature as
in many natural compounds. It is lighter than air when pre-
sent in gaseous form. It rises and dissipates without toxic ef-
fects if released to the air. Hydrogen is currently used for
commercial purposes in petroleum refining, glass purifi-
cation, semiconductor manufacturing, aerospace applicati-
ons, fertilizer production, welding, annealing and heat-trea-
ting metals, pharmaceuticals, hydrogenation of unsaturated
fatty acids in vegetable oil, food production, electric genera-
tion, and in the petrochemical industry to reformulate fuels.
Electrolysis of water (H,0) and steam reformation of natu-
ral gas (CH,) are the main typically separation methods of
hydrogen from other elements to form pure hydrogen. With
hydrogen, we can produce power without harmful air emis-
sions in burners or fuel cells. Hydrogen can be stored phy-
sically in gaseous form like conventional fuels, such as pro-
pane and natural gas or liquid form in cryogenic tanks [63].
Since the energy density by weight of hydrogen is too large
to be compared with the energy density by volume, which
are 120 MJ/kg and 10.05 MJ/m?, respectively, liquefaction
of hydrogen is one of the best ways to store hydrogen [64-
67]. Table 1 shows this and some other prominent proper-
ties of hydrogen. Some remarking properties of hydrogen
are its low heating value by volume but high heating va-
lue by mass, high heat of vaporization, ultralow boiling po-
int, extra-large flammability limits in air, zero carbon rate,
and high octane number. It is important that these properties
must be taken into account in the design of hydrogen fuel
systems in ICEVs or FCVs.

Table 1. Properties of hydrogen/liquid hydrogen [68-70]

Property H/LH,
Molecular weight (kg/kmol) 2.016
Lower heating value (MJ/m?) 10.05
Lower heating value (MJ/kg) 120
Higher heating value (MJ/kg) 142
Heat of vaporization (kJ/kg at latm) 446
Liquid density (kg/m? at 283 K) 71
Boiling point (K at 1 atm) 20.27
Freezing point (K) 14.40
Specific heat (kJ/kg K) 9.69
Diffusion velocity in air (m/s) <2.00
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Flammability limits in air (% by volume) 4.0-75.0
Buoyant velocity in air (m/s) 1.2-9
Minimum ignition energy in air (mJ) 0.02
Burning velocity in air (cm/s) 265-325
Flame temperature in air (K) 2318
Thermal energy radiated to surroundings (%) 17-25
C/H ratio 0
Octane number 130

In the past years, the demand of liquid hydrogen has cons-
tantly increased in some prominent areas. For instance, as
an alternative to kerosene, liquid hydrogen is used for roc-
ket propulsion systems in space applications [71] and for
unmanned aeronautic vehicles [72]. Another area is the se-
miconductor industry [73]. There is no need for liquid hyd-
rogen in this area, but a minimum 99.999 mol.% extremely
high purities are required, and this is achieved by a tempera-
ture close to liquid hydrogen temperature in pre-purification
at ambient conditions and fine purifications at cryogenic con-
ditions. There are also some studies on LH, as an alternative
fuel for air transportation [68, 74-76]. Another area that liquid
hydrogen is used is clean energy vehicles such as hydrogen
cars, hydrogen buses, and hydrogen forklifts [77]. Although
some brands like GM/Opel have introduced the feasibility of
LH, as a fuel in vehicles since 1960s [10], a rather excessive
increase in demand are not encountered in this area, however,
due to the reduction policies in carbon free vehicle emissions,
a probable increasing demand can be expected in the near fu-
ture. Liquid hydrogen will play a major role in this develop-
ment with the help of cost reducing large scale liquefaction
plants and efficient transport of this energy through great dis-
tances, or on site production solutions [78].

2.2. Internal Combustion Engine Vehicles

There are mainly two types of internal combustion engines:
Spark Ignition (SI) and Compression Ignition (CI). Spark
ignition engines operate according to Otto cycle consu-
ming gasoline fuel, while compression ignition engines ope-
rate according to Diesel cycle consuming diesel fuel. There
are some basic differences between Otto and Diesel cycles.
These differences are specified in Table 2 [62, 70, 77, 79].
SI engines take air and fuel mixture in intake stroke, com-
press it in the ratios of about 1/7-1/14, and ignite this com-
pressed mixture by spark plugs. They are mostly used for
speed purposes as nearly every racing cars have engines that
operates according to Otto cycle. On the other hand, CI en-
gines take only air in intake stroke, compress it in the ratios
of about 1/14-1/24 that is higher than SI engines have, and
start combustion with this highly compressed air by injec-
ting fuel. They are mostly used for torque purposes as ne-
arly every heavy duty vehicles have engines that operates
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according to Diesel cycle. In other respects, initial and main-
tenance costs of gasoline engines are lower than equivalent
diesel engines, but it is vice versa for fuel consumption rates.

Table 2. Main differences of Otto and Diesel cycles [62, 70, 77,

79]

Otto cycle Diesel cycle
Fuel Gasoline Diesel
Intake stroke Air + fuel mixture Only air
Compression rate 1/7-1/14 1/14 - 1/24
Energy efficiency Lower Higher
Ignition By spark plugs By fuel injection
General purpose Speed Torque
Equivalent energy efficiency Lower Higher
Equivalent weight Lower Higher
Equivalent cost & maintenance Lower Higher
Equivalent fuel consumption Higher Lower
Equivalent noise level Lower Higher

In internal combustion engines, not only gasoline or diesel
is burned; but fuels such as Liquid Petroleum Gas (LPG),
Compressed Natural Gas (CNG), ethanol, methanol, biodie-
sel or hydrogen may also be used. In the case of flexible
fuel engines, it is possible to use two or more fuel mixtu-
res. Engines that utilize fuel blends such as gasoline-etha-
nol, gasoline-methanol, or diesel-biodiesel are examples of
flexible fuel engine. Many vehicles in the market today are
able to work with similar fuel mixtures without the need for
any modifications. Table 3 shows which fuels are burned by
which fuel systems in what types of engines [69, 77, 79]. As
seen from the table, hydrogen can be used in both SI and CI
engines and in Fuel Cell (FC) systems in mono or bi-fuel
form fuel systems [79].

Table 3. Appropriate fuels for engine types and fuel systems [69,

77, 79]
Fuel Engine type Fuel system
Gasoline SI mono
Diesel CI mono
LPG SI mono, bi-fuel
CNG CI, SI mono, bi-fuel
Hydrogen SI, CI, FC mono, bi-fuel
Ethanol SI, CI, FC mono, ff
Methanol SI, CI, FC mono, ff
Biodiesel CI mono, ff

mono : only one fuel is used
bi-fuel : more than one fuel is used without mixing

ff : more than one fuel is used with mixing

Table 4 shows a comparison of gasoline, diesel and hyd-
rogen in some items [1, 69, 77, 79]. Since hydrogen does not
include any carbon content as gasoline and diesel fuels do,

hydrogen powered engines do not give main ICE emissions
such as Carbon Monoxide (CO) or Hydrocarbon (HC) [80-
81]. Referring to Table 4, hydrogen has a high auto-ignition
temperature when compared to gasoline and diesel fuels. Au-
to-ignition temperature is an important parameter for ICEs
that it specifies the compression ratio of the engine, since if
the auto-ignition temperature of the fuel is low, it may ca-
use pre-ignition problems during compression process that
rises the temperature of the combustion chamber before the
spark plugs ignite the compressed air/fuel mixture. With its
high auto-ignition temperature, compression ratios of hyd-
rogen powered ICEs can be set to high values without any
pre-ignition problems such as engine knocking, overheating,
and mechanical damages in this context. Ignition range in
percent by volume in air is the flammability proportion of
a combustible fuel in air. Between these limits, the fuel/air
mixture is flammable. It is seen from Table 4 that the igni-
tion range of hydrogen in air is between about 4-74% which
means that hydrogen has a wide range of flammability com-
pared to gasoline and diesel fuels. This is a good property
of hydrogen in terms of a high range of lean-rich mixtu-
res can be maintained, however, it also causes undesirable
results such as misfiring and backfiring. Proper designs of
spark plugs, optimized designs of engine cooling passages
to avoid hot spots, special hydrogen injection systems, opti-
mizations of air-fuel charging strategies, and variable valve
timings for effective exhaust discharging are some of preca-
ution methods to avoid misfiring and backfiring problems in
hydrogen powered ICEs [79]. On the other hand, hydrogen
has an approximately 3 times more energy content per we-
ight than gasoline and diesel fuel. This property is impor-
tant to extent the driving period of vehicle without refueling.
Therefore, when hydrogen is utilized in liquid form, the cru-
ising time of vehicles can be considerably improved. If we
briefly summarize the main properties of hydrogen when it
is used as a fuel in ICEs, advantageously, it has a zero carbon
rate, a higher auto-ignition temperature, and a higher heating
value by mass. Disadvantageously, on the other hand, it has
a large ignition range in air according to the table.

