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Sefa Yilmaz, Aydemir Giralp Ural

INFLUENCE OF TIRE SURFACE
GEOMETRY ON BRAKING
PERFORMANCE OF RIRCRAFT TIRES

ABSTRACT:

Almost half of the accidents in the
last 20 years have occurred during lan-
ding phase of flight. Understanding
the runway-tire contact mechanics of
aircraft, is essential to prevent these
accidents. There are several important
parameters in the runway-tire interac-
tion during landing. Among others, the
footprint area, contact pressure area,
vertical deflection of tire have the most
influence on the landing performan-
ce of aircraft. To find out the effects of
these parameters, commonly-held em-
pirical equations have been used and
even transformed into a user-friendly
calculator VBAG6 based on Visual Basic.
Following this first part of theoretical
calculations, the runway contact me-
chanics of aircraft tire is analyzed nu-
merically by 3-D models of finite ele-
ments analyses (FEA). As a part of this
comparative analyses, two substantially
dissimilar tire models have been chosen
with rib tread and cross tread surface
patterns. Former model with rib tread
is preferred for almost all civil aircrafts
(i.e. ultra-light, light or passenger type),
using airfields with tarmac or any ot-
her stabilized runway defined as soft
landing field. But later cross tread pat-
tern design is conceived for all terrain
purposes and extensively used on airp-
lanes regardless of vehicle size during
World War II due to the lack of airfield
conforming to aviation standards. In
addition to our theoretical and numeri-

cal analyses, experimental results from
literature has been used to complete
the picture of runway-tire interaction
during landing. Theoretical calculati-
ons show that rib tread pattern creates
a non-linear relation by contrast to li-
nearity on cross tread pattern between
landing performance parameters such
as footprint area, inflation pressure,
vertical deflection. An increase in the
aircraft vertical speed is observed cor-
responding to superior inflation pres-
sure of tires as a result of higher nose
angle. Similar correlation is made for
vertical load on tire - it increases with
vertical landing speed reduces due to
the progressively higher nose angle du-
ring landing. Finite element (FE) analy-
ses give more coherent results (3-8.5
%) with theoretical ones especially for
footprint area. These numerical analy-
ses obtained by different FE models
ensure spatial and temporal details on
the deformation of tires during landing,
which enhance the comprehension of
phenomena.

Keywords: Braking performance;
Predictive model; Surface geometry;
Aircraft tire; Runway friction

Highlights
o Evaluation of footprint area, con-
tact pressure area and vertical deflecti-

on for landing performance.

« FE analyses on the behavior of dif-
ferent tire surface pattern on runway
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INTRODUCTION

Due to the heavy air traffic and
number of flight per airport, safe
runway operations of modern aircraft
have become more challenging becau-
se of higher landing and takeoff spee-
ds, particularly under different runway
conditions such as wet, slush or icy. Pre-
vious studies show that runway friction
is significantly reduced under these
conditions. In addition, some physical
properties of tires have become more
crucial than before such as surface ge-
ometry or tread pattern. Past studies
have been performed to investigate the
effect of various factors on the braking
performance of aircraft tires under dif-
ferent runway conditions. These factors
can be mainly listed into two groups,
tire operational parameters (inflation
pressure, load, speed), and runway con-
ditions (water, snow, slush or any other
surface contamination).

There are several studies on opera-
tional parameters of landing gears and
aircraft tires. Behroozi et al. found that
excellent precision in terms of deforma-
tion in finite element models. A fairly
good estimation of tire burst pressu-
re was obtained under high inflation,
which is a risk for structural integrity
during landing and even taxi [1]. Kiz-
hakkethara showed that a non-linear
analysis converges much easier if con-
centrated load is applied instead of
pressure load and also produces better
accuracy than with distributed load [2].
El-Shafei found that runway friction
coefficient has a large effect on the con-
tact pressure distribution; the inflation

pressure has a considerable effect on the
tire radial stiffness. Additionally, the
study concludes that tire load carrying
capacity is basically depends on the belt
structure since the radial carcass ply
has low stiffness in that direction [3].
Essienubong obtained that the higher
the aircraft landing weight, the more
damage aircraft tires undergo in terms
of stress deformations and it builds up
[4]. Cerezo et al. found that the correla-
tion between weighted ground friction
and braking coefficients is substantial-
ly greater relative to the correlation of
unweighted coefficients [5].