Table 4. Properties of gasoline, diesel and hydrogen [1, 69, 77,

79]
Property Gasoline  Diesel Hydrogen
Chemical formula CH, C.H, H,
Molecular weight (kg/kmol) 114 167 2
Carbon rate (% by mass) 84 86 0
Hydrogen rate (% by mass) 16 14 100
Oxygen rate (% by mass) 0 0 0
Heat of vaporization (kJ/kg) 350 270 446
Specific heat (kJ/kg K) 24 2.2 9.69
Auto-ignition temperature (°C) 280 210 565
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Higher heating value (kJ/kg) 47.3 46.1 141.8
Lower heating value (kJ/kg) 44.0 42.8 120.0
Burning velocity in air (cm/s) 37.43 30 265-325
Octane number 92-98 30 130
Flammability limits in air (% by~ 1.4-7.6 0.7-5.0  4.0-75.0
volume)

Liquid density (kg/m> at 283 K) 737 856 71

2.3. Fuel Cell Vehicles

Hydrogen flows from the tank to the combustion chambers
to be burned with air generating power in hydrogen powe-
red internal combustion engines. A similar flow is encoun-
tered in state of the art fuel cell vehicles. Differently in fuel
cell vehicles hydrogen is used to generate electricity [82].
The fuel cell vehicles are electric vehicles that utilize hyd-
rogen in fuel cell units to generate electricity onboard of the
vehicle, eliminating the need for heavy batteries and long
periods of recharging times. As soon as Zero Emission Ve-
hicle (ZEV) mandates begin in the near future, FCVs are ex-
pected to be commercially released in bulks by automotive
companies for public and fleet use. The main obstacles en-
countered in FCVs are their higher costs, shorter life span,
hydrogen cost and availability. Fuel cell technology has a
potential of the highest efficiency and the lowest emissions
among vehicle energy sources, if the hydrogen is produced
from the right energy source with the right method [83].

Fuel cell unit converts hydrogen energy into electrical
energy by electrochemical principle. This operation is not a
process of combustion. Hydrogen is combined in a fuel cell
by a chemical reaction with oxygen from the air. As a result
of this reaction, the electric energy to be used for the mec-
hanical movement of the vehicle is obtained. Only water va-
por is emitted through the fuel cell unit as the end product of
the reaction. With different types of batteries and electroly-
tes, there are several types of fuel cells available in the mar-
ket, where the Proton Exchange Membrane (PEM) fuel cell
units are the most commonly used [84].

2.4. Vehicle Air Conditioners

VAC systems regulate temperature, humidity, air quality,
and air flow of vehicle cabins for occupants. The vapor com-
pression cycle is still dominant in VAC systems. The power
source of this system is a compressor, which is driven me-
chanically by the engine of the vehicle in ICEVs or electri-
cally by the battery of the vehicle in FCVs. When the system
is turned on, the compressor causes an increase in the load of
the engine. The engine has to increase the fuel consumption
to meet this load. The compressor is the heart of the system.
It pumps the refrigerant through the system, also heating up
the refrigerant at the same time. This warming period of the
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refrigerant is a required process so as to establish a big tem-
perature difference with outside and discharge more heat to
the environment by the condenser of the VAC system. The
refrigerant gets into the condenser in gas phase and leaves it
in liquid phase. Then the liquid refrigerant is directed to the
expansion valve through a group of valves, switches, and
fluid reservoirs for controlling the flow. The main purpose
of using an expansion valve in VAC systems is to decrease
the pressure of the refrigerant to prepare it for evaporation.
The refrigerant is sent to the evaporator device in spray form
from the expansion valve unit. This vaporization process,
which is a heat drawing process, causes the air to cool down.
Pressure decrease of the refrigerant leads to the decrease of
the evaporation temperature of the refrigerant. Therefore,
the refrigerant will be easily vaporized by the air, which can
be totally fresh air taken from the outside or return air ta-
ken from the vehicle cabin, or mixture of both, and thereby
cooling of the vehicle interior cabin can be maintained. Af-
ter the refrigerant is vaporized by the air, the cycle is comp-
leted, and then the refrigerant goes to the compressor again
starting a new course. Actually, it is difficult to use hydrogen
as a refrigerant in these AC systems with its ultralow critical
temperature, but, since hydrogen has good refrigerant pro-
perties such as low boiling temperature and high latent heat,
it can be used as refrigerant in addition to their main purpose
in the systems that store liquid hydrogen and use it in gase-
ous form. An evaporator and air blower unit may be added to
these systems to get the cooling ability of hydrogen.

As briefly discussed above, refrigerants circulate through
the pipes between the equipments of AC systems in a clo-
sed loop. For doing their job in the best possible way, ideal
refrigerants should have some properties such as low boi-
ling point, high latent heat of vaporization, and high critical
temperature. In addition to these required properties, ideal
refrigerants also should not have some undesirable characte-
ristics like being corrosive, toxic, explosive, and flammable.
In the past, R11 (Trichlorofluoromethane), R12 (Dichloro-
difluoromethane), and R22 (Chlorodifluoromethane) were
generally used as refrigerants in VAC systems. They are no
longer in use due to their high Ozone Depletion Potential
(ODP) and Global Warming Potential (GWP) values. R134a
(1,1,1,2-Tetrafluoroethane) has been replacing the previous
ones for a while, and is the dominant refrigerant in VAC sys-
tems today [48]. But, R1234yf (2,3,3,3-tetrafluoro-1-pro-
pene) and R744 (Carbon dioxide) are currently started to
be used as new VAC refrigerants in most countries [18, 85,
86] due to their lower GWP potentials. In Table 5, toget-
her with new refrigerants, mostly used VAC system refrige-
rants are compared to hydrogen which is the very topic of
this study. Although the extremely low critical temperature
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Table 5. Comparison of hydrogen with some refrigerants [88-95]

Refrigerant R11 R12 R22 R134a R744 R1234yf R702
Trichlorofluoro-  Dichlorodifluo- ~ Chlorodifluoro-  1,1,1,2-Tetraflu- Carbon di- 2.,3,3,3-tetrafluo-

Common name . Hydrogen
methane romethane methane oroethane oxide ropropene

Chemical formula  CCIF CCLF, CHCIF, CHFCF, Co, CHF, H,

Refrigerant class CFC CFC HCFC HFC Natural HFO Natural

x(‘)’llfc“lar mass (@ 13737 12091 86.47 102.03 44.01 114 2,016

Density (kg/L) 1.47 1.34 1.21 1.22 0.298 1.094 0.0707

Vapor density (kg/m®) 4.8 4.2 3 3.5 1.977 5.98 0.0898

Boiling point (°C) -23.8 -29.8 -40.8 -26.1 -78.4 -29.45 -252.8

Critical point (°C) 198 111.8 96.2 101.08 31.06 94.7 -239.95

Critical pressure (bar) 44.1 41.1 49.9 40.6 73.84 33.8 1300

ODP 1 1 0.07 0 0 0 0

GWP (100 years) 3400 8500 1700 1300 1 4 5.8

Latent heat of vapori-

zation at 1 atm (kj/kg) 2273 165.24 233.75 216.87 230.5 180.1 445.7

Life in the atmosphere ¢ 130 15 16 293k-36.1k  0.030116 -

(years)

Flammability Al (No) Al (No) Al (No) Al (No) Al (No) A2L (Low) A3 (High)

(—239.95 °C) of hydrogen makes it not appropriate for nor-
mal refrigeration cycle [87], it can be used in some other
system designs for refrigerating purposes, thus it is compa-
red to the conventional and new refrigerants.

Regarding the information given in Table 5, main advanta-
ges and disadvantages of hydrogen as a refrigerant can be
specified briefly as in the following:

+ Hydrogen has a lower boiling point, which provides ea-
sily evaporation of a liquid refrigerant in the evaporator that
is exposed to the temperature of the blown air at the outside
surface. If the boiling temperature of the refrigerant is hig-
her than the air temperature, no boiling of the refrigerant ta-
kes place, no heat is absorbed from the air, and air cannot be
cooled down.

+ Hydrogen has a higher latent heat of vaporization,
which ensures higher heat absorption from the air with a
lower hydrogen amount during the evaporation process. If
the latent heat of vaporization is low, too much refrigerant
should be circulated through the system to perform adequ-
ate cooling.

+ Hydrogen has a lower ODP and GWP, which effect en-
vironment badly. These numbers of a refrigerant should be
very low or preferably zero, so that utilization of that refri-
gerant could not harm the environment.

Hydrogen has a lower critical temperature, which me-
ans it easily exceeds its critical temperature. This results that
it cannot be liquefied in the condenser and cannot throw
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away the heat that it absorbs from the air. This negative pro-
perty of hydrogen prevents it to be used in conventional co-

oling devices.

- Hydrogen has a lower vapor density, which causes the
vapor to occupy a maximum volume at the outlet of the eva-
porator coil, and thus pipeline diameter and compressor size

cannot be kept small and compact.

- Hydrogen has a higher flammability, which causes fire

hazards in some dangerous circumstances.

- Hydrogen is readily available in nature, but it is expen-

sive to produce it in today’s technology.