When looking at studies on envi-
ronmental as such runway conditions,
there are some essential researches.
Cerezo et al. observed in their model
that the aircraft's successful slip ratio
is expected to be surface-dependent,
and values are calculated for each sur-
face contaminants. The model curves
of friction-slip and friction-speed are
compared with experimental results. It
has been found that the model is able
to connect ground friction to aircraft
braking efficiency with reasonable re-
liability [6]. Horne and Leland found
that dry-runway friction coefficients
are relatively insensitive to tire tread
pattern. However, the magnitude of the
friction coefficients developed by tires
on contaminated runways was extre-
mely sensitive to the tire tread pattern:
circumferential-groove (or rib) treads
developing the highest values of fric-
tion coefficient; where as smooth and
dimple treads giving the lowest values
for the investigated tread patterns and
runway conditions [7]. Leland and Tay-




Sefa Yilmaz, Aydemir Gliralp Ural

lor observed that a gradual degradati-
on in braking effectiveness on the wet
runway was experienced up to about
80% worn tire - tread condition; but the
wet-runway friction coefficients drop-
ped almost %50 and it’s a remarkable
decrease. Tires are completely worn out
at the higher speeds, yet they continue
to have about one-half the braking ef-
fectiveness of a new tire [8]. In another
study, Joyner et al. showed that perfor-
mance calculations are presented for a
typical jet transport showing the effect
of runway slush on the take-off distan-
ce; also shown are the effects of tire-to-
runway braking coefficients on landing
runout distances [9]. In their study,
Pasindu et al. observed that the calib-
ration and validation of the tire model,
followed by computation of braking
distances under different operating
conditions of wheel load, tire inflation
pressure, landing speed and water-film
thickness [10]. Klein-Paste found a key
result that aircrafts have experienced
wet, snow covered runways more slip-
pery than slush covered runways. The
findings are there is no clear tempera-
ture dependency visible for contamina-
tion types [11].

Asasummary, in the literature it can
be seen that finite element analyses and
theoretical calculations on tire-pave-
ment or tire-runway interaction under
different terrain conditions, are present
due to their affordable nature. Their bi-
nary combination becomes uncommon
in the bibliography, and a comparative
study with experimental data is even

more rare. Behind that, high-cost, te-
chnology and expertise is required for
experimental studies as most of aeros-
pace research. As a solution, we com-
bine results from our FE models, mat-
hematical calculations in our study and
experimental results of related research
studies. This three-pillar (theoretical,
numerical and experimental) aspect of
our study provide more complete pic-
ture (i.e. global, spatial and temporal)
of all phenomena took place during
landing. It also explain the performance
of aircraft tires on contact with runway
and the effects of different surface pat-
terns on tires.

MATERIALS AND METHODS

The methodology of the study can
be seen in fig.1. Firstly some mathema-
tical approaches are examined for de-
termination essential parameters such
as footprint area, contact pressure etc.
Then these mathematical expressions
are integrated to a calculator which is
programmed on Visual Basic for App-
lications (VBAG6). After doing that two
different types of tires are created on
Solidworks for making finite element
analysis on ANSYS. Finite element
analysis is made for two different mo-
dels too. On the other hand an expe-
rimental research are determined to
comparing results with each other. Fi-
nally all parameters are calculated with
calculator and some comparisons were
made with the FEA results and experi-
mental results separately.
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Figure 1. Methodology of study