Researchers work on more efficient and environmental
friendly AC systems, and thus they propose not only alterna-
tive refrigerants or refrigerant blends but also new systems,
new equipments, controlling algorithms, insulation materi-
als, insulation strategies, auxiliary systems, and so on. With
its good refrigerating properties, hydrogen may be evaluated
as a refrigerant in some special systems that store liquid hyd-
rogen. Therefore, refrigerating capability of hydrogen may
not be wasted in vain, which is an important phenomenon
today as the costs and emissions of energy have been gai-

ning importance each passing day.
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3. METHODOLOGY

3.1. Description of the VAAC system

The proposed VAAC system aims to use the latent heat energy
of LH, to provide for cooling while gasified hydrogen produ-
ces power or electricity in ICEVs or FCVs, respectively. As
the layout of the system is shown in Fig. 1, the system consists
of two main circuits: hydrogen and air. While the hydrogen
circuit maintains hydrogen for internal combustion engine or
fuel cell unit of the vehicle, the air circuit supplies additional
cooling capacity for the vehicle cabin. Cooling down of the
air is provided by the gasification of the hydrogen passing th-
rough the evaporator of the system and decreases the cooling
load of the vehicle, which is the most significant additional
load in today’s vehicles; its energy consumption even outwe-
ighs the energy loss to rolling and aecrodynamic resistances,
or power train losses for typical vehicles [96]. Therefore, the
more hydrogen is supplied to the powering of the vehicle, the
more cooled-down air is supplied to the cooling of the vehicle
cabin. Hydrogen is stored in the cryogenic tank in liquid form
under pressure. Vehicle power generator needs hydrogen in
gaseous form at atmospheric pressure. A pressure regulation
valve decreases the pressure of the hydrogen. An evaporation
process follows this pressure decrease. Hydrogen is evapora-
ted by the air blown along the outer surface of the evaporator.
This cooled-down air is sent to the vehicle compartment to
decrease the AC cooling load, which depends on the environ-
mental factors such as: the sun, outside temperature and humi-
dity, number of passengers, etc. There is a similar scheme in
parking vehicles that has no need to hydrogen for power pro-
duction but needs an amount of hydrogen leakage according
to the environmental circumstances for safety reasons. This
required amount of hydrogen to be delivered from the tank
is sent to the atmosphere through the evaporator unit cooling
down the air. This air will decrease the AC load of the vehicle
when parking; even it is at a slight amount. FCVs can also ge-
nerate power using this small amount of hydrogen at the time
of parking, establishing cooling of the cabin at the same time.

Vebhicle cabin

Pressure
regulation
valve

/\
Cooled air ;>
Internal combustion
engine Liquid hydrogen
fuel tank

/

fuel cell unit

Gaseous
hydrogen

Liquid

/\ hydrogen

/\
‘ u * Warm air
=
Air
blower

Figure 1. Layout of the auxiliary air conditioning system for

vehicles storing liquid hydrogen
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3.2. GEHICEYV Analysis

Analyses of GEHICEVs have been conducted according to
Egs. (1-6). Eq. (1) shows the calculation of the average ga-
soline consumption (I/s) of a Gasoline Internal Combustion
Engine Vehicle (GICEV). FC; (1/100 km), which is declared
by the manufacturer of the GICEYV, is determined according
to the NEDC. This cycle lasts 1180 s and the vehicle covers
a road of 11,007 km during the cycle [97-98]. In this study,
analyses of GEHICEVs have been conducted using FC; va-
lues between 0 and 30 1/100 km as to be consisted to vehic-
les on the market. Therefore, the calculation of ¥, at diffe-
rent conditions can be performed, and an easy comparison
of GICEVs and GEHICEVs can be established through the
analysis.

FI’.'E'\-'I Lonzy
100

lien

(1

vy =
The average gasoline consumption in mass flow rate (1) is
calculated as seen from Eq. (2) using gy, which is the ave-
rage density of gasoline taken from the literature [93] which
specifies between 0.72-0.78 kg/1.

My = vig X pg 2)
Approximate hydrogen consumption of the vehicle in mass
flow rate (7 zzaczr) is calculated using the equivalent he-
ating value rate of gasoline and hydrogen (ryy ,4) as seen
in Eq. (3). Arithmetic means of lower and higher heating
values for gasoline and hydrogen were used in this equi-
valent rate. Lower and higher heating values for gasoline
and hydrogen are 44,000 kJ/kg, 47,300 kJ/kg, 120,000 kJ/
kg, and 141,800 kJ/kg, respectively [93]. Since heating va-
lues of hydrogen is higher than that of gasoline, the required
amount of hydrogen mass flow rate is found to be approxi-
mately 0.3488 times lower than mass flow rate of gasoline,
which is also comparable to the works encountered in the li-
terature [11, 69, 99].

My cmrcey = Mg X Tav.hyg 3)
Calculation of the cooling capacity to be maintained from
the gasification of liquid hydrogen is given in Eq. (4). In this
formula, @, shows the cooling amount (W) that the system
takes from the air to be sent to the vehicle cabin, 1y grureer
is the approximate hydrogen mass flow rate (kg/s), and ks, »
is the enthalpy of vaporization (kJ/kg) of hydrogen. k¢, 5 is
taken as 446 J/kg from the literature [93].

“4)

':?r cEHICEY — Mpeeprcey X 'r{r'g i
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AC savings (%) of the VAAC system on vehicles at vari-
ous cooling loads are calculated through Eq. (5). 54¢ is the
percent saving, Qr gemicer 18 cooling capacity of the system
(W), and L. is the cooling load of the vehicle (W). L, values
are chosen according to the literature [100], which reports
that average cooling load values for subcompact, compact,
and standard automobiles are 3,62 kW, 4,15 kW, and 5,12
kW, respectively. As L. of vehicles constantly takes diffe-
rent values according to the weather conditions, size of the
vehicles, and number of the occupants, 1000 W, 2000 W,
3000 W, 4000 W, 5000 W, and 6000 W values were chosen
for the determination of the AC savings at different conditi-
ons. These values are compatible with the works of Meier et
al. [82] and Fayazbakhsh and Bahrami [96] also.

__ RecEHICEY

©)

Last part of the GEHICEV analysis constitutes COP calcula-
tion of the VAAC system as shown in Eq. (6). COFg zzericzr
is the performance measurement of the VAAC system that
is an air conditioning system. The COP calculation of the
VAAC system has been performed regarding Peltier effect
thermoelectric coolers. Unlike conventional air conditioners
and refrigerators, there is no compressor in thermoelectric
coolers. Similarly the VAAC system proposed in this work
does not have any compressor, because the liquid hydrogen
in the tank is pressurized. And if the pressure becomes in-
sufficient for the flow, the tank is refilled with hydrogen in
fuel stations. The operating costs of the engine that consu-
mes hydrogen are not included in energy consumption of
the VAAC. The only energy consumed by the VAAC sys-
tem creating cooling effect is fan power () required to cir-
culate the air through the hydrogen evaporator. The fan used
in the calculations of the VAAC system is selected as a stan-
dard one working at three positions. The energy amounts of
the fan which draws from the battery are 24 W, 48 W, and 72
W, respectively for the three positions. These constant ele-
ctric fan powers were chosen accordingly that they are wi-
dely used in literature and suitable for the proposed VAAC
system [101]

SACEE?HEEV

4
b

gc

COPy cemicev = =,

(6)

3.3. DEHICEYV Analysis

Analyses of DEHICEVs have been conducted similar to
GEHICEYV analysis as seen Egs. (7-12). Differently in Eq.
(7), FC 4 values between 0 and 60 1/100 km were chosen for
the calculations regarding both automobiles and heavy ve-
hicles appear on the market. gz in Eq. (8), which is the ave-
rage density of diesel fuel, was taken from the literature [93]
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as between 0.78-0.88 kg/L. The equivalent heating value
rate of diesel and hydrogen (v 5,) in Eq. (9) was calcula-
ted using the arithmetic means of lower and higher heating
values for diesel and hydrogen with the values of 42,800 kJ/
kg, 46,100 kJ/kg, 120,000 kJ/kg, and 141,800 kJ/kg, respe-
ctively [93]. The required amount of hydrogen mass flow
rate is found to be approximately 0.3394 times lower than
mass flow rate of diesel. Calculations of the cooling capa-
city, AC savings, and COP have similar formulas with GE-
HICEV analysis.

Filg=1li007

o= 0

My =1V % pa (3)

My pericer = Mg X Yav h/d )

QrDEHIEEIr' = My pesicey X 'r{r'g h (10)

Sacoemicev = % (11)

COFg pesreev = : D;T = (12)
3.4. FCV Analysis

In FCV analysis, although the calculation of the cooling ca-
pacity, AC savings, and COP have the same formulas with
the previous GEHICEV and DEHICEV analyses, some dif-
ferences are encountered in the calculation of the g ey .
Fuel consumption of commercial FCVs is generally given
as kg H,/100 km. Eq. (13) shows the calculation of the ave-
rage hydrogen consumption (kg/s) of an FCV. 1ty rer wzrne
(kg/100 km), which is declared by the manufacturer of the
FCV, is determined according to the NEDC. The analyses
of FCVs have been conducted using g zoyr yzpe values
between 0 and 6 kg/100 km as to be easily comparable to ve-
hicles on the market. Today’s commercially available FCVs
like Toyota Mirai, Honda Clarity Fuel Cell, Hyundai Nexo
etc. have an average hydrogen consumption, which is cal-
culated using the hydrogen tank capacity and total range in
NEDC with full capacity of the tank, of 1 kg/100 km is also
compatible with the literature [82]. Therefore, iy ror vzne
values between 0 and 6 kg/100 km are suitable for a great
variety of vehicles in a wide range of driving conditions.

m'li ECL NE -E[-VII on?
100

LLED

(13)

Mpror =
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Qcror = Mppor * hegn (14)
Sacrar = % (15)
COPy oy = 222 16)

3.5. Parking Analysis of All Types of Vehicles Storing
Liquid Hydrogen

Since it has a very low evaporating temperature, liquid hyd-
rogen can only be stored in special tanks in special circums-
tances. When hydrogen consumption of a vehicle stops, hyd-
rogen pressure in the tank increases in time depending on
to the environmental conditions. The hydrogen in the tank
should be discharged in a required amount so as not to da-
mage the tank due to the increasing pressure of evaporating
hydrogen [10]. So, in this part of the study, cooling effect of
this amount of hydrogen has been analyzed for parking ve-
hicles. Eq. (17) shows the calculation of cooling capacity of
hydrogen venting out from the tank through the evaporator.
Here, ¢, is the venting coefficient of the tank according to
outside conditions (temperature, capacity, fullness etc.). For
c, values between 0 and 3 have been taken for the analysis.
"y oy is the average venting flow rate of the hydrogen when
the vehicle is parking. A constant value of 16 g/h has been
taken for 7 g1 in the parking analysis, which is compatible
with the literature [10, 64]. Therefore, venting fluctuations
of the hydrogen have been established by just the ¢, coef-
ficient. As to the COP of the VAAC system when the ICE/
FC is not working, it depends on the cooling capacity (&; s
) and the fan power (F) as given in Eq. (18).