Mathematical ~ Approaches  on
Braking/Tire Performance

The calculator VBA6 is based on
empirical equations accepted for the
calculations of flight and landing per-
formance of an aircraft. It uses also ge-
ometrical parameters of a real aircraft.
In our case, this aircraft is Airbus A340-
600. This calculator tool is program-
med with Excel Visual Basic. Basically,
it consists an excel file for calculating
different parameters about braking per-
formance of an aircraft during landing
in the background; and a user-form
with multiple tabs. Every tab calculates
a parameter such as vertical deflecti-
on, footprint area or braking distance.
When the user wants to calculate a
parameter, all necessary data should
be entered as input to the calculator.

sk dndw g

The relationship between tire defle-
ction, width and diameter, and vertical
loadandpressureisgivenbythefollowing
empirical formula in the Eq. (1) [6]:

Fz=(p,+ 0.08Xpr)XWXMX2.4X(%-C) )]

where Fz is vertical force, w is the tire
width, d is tire diameter, p_1is inflation
pressure, pr is rated inflation pressure, &
isdeflection. cis an empirical coefficient.

The footprint area, A formula in the
E. (2), is related to tire width and dia-
meter [12]:

A, = 2.3Vwd x (21- R) )

Where R is rolling radius of the tire
which can be calculated as R,= (2— -6)

The contact pressure, P_in the in the
Eq. (3) is given by following equation
from Raymer [12]:
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F.=A XP, (3)

The total braking distance, S, , is
calculated with the help of a set of equ-
ations. Each landing stages: approach,
flare, free rolling and braking, are cal-
culated separately. These stages can be

seen in Fig. 2.

Figure 2. Landing stages of an aircraft [12]

The thrust, T (Eq. (4)) can vary with
airspeed according to the rule

T=T,-aV? (4)

where T, is thrust at zero airspeed (aka
static thrust), T is thrust at airspeed V
and a is a constant that can be positive,
negative or null [13]. With this assump-
tion, we can gather together coeflicients
of V2and terms that don’t depend on V.
It means that derivative of T with respe-
ct to time giving another equation. Also
this equation has to be fit a format such
as T'= A-BV? Here, the A and B are two
arbitrary parameters defined for bra-
king stages (Eq. (5)) [13].

A=g(%—u)

and

B= %[0.5 pS (€, - uC, ) +al O

where W is weight, S wetted surfa-
ce area, C, and C, are coefficients for
ground level.

Also the coefficient K for induced
drag parameter, should be recalculated
for ground level as Kg [13]:

__q

~ Arxnxe and K =¢K, where AR is

g
aspect ratio, e is Oswald efficiency fac-
tor.

Also the two approximations of the
correction function ¢ is given by Eq. 6:

p=1-Zln[1+C)] 6)

where h is height of wing above the
ground, b is wing span and e is Oswald
efficiency factor [13].

At this point, we have all the para-
meters we need in the equation, except
for braking friction coefficient u_, .
(Eq. 7). Cerezo presented a suitable ap-
proach for the calculation of braking
coeflicient and by using it, the braking
coefficient was evaluated [6]:

—_mg mg g 7
Maircraft - 1_L ( )
mg

T : Reverse thrust

D : Drag Force

L : Lift Force

€ : Runway Slope (typically %1.5)
y : Deceleration

m : mass
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Now all stages Sa, S,, S,,, S, can be
calculated separately by using following
formulas (Eq. 8,9,10,11):

S = Popsrace — Mg Approach Stage (8)

a tan®

Sp =R sin® Flare Stage 9)

A-B#V?2
S = %l“(m%) Free Rolling Stage (10)

_ 2 Braking Stage (11)
SB—%ln(A BXVE) g otag

S =S, +S,:+S,,+S, Total Braking Distance (12)
By combining these different stages
of landing, total braking distance S, is
otal
obtained (Eq.12).

As a demonstration of The VBA6
visual interface and some input/output
parameters, a screenshot of the calcula-
tor is shown in the Fig. A.1.