(17)

':?r.ﬂ =0 X mi’.‘? X 'r!,r'g i

COPyp =22

(18)

3.6. Validity of the Methodology

The most important term in the calculations of the metho-
dology of this work is the latent heat of hydrogen. Latent
heat is important for air conditioning systems, since the coo-
ling capacity is mainly depends on the heat amount derived
by the refrigerant when changing state from liquid to vapor.
This heat absorption, which occurs at the time of the refri-
gerant changes state, makes the air cooler. Then the cooled
air is sent to the vehicle indoor cabin blown by an air fan th-
rough the air channels. Therefore, analyses of cooling capa-
cities, COP and AC saving variations were conducted using
latent heat of hydrogen for LH, powered vehicles. It is assu-
med in the analyses that continuously evaporated hydrogen
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takes all of its latent heat of vaporization from the air, blown
to the hydrogen evaporator, at 100% efficiency. Losses in
the evaporator or other system equipments are neglected in
this context. Sensible heat gain of hydrogen is also neglec-
ted for the analyses. This simple but logical approach provi-
des a great convenience to determine whether the proposed
system is feasible or not. Since the VAAC system does not
include a compressor, the analysis performed in this study
does not include compressor based expressions which AC
systems with compressor have.

4. RESULTS AND DISCUSSION

4.1. Results of the GEHICEV Analysis

Table 6 shows hydrogen flow rate, cooling capacity, COP,
and AC saving variations of GEHICEVs according to the
GEHICEYV analysis, conducted for fuel consumption values
between 0-30 1/100 km. Although SI engines consume less
fuel when they are operated at a constant speed, their fuel
consumptions increase if their speeds are changed. And also
they spend too much fuel in some circumstances such as cold
start, excessive loads, sudden acceleration, steep ways clim-
bing etc. Increasing fuel consumption in gasoline vehicles
increases hydrogen consumption as well, which GEHICEV
demonstrates gasoline vehicles converted to be powered by
hydrogen fuel. According to Table 6, hydrogen consumption
rises to the value of about 0.0007 kg/s for 30 1/100 km ga-
soline consumption. For this consumption, cooling capacity
of the VAAC system is 326 W, which means the system can
absorb and throw out 326 J heat from the vehicle cabin per
second. This cooling power may be sufficient for the ve-
hicle when the system is operated even alone in some ca-
ses. In other occasions with a high cooling load, the VAAC
system will assist the main AC system of the vehicle. As to
the COP variations of the proposed VAAC system, since the
only energy wasting equipment is the fan in the system, and
the calculation method includes accordingly, COP variations
are higher than normal AC systems. The highest COP values
of the system are 13.6, 6.8, and 4.5 respectively for 24 W, 48
W, and 72 W fan powers. The highest assisting percentages
of the VAAC system to the main AC system are as follows:
33% for 1 kW AC load, 16%, for 2 kW AC load, 11% for 3
kW AC load, 8% for 4 kW AC load, 7% for 5 kW AC load,
and 5% for 6 kW AC load. Decreasing fuel consumption and
increasing AC load in the cabin decrease the assisting per-
centages of the VAAC system as seen from the table. It can
be concluded that these AC saving values are high enough
for the proposed VAAC system, since it cuts the AC sys-
tem operation by one third, also cutting the fuel consump-
tion increase of the vehicle due to the AC system with a low
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power consuming fan. If we do not use this cooling capacity
of the evaporating hydrogen in liquid hydrogen powered ve-
hicles, it will be wasted in vain. This waste of energy is ai-
med to be prevented with the proposed VAAC system.

4.2. Results of the DEHICEYV analysis

Hydrogen flow rate, cooling capacity, COP and AC saving
results of the DEHICEV analysis are given in Table 7. As
diesel engines are generally utilized in heavy vehicles and
they consume much fuel when compared to gasoline vehic-
les, between 0-60 1/100 km fuel consumption values were
determined for DEHICEVs. However, the first few lines of
the table also demonstrate today’s light-duty diesel vehic-
les, which have low fuel consumptions. When a diesel ve-
hicle is converted to operate by hydrogen fuel, the amount
of the hydrogen that the vehicle consumes is shown in the
second column of the table. The highest hydrogen flow rate
occurs 0.0016 kg/s for 60 1/100 km diesel consumption ac-
cording to the DEHICEV analysis. For this flow rate, the
VAAC system gives a 704 W cooling power. And the hi-
ghest achievable COPs of the system at this cooling capa-
city are 29.3, 14.7, 9.8 for 24 W, 48 W, 72 W fan powers,
respectively. The proposed VAAC system can substitute as
highly as 70% of the main AC system of the vehicle when
the AC load is 1 kW. If the AC loads of the vehicle passen-
ger compartment are taken as 2, 3, 4, 5 and 6 kW, the assis-
tance of the VAAC system decreases to the percentages of
35%, 23%, 18%, 14%, and 12%, respectively. Even for the
highest AC load in the analysis, the proposed VAAC sys-
tem can supply a high cooling power which substitutes 12%
of the AC unit of the vehicle. It is clear from the DEHICEV
analysis that the proposed VAAC system is more suitable for
heavy vehicles, considering their small cabin volumes — that
means small AC loads — and high fuel consumption values.
With the use of this system in LH, powered heavy duty ve-
hicles, little or no usage of main AC system provides little or
no compressor operation, and thus lower fuel consumption
and exhaust emissions. Main AC systems can be designed
very compact in those vehicles, and even in some vehicle
examples, there can be included no AC system at all, since
the VAAC system can maintain required cooling power for
all operation scenarios.

4.3. Results of the FCV Analysis

Hydrogen consumption (in kg/s), cooling power, COP, and
AC saving variations according to the FCV analysis are
given in Table 8. FCVs with hydrogen consumptions of
between 0-6 kg/100 km were considered in the analysis.
This consumption range is suitable for FCVs encountered in
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the market. It is also compatible for the vehicles examined
in literature, which are mainly automobiles. Although some
academic and commercial circles started to build fuel cell
heavy vehicle prototypes, which have probably large hyd-
rogen consumption values, they are not included in the FCV
analysis. In the near future, it is estimated that fuel cell sys-
tems will be used for vehicles of any size; however, they are
only used in some automobiles in small numbers. According
to the table, cooling capacity of the VAAC system in FCVs
rises to the highest value of 250 W, which is the lowest coo-
ling power among all the vehicle types in the analyses. The
reason for this is mainly FCVs are consuming less fuel when
compared to equivalent gasoline and diesel vehicles. The-
refore the cooling ability of the VAAC system decreases in
FCVs. As to the COP of the system, it negatively varies by
the increase of the fan power, which have the highest values
of 10.4, 5.2, and 3.5, respectively for 24 W, 48 W, and 72 W
fan powers. On the other hand, AC saving variations of the
VAAC system, which are lower than that of GEHICEV and
DEHICEYV analyses as the hydrogen consumption in FCVs
is lower when compared to GEHICEVs and DEHICEVs.
The highest reachable AC savings are 25%, 12%, 8%, 6%,
5%, 4%, respectively for 1-6 kW AC loads. The VAAC sys-
tem can supply a cooling power that decreases the main AC
usage as high as 25% when the vehicle consumes 6 kg hyd-
rogen per 100 km and the AC load of the cabin is 1 kW ac-
cording to the analysis. If the hydrogen consumption increa-
ses —e.g. heavy FCVs — or the AC load decreases, the VAAC
system would provide all the cooling need of the vehicle
when the fuel cell unit is in operation consuming hydrogen.

4.4. Results of the Parking Analysis

Table 9 shows the hydrogen ventilation flow rate, cooling
capacity, and COP variations according to the changing of
hydrogen ventilation coefficient in parking vehicles. When
the ventilation coefficient is at its peak value, which is ta-
ken as 3 in this analysis, the cooling capacity of the VAAC
system is 5.9 W, which supplies very low cooling effect for
the vehicle cabin. However, there are some systems that just
ventilate the vehicle cabin with a fan without the cooling of
the air when the vehicle is parking. Therefore, the proposed
VAAC system will assist those systems blowing some coo-
led air instead of the ventilated warm air in the cabin even at
a small amount. The VAAC system operates with COP va-
lues 0f 0.25, 0.12, and 0.08, respectively for 24 W, 48 W, and
72 W fan powers.
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Table 9. Average hydrogen ventilation, cooling and COP variations according to the parking analysis

Cy P (kgfs) Qer (w) COPppep=2aw COPgpep=4sw COPppep=maw
0 0.000000 0.0 0.00 0.00 0.00
0.1 0.000000 0.2 0.01 0.00 0.00
0.2 0.000001 0.4 0.02 0.01 0.01
0.3 0.000001 0.6 0.02 0.01 0.01
0.4 0.000002 0.8 0.03 0.02 0.01
0.5 0.000002 1.0 0.04 0.02 0.01
0.6 0.000003 1.2 0.05 0.02 0.02
0.7 0.000003 1.4 0.06 0.03 0.02
0.8 0.000004 1.6 0.07 0.03 0.02
0.9 0.000004 1.8 0.07 0.04 0.02
1 0.000004 2.0 0.08 0.04 0.03
1.1 0.000005 2.2 0.09 0.05 0.03
1.2 0.000005 2.4 0.10 0.05 0.03
1.3 0.000006 2.6 0.11 0.05 0.04
1.4 0.000006 2.8 0.12 0.06 0.04
1.5 0.000007 3.0 0.12 0.06 0.04
1.6 0.000007 3.2 0.13 0.07 0.04
1.7 0.000008 34 0.14 0.07 0.05
1.8 0.000008 3.6 0.15 0.07 0.05
1.9 0.000008 3.8 0.16 0.08 0.05
2 0.000009 4.0 0.17 0.08 0.06
2.1 0.000009 4.2 0.17 0.09 0.06
2.2 0.000010 4.4 0.18 0.09 0.06
2.3 0.000010 4.6 0.19 0.09 0.06
24 0.000011 4.8 0.20 0.10 0.07
2.5 0.000011 5.0 0.21 0.10 0.07
2.6 0.000012 5.2 0.21 0.11 0.07
2.7 0.000012 5.4 0.22 0.11 0.07
2.8 0.000012 5.6 0.23 0.12 0.08
2.9 0.000013 5.7 0.24 0.12 0.08
3 0.000013 5.9 0.25 0.12 0.08
5. CONCLUSIONS the conventional vapor compression cycle. This system can

Conventional air conditioning systems significantly cont-
ribute to energy consumption in vehicles. Liquid hydrogen
powered vehicles, on the other hand, have a potential of la-
tent heat of hydrogen to be vaporized for the need of feeding
the internal combustion engine or fuel cell unit of the vehicle
depending on its type. Therefore there is a need to produce
a new technology that utilizes this energy and reduces costs.
An auxiliary air conditioning system for liquid hydrogen ve-
hicles has been proposed and theoretically analyzed in this
study. The internal combustion engine vehicles and fuel cell
vehicles were included in the analyses. Hydrogen consump-
tion, cooling capacity, COP, and AC saving variations were
presented according to the vehicles that have specified fuel
consumptions. Parking analyses of vehicles were also per-
formed. The results of the analyses show that the system can
supply adequate cooling with a COP that is comparable to
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assist VAC systems in ICEVs or FCVs storing liquid hyd-
rogen with small initial and operating costs.

Since the achievable cooling capacity of the VAAC system
proposed in this study for vehicles consuming high hyd-
rogen is more sufficient for assisting the VAC system, vehic-
les like lorries or trucks with a higher fuel consumption and
lower indoor volume seem to be more suitable than the ve-
hicles that have lower fuel consumption and higher cooling
demand. However, the system reduces the main air conditi-
oning operation, thus reducing fuel consumption and emis-
sions in any case.

On the other hand, the analyses reveal that the auxiliary sys-
tem proposed in this study could supply adequate cooling
capacity to the vehicle compartment only in mild weather
conditions when the main AC system of the vehicle is off. If
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the same situation is in question, performance of the system
would decrease dramatically with decreasing fuel consump-
tion and outside ambient temperature. At this condition, the
main VAC system should be automatically activated, which
in any case puts a lower load on the engine of the ICEVs or
battery of the FCVs.

It is also important to discuss the effect of varying hydrogen
flow rates on the cooling behavior of the VAAC system. De-
pending on the varying vehicle loads such as different traffic
situations, number of occupants, baggage loads, and slope of
the road, hydrogen flow changes thus changing the cooling
capacity of the VAAC system. Therefore, there should be a
higher requirement of a control strategy for the VAC system
when the VAAC system is implemented. New system regu-
lating algorithms have to be developed for optimized wor-
king conditions between the proposed VAAC and the VAC
system to avoid not regulating the desired air conditions in
the cabin of the vehicle and unnecessary usage of the VAC
system, which influences the driving performance of the ve-
hicle and increases fuel consumption.

In addition, apart from the application of the VAAC system
for the vehicle interior cabin, especially for FCVs, a further
possible integration concept of the system is the cooling of
the vehicle components such as the power electronics, the
battery or the electric motor, which, for an overall propul-
sion efficiency of 80%, between 0.75-2.5 kW of waste heat
of an FCV is produced from these components [82].

As a result, the proposed VAAC system is a suitable and en-
vironmental friendly system for vehicles that use liquid hyd-
rogen as fuel. It can support the conventional air-conditio-
ning system of the vehicles that have low fuel consumption
with a high air conditioning load, or replace it for vehicles
that have high fuel consumption with low air conditioning
load like lorries or trucks. A further promising integration
concept is the direct cooling of vehicle interior or propulsion
components. In future studies, the system has to be directly
coupled with a fuel cell and solutions for a homogeneous co-
oling power have to be examined.

Nomenclature
AAC Auxiliary Air Conditioning
AC Air Conditioning
Cy Venting Coefficient of the Tank
CH, Natural Gas
CI Compression Ignition
CNG Compressed Natural Gas
CO Carbon Monoxide

cop Coefficient Of Performance
COF Refrigeration Coefficient Of Performance

DEHICEV  Diesel Equivalent Hydrogen Internal
Combustion Engine Vehicle

FC Fuel Cell

FCy Diesel Fuel Consumption, 1/100 km
FC; Gasoline Fuel Consumption, 1/100 km
FCV Fuel Cell Vehicle

GEHICEV  Gasoline Equivalent Hydrogen Internal
Combustion Engine Vehicle

GICEV Gasoline Internal Combustion
Engine Vehicle

GWP Global Warming Potential

H,0 Water

hs Enthalpy of Vaporization of

Ta .k

Hydrogen, kJ/kg

HC Hydrocarbon

ICE Internal Combustion Engine

ICEV Internal Combustion Engine Vehicle

I Cooling Load of the Vehicle

LH, Liquid Hydrogen

LN, Liquid Nitrogen

LNG Liquid Natural Gas

LPG Liquid Petroleum Gas

Mg Diesel Fuel Consumption, kg/s

Mg Gasoline Fuel Consumption, kg/s

iy, Hydrogen Consumption, kg/s

NEDC New European Driving Cycle

NO, Nitrogen Oxides

ODP Ozone Depletion Potential

I—:,- Fan Power, W

PEM Proton Exchange Membrane

Q. Cooling Capacity, W

Pa Diesel Density, kg/L

Pz Gasoline Density, kg/L

v h/d Equivalent Heating Value Rate of Diesel
and Hydrogen

Ty .h/g Equivalent Heating Value Rate of Gaso-
line and Hydrogen

Sac AC Saving, %

SI Spark Ignition

VAAC Vehicle Auxiliary Air Conditioning
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VAC Vehicle Air Conditioning

g Diesel Fuel Consumption, L/s

Vg Gasoline Fuel Consumption, L/s

ZEV Zero Emission Vehicle
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Farkh Uzunluklarda Dinamik Kalc¢a Vidasi Yan Plakalar: ]@
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Biomechanical Analysis of Intertracranteric Hip Fracture Treatmentwith @lc Hip Screw,’\\'
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Dinamik kalca vidas1 (DKV), stabil tip intertrokanterik kalga kiriklarini t @r’nek icin kullanilan, ay@)ir implanttir. Cerrahinin ba-
sarisint etkileyebilecek birgok faktor vardir. Yan plakalarin uzunlugu alficrden biridir. Bu ne 6

biyomekanigini arastirmak 6nemlidir. Implant basarisizliklarini aza e¥Tarkli uzunluklar %
manin amact DKV daki farkli uzunluklarda yan plakalar: arastr X i¢in sonlu elemanlar

manlar analizi ¢alismasinda intertrokanterik kalg¢a kirik ar@r

kemik, siingerimsi kemik, yan plaka, gecikme vidast igj

KV yan plakalarin uzunluklariin

nylaka etkilerini anlamak i¢in, bu c¢alis-

ini kullanmaya ¢alismaktir. Bu sonlu ele-
kl1 uzunluklardaky implantasyonunu simiile etmek icin kortikal

odel insa edilmisti§, Y’ e kosulu, bir siije dik dururken femur bas: iize-
calismada gecikm v@, yan plaka, kortikal vidalar ve femurdaki gerilme da-

tikal kemiklerle t g1 noktalarin ¢evresinde meydana gelmistir. Femurdaki

rindeki kuvveti (400N) simiile etmek i¢in kullanil

Silimini arastirilmigtir. En biiyiik gerilme, videlar

en distal kortikal vidadaki gerilme en fazw tur. Yan plakanin % su’kisaldikea kortikal vidalar tizerindeki gerilme artar ve bu da
@

=

kortikal vidalar1 ¢evreleyen femur tizgri rilmeyi arttirir. Y: anin uzunlugu (2 delikli yan plaka) ve femur tizerindeki en uzak
vida ile DHS kullanimi, yan plakani r1 ¢ekilme riskini i u ¢alismanin sonuglari, ortopedik cerrahlar tarafindan DKV imp-
lant uzunluklarimin segilmesi § jvomekanik bir analiz sggla ir.