Finite Element Modelling

Our models includes basically th-
ree main parts: (1) tire, (2) rim and (3)
runway. Before starting the analysis,
boundary conditions and material in-
formation should be identified and set.
The engineering data source in ANSYS
software is mostly used when defining
information about the properties of
materials. Especially physical proper-
ties such as density, Poisson’s ratio and
yield strength etc. Aircraft tires for ge-
neral use, are made of different layers
of fibers and wires reinforcing rubber
matrix. In the finite element model, if
hyperelastic neoprene rubber in materi-
al database is selected alone for the tire,
it is impossible for structure to bear the

vertical force it is subjected to.

That is why, the model is simplified
by the homogenization of the whole
tire structure without distinct reinfor-
cement parts but with embedded ones.
Due to this homogenization process of
the composite structure into an isot-
ropic material, the tire properties will
be slightly different than experimental
results. Therefore, some important pa-
rameters such as density, yield strength
were calculated with composite mixtu-
re law [14]. Firstly, percentage volumes
and physical properties of typical tire
components are determined (Table A.1
and Table A.2, respectively). Following
that, the rule of mixture is applied with
these values.

From the study of Dulanni and Ku-
ruppu, tension test results of specimens
made of real aircraft tire are used for the
modulus of elasticity in the FE model
[15]. Tension tests were made for a tire
exposed to load of nearly 2,050 kg. The
tire in our model is exposed to 22,500
kg. There is a great difference between
these two tires. It is clear that pressure
linearly changes with the vertical load
until material gets yield. Also the mo-
dulus of elasticity should be proportio-
nal with the pressure which tire’s surfa-
ce is exposed to. If the two assumptions
are interpreted together, it can be assu-
med that the modulus of elasticity is in
a linear relationship with vertical load.

After the material information is
defined, contact types were defined and
mesh is created. There are two types of
contact. One of them is bonded and ot-
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her one is frictional. Bonded is betwe-
en tire and rim. Frictional is between
runway and tire with a coefficient 0.85,
also there is no gap between tire and
runway. Contact region adjusted to
touch. So ANSYS is going to make an
assumption like tire is touching to the
runway. Here, during the mesh creati-
on phase, some regions are set to high
resolution mesh and other regions have
comparatively less resolution. Especi-
ally, contact regions are adjusted to the
high resolution for more precise calcu-
lation. After that, boundary conditions
such as suspension force, inflation pres-
sure, fixed support etc. are defined and
the deformation analysis of the tire is
completed (table 1). The details concer-
ning mesh parameters are given in the
table 2.

Table 1. Boundary Conditions of FE

analysis

Boundary Conditions
Tire Inflation Pressure, p, (1.184 MPa) [16]
Suspension Force (220,657 N)

Vertical Displacement, 6:
(x- and y-axis are set to 0, z-axis is free)

Fixed Support
Standard Earth Gravity, g: 9.81 m%/s

RESULTS AND DISCUSSIONS
Footprint Area and Contact Pressure

Load on main gears in Airbus
A340-600 is 180,000 kg. So a single
main gear carry a weight of 90,000 kg.
This load is for the strut distributing to
four tires. Load acting on a single tire in
main gear is 22,500 kg. Vertical direc-
tional force on the tire (F) is 22,500 x
9.807 = 220,657 N and p =11.84 bar and
p=17.2 bar.

Recall the Eq. (1) so the vertical def-
lection § is

§=96.67 mm = 9.67 cm

Using this deformation value of &
due to the vertical forces, the contact
area (footprint area) A can be calcula-
ted with Eq. (2)

A, = 2353 X T4 x (= - (10-967)) = 191583 e’

This is the gross footprint area, the
rib tread area should be subtracted from
this value (fig. 3). When the tire has rib
or cross pattern, the pattern area can be
calculated with Solidworks software;

Tire inflation pressure is calculated
with mathematical method taken from
Airbus HTPT report [16].