Anahtar Kelimeler: Biyo \, Sonlu elemanlar aj § Dinamik kalga vidasi, Intertrokanterik kalga kirig

Abstract ) @
Dynamic hip scr, &/) is a common im @ed to treat stable type intertrochanteric hip fractures. There are many factors that may
affect the sugc s%urgery. The length ide plates is one of the factors. Therefore, it is important to investigate the biomechanics of
the lengt DKV side plateg. @e implant failures and to understand the side-plate effects of different lengths, the aim of this
study j to use finite elemen%is to investigate side-lengths of different lengths in the DKV. In this finite element analysis study,
a 3& was construct ertrochanteric hip fractures, cortical bone, spongy bone, side plate, delay screw to simulate DKV im-
tation of different J’ené\as used. In this study, the stress distribution in the delay screw, side plate, cortical screws and femur was
%n estigated. The gre \ ss occurred around the points where the screws contacted the cortical bones. The most distal cortical screw in
the femur was m ssed. As the length of the side plate is shortened, the tension on the cortical screws increases, which increases the
tension on the fe%urrounding the cortical screws. The use of DHS with the length of the side plate (2-hole side plate) and the furthest

screw on¥ ur can increase the risk of pulling out the side plate. The results of this study may provide a biomechanical analysis for the
sele KV implant lengths by orthopedic surgeons.
K&'ds: Biomechanics, Finite element analysis, Dynamic hip screw, Intertrochanteric hip fracture
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Dinamik Kalga Vidasi Analizi

1. GiRiS

Dinamik kalga vidasi1 (DKV), stabil tip intertrokanterik kalca
kiriklari i¢in tercih edilen implanttir [1-3]. DKV kirilma bol-
gesinde kompresyon saglar ve kullanim1 nispeten kolaydir
[4-8]. Lag vidas1 kesilmesi DKV ile karsilagilan en yaygin
komplikasyonlardan biridir. Uygun u¢ apeks mesafesi ve ki-
rigin azaltilmasmin gecikme vidasi kesme riskini azalttigi
diistintilmektedir [9-12]. Femur saftindan yan plaka ¢ekil-
mesi DKV’nin bir komplikasyonudur [13], ancak bu ko-
nudaki tartismalar yetersizdir. Daha uzun bir yan plaka ke-
mikleri kavramak i¢in daha fazla vida saglayabilir, ancak bu
daha uzun bir yara ve daha yumusak doku tahribatina neden
olur. Birgok calisma farkli yan plaka uzunluklarinin klinik
gozlemlerle etkilerini arastirmig olmasina ragmen, [13-17],
aragtirmalar i¢in biyomekanigi az sayida ¢alisma kullanil-
mustir [18-19]. Bu nedenle, ortopedi cerrahlarinin, hastalari
icin uygun uzunluktaki yan plakalar1 segmek i¢in biyomeka-
nik bir analize ihtiyaci vardir, bu da ameliyat sonras1 komp-
likasyonlari azaltabilir.

Onceki calismalarda, 4 delikli yan plakalarin tedavi igin or-
tak secimler oldugu belirtilmistir, ancak bazi arastirmacilar
2 delikli yan plakalarin biyomekanik analiz ve klinik uygu-
lamada yeterli stabilite sagladigint diistinmiislerdir [13-19].

McLoughlin vd. implantasyon sonrast 2 ve 4 delikli yan X

plakanin biyomekanik durumunu arastirmak i¢in kadav
deneysel bir ¢aligsma yiiriitmiis, ve sonuglar 2 delikli

delikli yan plaka arasindaki kararlilikta 6nemli bi 1
madigint gostermistir [18]. 2 delikli DKV, dongii ariza
yiiklerinde 4 delikli DKV kadar biyomekani karar-

Lidir.

Bazi ¢aligmalar, 2 delikli yan plakala
kanin disar1 ¢ekilmesine neden ol
ohapoonrungsee vd. 2 delikli
tasyonu alan 83 hastay1 g
plakadan ¢ekildigini g6
yan plaka ile DKV imp
nesi yan plaka
malar, DKV nj

an

. Ancak vidalarin

lar verdigini bu
a kirilmanin dijgé irka¢ durum vardir.
it yan plaka sabim;si icin gereken optimal
vida sayisini ar 1§ ve li¢ kortikal vidanin opti-
@gerilim daglhmks%glm tespit etmistir [20]. Her ne
@adar birgok gahs@n plakanin uzunlugunu ve kortikal
vida numaralar, elemis olsa da [13-21], az sayida ¢a-
lisma farkl ar%(a uzunluklart i¢in komple bir biyome-
kanik a ceklestirmistir [19].
So emvanlar analizinin (SEA) tibbi arastirmalardaki uy-
g&larl cogunlukla ortopedik veya dental biyomekanik

\ tasarim ve impla
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analizlerdedir [22-25]. SEA’nin avantajlari, deneysel goz-
lemlerden elde edilemeyen genel yapinin mekanik statii-
stinii saglayan, gerilme dagilimi, yer degistirme, zorlanma
gbzlemi i¢in kullanilabilecegidir. Bazi arastirmacilar, farkl
uzunluktaki ug¢ vidalarinin ve farkli uzunluklardaki namly-
larin etkilerini aragtirmak icin SEA’y1 kullanmiglardir [

Rooppakhun vd. SEA’in farkli uzunluklarda yan plak
luklarina sahip DKV’nin mekanik performang astir-
mak icin kullanilmig ve sonuglar, implant g "Xx de ve

5
& nlamli bir

likte, calisma-
N

erindeki etkilerinigdQ¥haya
n amaci, farkl un&larda it

jyomekanik bir an

kirilma stabilitesinde artan plaka uzunlu
fark olmadigini gdstermistir [19]. Bun

larinda gerilme dagiliminin femur v,
deki etkilerinin aragtirilmasi yer$

Yukarida belirtilen ¢alismal

ekal vidalar tizeri
stir.
acgiklamalara ve fi
plaka uzunluklarmin h
dayali olarak, bu ¢a,

farkli yan plakal
SEA kullan:
ve 6 delikl

gecikige vi
ri

lisilmigtir. Calism
de kullanil
1, yan plaka, k

1gsmada esas olarak
idalar ve femur iize-
res dagilimi incelen®wétir. Bu calismanin sonug-

ortopedi cerrahlarygr al cerrahi sonuglar elde etme-
1 f¢in biyomekary lt;XSnaliz saglayabilir ve gelecekteki
gelistirilmesi i¢in biyomekanik bir
temel saglay,

AL VE YONTEM

a genel olarak DKV daki farkli uzunluklarda yan
larin ii¢ boyutlu (3-D) SEA bilgisayar simiilasyonunu;

nedenle, klinik uygulamada sik¢a karsilagilan, farkli
uzunluklarda (2 delik, 4 delik ve 6 delik) 3 grup DKV’ ’nin
SEA modeli kurulmustur (Sekil 1 (a)). Bu ¢aligmada kullani-
lan modeller esas olarak kortikal kemik, singerimsi kemik,
yan plaka, gecikme vidasi ve kortikal vidalar olmak {izere 5
bilesene ayrilmistir. ABD’de Ulusal Saglik Enstitiileri tara-
findan saglanan bilgisayarl tomografi goriintiileri (Goriiniir
Insan Projesi) kullanilarak bir femur modeli olusturulmustur
(bu ¢alismada kullanilan kemik modeli erkegin sag femu-
rudur). Bu model esas olarak kortikal ve siinnetli kemikler
olmak tizere 2 bilesene boliinmiistiir ve biiyiik trokanterde
1 mm’lik bir kirilma alani olusturulmustur. DKV ve korti-
kal vidalarla ilgili olarak, bu ¢alismada ¢izim i¢in 3B bilgi-
sayar destekli tasarim (CAD) yazilimi (Pro/Engineer Wild-
Fire 5.0) kullanilmstir. Ayrica, CAD yazilimi femur, DKV,
vidali vida ve kortikal vidalart montaj etmek igin kullanil-

mustir. (4,5 mm c¢apinda, kullanilan vidalar dislere sahiptir).
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Sekil 1. (a) Bu ¢alismada kullanilan 3 boyutlu bilgisayar modeli. (b) Yiikleme kosullari ve sinir kosullari. (¢) 3B

ag yapisi

Gecikme vidasi femur basinin ortasina yerlestirilmistir. imp-
lant i¢in temel olarak gecikme vidasinin ucundan femur ka-
fasinin tepesine 10 mm’lik bir mesafe kullanilmistir. Ek ola-
rak, ug-tepe mesafesi (TAD) degeri 22,5 mm (TADAP = 10
mm, TADLAT = 12,5 mm) (TAD = lateral radyografide 6l-
ciilen 6n-arka radyograf (TADAP) + ug¢-tepe mesafesi iize-
rinde olgiilen ug-tepe mesafesi) TADLAT)). Bu ¢alisma
DKV’lar1 boylarma gore 3 gruba ayirmustir: 2 delikli DKV
(birinci grup), 4 delikli DKV (ikinci grup) ve 6 delikli DKV
gruplan (ii¢iincii grup). Ug boyutlu bilgisayar modeli ta-
mamlandiktan sonra, olugturulan model analiz i¢in FEA ya-

zilimina (ANSYS Workbench 15.0, ANSYS, Inc., Canons—%

burg, PA) aktarilmisgtir.

Bu ¢alisma temel olarak femur basi tizerindeki ku
kegin dik durdugu bir senaryoda simiile etmistr.
bir yiik kosulu ve bir sinir kosulu saglamisti
Yiikleme kosulu, bir 6zne dik dururken w

deki kuvveti simiile etmek i¢in kulla @ edenle her iki
bacaktaki kuvveti taklit etmek igjs ast i¢in 400 N (

1r kosullar1 i¢in f

ekseni yonii) asag1 dogru bir kqu ygulanmigtir [25@
u

olarak, bu caligmada kullaw

ekseni ve Z eksenindek

tir. gecikme vid 1@an plakanin namlu ipi

rak ayarlanma ax ger pargalar arasigdakiCmas, bagli bir

%"z&sﬁm SEA yazil S Workbench’de

% ecenegi, tema: en bir miktar kay-
rir. Ote yandan, “&egenegi, iki yiizii (veya

irbirine baglayai $ uk birakmaz [27].

el femoral kortikal kemik, fe-
gecikme vidasi, yan plaka ve kor-

tip olarak

“ayirma
may
kena

aligmada kullam

oral slingerimsi

tikal vidalar o, lizere bes boliimden olusmustur. Bu
calismada glyis an malzeme Ozellikleri 6nceki ¢alisma-
lardan ef(x mistir [22-25]. Tiim malzemelerin homojen,
izg @e dogrusal elastik oldugu varsayilmigtir. Bu ne-

d&malzeme ozelliklerini ifade etmek icin iki bagimsiz
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@ modellerinin

*

parametre (Young’in modiilii ve on’1in orani)

kyll \
muistir. Tablo 1, bu simﬁlasy@kullamlan malzenb

liklerini gostermektedin %. *

Q\

TabQ\Qalzeme ozellikleri

Malzeme Young modiilii (M®, Poisson orant

Cortical ke 17.00 0.3

Cancellous ik 1.0 0.3

Yog 6 2001 03

Fz?«a!vidam 000 03
@kal vida XX 000 03

) W
SEA analigi @)nra, bu calisma ¢ogunlukla von Mi-

ses gerilmes agilimimi gozlem gostergesi olarak kulla-
Ozlenen von Mises gerilme bolgeleri, gecikmeli
aka ve kortikal vidalardaki bolgelerdir. Femu-
1 ve medial tarafindaki stres dagilim durumu, farkl
luklarda yan plakalar kullanildiginda DKV deaki fark-
liklar1 incelemek icin belirlenmistir.

SEA gerceklestirmeden dnce, insa edilen modelde bir yakin-
sama testi yapilmalidir. Bu, bir simiilasyon analizi yaparken
SEA modeliyle daha dogru sonuglar elde etmek icindir. Ya-
kinsama testi modeli ile ilgili olarak, bu ¢alismada temel ola-
rak test yakinsama testinin sonucunu elde etmek i¢in ag bii-
yukligi kontroli kullanilmigtir. Agin boyutlart 5, 4, 3 ve 2
mm olarak se¢ilmis ve karesel tetrahedral elemanlar ¢ogun-
lukla ag icin ANSYS Workbench yaziliminda kullanilmigtir.
Bu ¢alisma agin ebatin1 vermis olmasina ragmen, yazilim
agda otomatik olarak agin islevinde biiyiik bir egriligi olan
bir yerde, vida iizerindeki disler gibi arindirir. Femur bast
iizerine yiik kosulu olarak 400 N (Z ekseni) asag1 dogru kuv-
vet uygulanmistir. Femurun distal ucunda sinir durumu ola-
rak sabit bir destek kullanilmistir (Sekil 1 (b)). Yakinsama
testi i¢in farklt mesh boyutlart kullanilmigtir. Bu ¢alisma,
Tablo 2°de listelenen yakinsama degerleri icin bir isaretle-
yici olarak kortikal kemigin daha kiigiik trokanteri iizerinde
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bulunan von Mises gerilmesinin maksimum degerini, Tablo
2’de siralanan yakinsama degerleri igin bir belirte¢ olarak
gozlemlemistir. Ug farkli modelde, % 2.450, % 0.974 ve %
0.368 yakinsakliklarinda farkliliklar saptanmistir (yakin-
sama diizeyi,% 97.549, % 99.025 ve % 99.631). Daha 6n-
ceki caligmalardan bu yakinsama sonucunun bu ¢aligma i¢in
kabul edilebilir oldugunu ve yakinsama testi i¢in % 5 ya-
kinsamanin durma kriteri oldugu bulunmustur [25,28]. Bu
sonuglar, bu ¢alismada kullanilan modelin birbirine yaklas-
tigim gostermektedir. Bu nedenle, bu sonlu elemanlar ag
modellerinin farkli uzunluklardaki DKV lar1 incelemek igin
kullanilmasi makul olacaktir. Yakinsama testinden sonra, ca-
lismada kullanilan i¢ FEA modelinin tiimii, kuadratik tetra-
hedral elemanlar i¢in ag boliimlendirmesi i¢in bir standart
(Sekil 1 (c)) ve ANSYS Workbench FEA yazilimindaki me-
kanikler i¢in bir analiz simiilasyonu olarak 3 mm’lik bir ag
kullanilmistir. Calismada 2 delikli modelde 93.965 digiim
noktasi ve 53.089 elaman, 4 delikli modelde 117.724 diigiim
noktasi ve 67.054 eleman, 6 delikli modelde 141.475 diigiim
noktasi ve 80.971 eleman kullanilmistir.

Tablo 2. Yakinsama test sonuglari.

N

. 2 Delikli Yakmsama 4 Delikli Yakin- 6.D.e i Yakig \
Ag L sama likli s
Oltist model Seviyesi  model Seviyesi model si

S0 MPa) (%) (MPa) 4 ,

(%) ( 0

Smm  5.0928  95.467 4.5765 98.256 4 99.252
4mm  5.0944 95973 4.6009 98.780 \4.6 99.560
3mm 52039  97.549 4.6123 990 N6265  99.631
2mm 53346 4.6577 4.6436

.\‘Q\ \6

3. SONUCLAR

Bu sonlu elemanlar analiz ¢alismasinda, analiz edilen sonug-
lar renk grafigi ile gosterilebilir. Sekil 2 (a) gecikme vidalari
iizerindeki gerilme dagilimim géstermektedir. Ug grup ara-

L 4
sinda, her gecikme vidasindaki en biiyiik von Mises geriln&\

degerleri asagidaki gibidir. (2 delikli DKV, 281.18MP%
delikli DKV, 280.15MPa; ve 6 delikli DKV, 280.4 n
biiyiik gerilme degerlerinin tiimii kirik bolges lun-
mustur. Ug gruptaki gecikme vidalar1 arast hen biiyiik
gerilme degerleri arasindaki farklar dj &

Sekil 2 (b), kortikal vidalar ﬁzerind%

ger degildir.
1lme dagiliming

gostermektedir. Her gruptaki ko% dalar tizerindeki

bliylik von Mises gerilme de
likli DKV, 71.934MPa; 4
likli DKV, 29.606Mp
larin kortikal kemi

iyiik gerilme degeNeN, vida-

temas ettigi no Xﬂn etrafinda

meydana gelmj \ delikli DKV g ortikal vida-
‘ s

lar ﬁzerinds@e en biyiiktiir.

eri dsagidaki gibidir:

KV, 34.684MRa; e-

tirilmesi sonra yanal olar g

st sﬁlm‘ 1 g(')stermekted@n plakanin uzunlugu daha

% ugunda, diistik s i genis bir alanin olacagini tes-
it ilmistir. Sekil 3 (%Q

erilme dagilimi

dial korteksi |
gerilmengn i

ur medial olarak gozlendiginde
gerir. Kortikal vidalar ile femurun me-

ki temas noktasi ¢evresinde daha fazla
igini gostermektedir. Sonuglar en distal vi-
danin ¢t§ aki kemigin daha fazla stres yasayacagini gos-
te @in 2 delikli DHS grubunda bu stres degeri en bii-

*
2 Delikli DKV 4&;&? DKV 6 Deli

ﬁkv

124600
93.501
62.401
31.301

Max: 280.4MPa (a)

2 Delikli DKV 4 Delikli DKV 6 Delikli DKV

3 ™

W, 1 s, 3 7, .
: X

/ N7

Unit : MPa

=~

26.000
22.798
19.597
16.395
13.194 -
9.992 !
6.791
3.589
0.000

o

Max: 71.934MPa Max: 34 684MPa Max: 29 .608MPa

(b)
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Sekil 2. (a) Gecikme vidalarindaki gerilme dagilimi. (b) Kortikal vidalarda gerilme dagilimi.

Qo
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(a) 2 Delikli DKV 4 Delikli DKV 6 Delikli DKV

3 \}5 v
» ')
30.336 MPa 22.161 MPa
34.989 MPa
22.073 MPa

‘ &
2 Delikli DKV 4 Delikli DKV 6 Delikli DKV

Unit : MPa 14.318 MPa

19.0000
16.6330
14.2650
11.8980
9.5302
7.1628
47953
24279
0.000

25.642 MPa

(b)

Unit : MPa

14.000
12.255
10.510
8.766
7.021
5276
3531
1.786
0.000

2 Delikli DKV 4 Delikli DKV 6 Delikli DKV

Sy & T

14.103 MPa
19.428 MPa

12.966 MPa
11.739 MPa
8.838 MPa
10.081 MPa
11.376 MPa
13.461 MPa

12.401 MPa
12.045 MPa
10.427 MPa
13.883 MPa

(c)

5.000
4375
3.750
3.125
2.500
1.876
1.251
0.626
0.000

Sekil 3. (a) Femurun lateral tarafindaki gerilme dagilimi. (b)
Femurun medial tarafinda gerilme dagilimi. (c) Femurda kesitsel
gerilme dagilimi.