Table 2. Mesh Parameters of FE analysis e —
Mesh parameters r L
P e - :
Mesh Elements 51,389 |F L
Mesh nodes 97,368 L ..'l
Average quality 0.71

Figure 3. Representation of footprint area
(white zone, in contact) of airc-
raft tire with rib tread (red zone,

non-contact).
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The sum of rib tread areas S , is:

S”=2><(9087.45+1 1462.58)=41100mm?=
411 cm?

The final footprint area A for rib
tread tire is;

AP =1915.83 - 411 = 1504.83 cm?
Recall Eq. (3) for the contact pres-
sure P

220,657=0.1505 x P_ so P=1.47 MPa

These calculations are also made for
the tire design with cross tread tire. The
footprint area of cross tread tire are;

A =143124 cm’ and P=1.57 MPa
Finite Element Analysis

As an example to a commercial airc-
raft landing gear, middle image is given
(fig. 4 (b)). To this landing gear system,
four wheels are attached but two front
wheels and their tires are visible in
this photograph. The surface geometry
and tread texture of aircraft tires can
be described as rib tread tires which is
the type in our first FE model. Both in
real life and the model, no thread are
present on tire sidewalls. Tires are not
deformed only in the vertical direction,
but also in horizontal deformation. In
our model appropriate to real life, the
deformation are examined indepen-
dently of the direction. In the rib tread
model, if all nodes are accounted, the
vertical deformation is in average 89.7
mm except some points around 120
mm.

Figure 4. Total Deformation of (a) rib tre-
ad tire (FEA), (b) actual tire on
runway [17] and (c) cross tread

tire (FEA), respectively.

If a similar FE analysis but with
cross tread surface model, the vertical
deformation is in average 61.1 mm but
again some exception point of over 100
mm.

The total deformation of nodal dis-
tortion is the difference between the-
ir initial (non-contact) and final state
(contact) positions of tire. Total defor-
mations of rib tread and cross tread ti-
res can be seen in the Fig. 4 (a) and (¢).
It is clear that cross tread is less defor-
med than rib tread.

Figure 5. Contact Pressure Distribution of
(a) rib-tread tire (FEA), (b) real
tire (schematic representation)
[18] and (c) cross tread (FEA),

respectively

Actual pressure distribution on real
tire-runway contact is represented at
Fig. 5 (b). It belongs to measured ap-
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parent contact related to BOEING test
results [18]. The regions where the
maximum pressure present are similar
to the rib tread (Fig. 5 (a)). There is an
increase of pressure up to 5.6 MPa on
the edges of rib treads due to stress con-
centration which is the result of rib cor-
ner effect. This phenomenon reaches its
highest peak for the outer ribs. On the
other hand, the pressure diminishes less
than 0.4 MPa near the center between
ribs. Similar values are observed close
to 0.4 MPa approaching the extremities
of tire-runway contact area.

The pressure distribution for cross
tread tire system is entirely different
(Fig. 5 (c)). First there are a higher
pressure distribution all around conta-
ct area, because the cross tread is less
deformed. Another essential finding
about cross tread is peak pressure. The-
re are high pressure points of 12 MPa
on the corners of tread crossing especi-
ally near the edge of contact area.

Comparison of Results

Some graphs were created through
theoretical results such as vertical def-
lection, footprint area and braking dis-
tances with our VBAG6 calculator. Sub-
sequently, necessary comparisons were
made between these parameters and
their correlations are revealed. Howe-
ver, some other parameters such as inf-

lation pressure is calculated manually
with the output obtained by the calcu-
lator. Afterwards, braking distances on
different runway conditions are shown
vis-a-vis the values obtained by the cal-
culator (Fig. A.2).