4. TARTISMA

DKYV, stabil tip intertrokanterik kalca ki klaé\edavi et-
mek i¢in kullanilan yaygin bir implantt&\/’smm intert-
rokanterik kiriklarin ﬁksasyonunda\ risint belirleyen
faktorler arasinda kirik paterni, \0@ masinin kalitesi
gecikme vidasinin konumli alt

[4,5,9,10,11,29].
meli vida kesimi ve yan
nin ortak komplikasyo > Genellikle daha u; T yan

plakanin daha fazla gtab™fe saglayabilecevi@ yan pla-
kanin disart ¢ek kini en aza indir%e inantlmak-
e, daha uzun bir, plaka daha uzun

%neden olur. Bazi

tadir. Bununl
ahip 2 delikli bir yan

bir yara v
pla plantasyonununggter® fiksasyon saglayabilece-
gini bdlirtmistir, ancak l&aka ¢ekmesi yine de gergek-

yumusak doku
a kiiglik bir insf

calism

ilir [13,14,15,16] 1 calismalar da kortikal vida ki-
1lmasindan dolay, 181z oldugunu bildirmistir [13]. Bu
calisma, impla sonrasi farkli uzunluklarda DHS yan
plakalarinigebiyo¥iekanik etkilerini aragtirmak i¢in FEA’y1
basanylat\ ilmigtir. Bu ¢alisma ayni zamanda, yan pla-
ka ugunun, femur kemiginin kortikal kemigi {ize-
rmii& stresin daha fazla artmasina neden olabilecegini

359

S
N

gostermistir. Bu ¢alismanin sonuglari ortopedi cerrahlari ta-
rafindan yan plaka uzunluklarimin sec¢imi i¢cin mekanik bir
temel saglayabilir.

Bu ¢aligmanin sonuglari, her gruptaki gecikme vidasi iize-
rindeki stres degerlerinde 6nemli bir farklilik gostermemis-
tir (Sekil 2 (a)). Bunun ana nedeni, bu ¢alismada kullagg®
lan gecikme vidasimnin ve namlunun uzunluklarinin

namlulu bir yan levhanin kullanilm;
namlu iizerinde daha fazla stres
mada ayn1 uzunlukta gecikme V%
mistir; bu nedenle, her gru; ecikme vidast v
iizerindeki gerilme farlgl dikkate deger dg
olarak, bu ¢aligma ko vidalardaki geril
da incelemistir. E Q gerilme vidalar
lerle temas ettig ]\k alarin ¢evresind
(Sekil 2 (b) % sebebi, kortikg]
mik ve s% si kemik i¢in e¥gi zaman, Young’in
kortilgad ken@gin modiili dal d&eﬂik oldugu i¢in (korti-
ki %ﬁzerindeki stre ﬁ@;imsi kemikte oldugundan
iytiktit), konik@ortikal kemik ile baglandi; bu
le, kortikal viga heMki tarafta da kortikal kemikle te-

mas ettigi yerde azla stres saglamistir. Her ne kadar
bu ¢aligmant al vidalar1 iizerindeki tepe gerilimi, ni-

hai dayagim paslanmaz ¢eligin nihai mukavemeti yak-
lasik 8 a) [30] daha diisiik olmasina ragmen, kortikal
vida mas1 yorulma arizasi ile indiiklenebilir [31]. Bazi

etersizligi vakalarinda, kortikal vidalarin kirilma yeri
bidcalismanin sonuglartyla uyumlu olmustur [13]. Ek ola-
ak, yan levhanin uzunlugu ne kadar uzun olursa kortikal vi-
dalar o kadar ¢ok kullanilir ve kortikal vidalar iizerindeki

Okiilmesi DKV ye igi-  baski o kadar diisiik olur.

Asil sebep, kortikal vidalar ne kadar ¢cok kullanilirsa, korti-
kal vidalar ile femur arasindaki temas yiizey alani o kadar
biiyiik olur ki bu da kortikal vidalar {izerindeki baskiy1 azal-
tabilir. Femur iizerindeki gerilme degerlerine bakildiginda
bu ¢alisma, yan plakla temas tarafinda implantin destegin-
den dolay1 femur stresinin goreceli olarak daha diisiik ol-
dugunu gostermistir. Bu, gerilme koruma etkisiyle agikla-
nabilir. Gerilme koruyucu etki, implante edilen malzeme ile
kemik arasindaki elastik modiilde fark biiytik oldugunda or-
taya ¢ikar. Baslangicta kemik tarafindan saglanan geilme,
implant tarafindan korunur ve boylece kemikteki gerilmeyi
azaltir. Ek olarak, femurun medial tarafinin gozlemleri, kor-
tikal vidalart gevreleyen kemigin, 6zellikle kemik {izerin-
deki stresin en biiyiik oldugu en distal kortikal vida olan
daha fazla gerilmeye maruz kaldigini ortaya koymustur ve

*

N
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2 delikli DKV grubundaki gerilme diger 2 gruptakilerden
daha biiyiiktii (4 delikli ve 6 delikli DKV grubu; Tablo 3).
Onceki literatiirler, normal kemikte, nihai mukavemet dege-
rinin yaklasik 105 ila 120Mpa [30, 32] oldugunu gdstermis-
tir. Bununla birlikte, yas ve hastalik ayn1 zamanda kortikal
kemigin nihai kuvvet degerini de etkiler. Bu nedenle, vida
¢ekme islemi daha biiylik gerilme degerleriyle ortaya ¢ika-
bilir. Bu nedenle, 2 delikli DHS’nin hastalarda kullanilmasi,
yan plakanin digart ¢ekilme riskini artirabilir ve vidanin ¢1-
karilmasini 6nlemek i¢in daha uzun bir yan plaka se¢ilebilir.
Ek olarak, klinik olarak, kortikal vidadaki iplik, stres kon-
santrasyonundan dolay1 kortikal kemikte daha yiiksek geril-
meye neden olabilir.

Bu c¢alismada bu SEA’de bazi sinirlamalar vardir. Materyal
6zelliklerinin, bu ¢aligmada simiilasyonu basitlestirmek igin
homojen, izotropik ve dogrusal elastik oldugu varsayilmistir
ve bagkalarin ¢aligmalarina atifta bulunarak ayarlanmis-
tir [22,25,28]. Bu varsayimin sonuglari gergek durumlardan
farkli olsa da, ¢alisma egilimleri degismeyecektir. Ek ola-
rak, femur modelinde, bu ¢alisma sadece femurun proksimal
kismin1 kullanilmistir. Bunun ana nedeni femurun proksimal
kisminin bu ¢aligmada gézlemlenen konum olmasiydi ve bu
sadelestirme bilgisayar simiilasyon siiresini kisaltabilir. Ek
olarak, kortikal vidalar vida diglerine sahip oldugundan, ke-
mik implant1 (vida disleri) arayiiziinde iiretilen yiiksek ge—

neden oldugu yiiksek gerilme nedeniyle olabilir. Bu n
calisma kemik-implant arayiiziini gézlemlerse;
manlar analizi kullanilarak hatali arastirma s
acabilir (stresin yogunlastig1 yeri bulmak j¢in
lar analizinin kullanilmasi genellikle do@gNdegildir). Daha
onceki biyomekanik ¢aligmalar prok% femur 23’¢ kas
kuvveti eklemis olmasina ragmen@lmal femur ve kal
ekleminde abduktorler, addijktgrlerdleksorler, ekstenso
dis rotatorler ve i¢ rotator T il olmak tizere bi
grubu vardir. Her bir k farkli kaslart ig
her kasin kuvvet ve kuv%onu hareket 51ras
caktir. Bu nede faktorlerinin mé
karmasik hale esine izin Verm
yalnizca fe idan femura ilegg gl dogru dis kuv-
e kosulu olara mugtir. Boyle bir dis

vet1 bir
asimi, farkli dig kuvWetlerin ¢alismanin sonug-
1 r1 Ugerindeki etk1s1nde\§i1abll1r Her ne kadar bu ca-
smada bazi basﬁlest yapilmis ve ger¢ek durumlarla
@arkh olan kosulla %

rilme, gerilme konsantrasyonunun geometrik goriiniim %

na yol
eleman-

kas
den,
tkl1 ola-
1121 daha

k 1€in, bu calisma

1lmis olsa da, arastirilan konu igin
tir.

net bir egilim g%
Bu calism; gozlemlerine dayanarak, farkli uzunluk-
larda DI plakalarinin biyomekanik durumu arastiril-

mig#r nalizden elde edilen sonuglarin gercek durum-
larla¥azi1 farkliliklari olsa da, veriler farkli uzunluklarda yan

plakalari secerken ortopedi cerrahlari igin referans saglamis-
tir. Bu ayn1 zamanda implant basarisizliklarini azaltarak has-
talarin daha iyi prognoz kazanmalarini saglayabilir.

5. SONUC

Bu ¢alismada genel olarak DK'V’daki farkli uzunluklarc%\"
yan plakalarin etkilerini aragtirilmistir. Bu ¢alism -

nugclari, farkli yan plakalar implante edildiginde e vi-
das1 ve namlu iizerindeki baskida dnemli bi lmadi-
g1 gostermistir. Bu ¢alisma ayn1 zamanQ lakanin (2

rindeki gerilmenin o kadar yiikse
tizerindeki stres
KV kullanimi, ya

manin sonuglari} dik
plant uzunluklarl&ilmesi

unu gosterm1§tx\'

Bu, kortikal vidalari ¢evreleyen

¢ekme riskini artirabilirg
cerrahlar tarafindan D
icin blyomekanlk
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