All these results are resumed in the
Table 3, for comparison of parameters
of footprint area A, contact pressure
P_and vertical deflection 4. In the tab-
le, it can be clearly seen that the FEA
results approach the correct result in
terms of many parameters except the
contact pressure. This may be due to
the simplification of the model and the
use of linear elastic modulus. It is pos-
sible to say that many parameters such
as elastic modulus, tensile yield stren-
gth, compressive yield strength are not
constant due non-linear behavior in the
real life.

One of the most important parame-
ters to be examined is the amount of
vertical deformation. The calculator’s
results and FEA results obtained should
be compared with the Boeing experi-
mental test results [8]. It is possible to
say that the FEA result of the cross pat-
tern is far from what is expected. Cont-
rary to expectations, this does not affect
the footprint area. When looking at the
footprint area, the results are very con-
sistent with each other especially for the
rib pattern.
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Table 3. Comparison of Results

Parameters Tire Type Mathematical FEA Boeing Test
Results Results | Results [18]
Footprint Area A (cm?) Rib Tread (Gross) 1,915 - 1,840
Rib Tread (Gross) 1,505 1,377 -
Cross Tread (Gross) 1,915 - -
Cross Tread (Without 1,431 1,389 -
Tread)
Contact Pressure P (MPa) Rib Tread 1.47 1.14 1.53
Cross Tread 1.57 1.01
Vertical Deflection § (cm) Rib Tread 9.67 8.97 9.7
Cross Tread 9.67 6.11 -

It is possible to say that the vertical
deformation and footprint area are in
an almost linear relationship for cross
pattern (Fig. 7). But the case with the
rib pattern distinguishes from this line-
ar relation especially when vertical def-
lection is higher than the values in the
Fig. 6. When the Fig. 8 is examined, it
can be understood that the growth rate
of the footprint area slows down after
a certain amount of vertical deformati-
on for the rib pattern. In cross pattern,
growth rate doesn’t get slow but it inc-
reases constantly (Fig. 9).

Figure 6. Vertical deflection versus footprint
area for rib tread

Figure 7. Vertical deflection versus footprint
area for cross tread

Figure 8. Vertical deflection versus inflation
pressure for rib tread
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Figure 9. Vertical deflection versus inflation
pressure for cross tread

As a regulation, almost 40% of
airports throughout the world limit tire
pressure of commercial aircrafts to 1.5
MPa. But today, new aircrafts have tire
inflation pressures which can exceed
this limit value [18]. One of the most
important factors affecting the contact
pressure is the inflation pressure. This
parameter is directly related and deli-
miting factor to the durability or long-
term performance of the material. Let's
imagine two tires made of the same ma-
terial but with different surface pattern,
inflated at the same inflation pressure -
the contact pressure of the tire with the
cross pattern will be much higher than
the rib pattern which becomes chal-
lenging in terms of material durability
(Fig. 10).

Figure 10. Contact pressure versus inflation
pressure on tire

Additionally, static parameters are
not the only reason why the cross pat-
tern is not preferred in aircrafts. dy-
namic parameters are effective in this
selection. The rib pattern performs
better in phenomena such as runway
friction coefficient, braking coeflicient,
hydroplaning. Another parameter to
be examined is the vertical velocity at
which the tire touches the ground. The
speed of 2-4 m/s is accepted usually as
anormal landing in ideal flight conditi-
ons. The speeds exceeding this limit are
generally accepted as hard landing [19].
In the Fig. 11, the relationship betwe-
en vertical landing speed and inflation
pressure can be seen. It may seem that
safe landing is approached when the
vertical landing speed decreases, but
this situation is actually quite complex.
As the vertical landing speed decreases,
the inflation pressure starts to increase.
If the phenomena behind this situation
is examined: when the aircraft touches
the runway by increasing the nose ang-
le to decrease the vertical touch speed,
the load on the tire increases simulta-
neously. During this phenomenon, the
amount of deformation and the foot-
print area should increase up to a cer-
tain point (Fig. 12). The footprint area
is inversely proportional to the contact
pressure, so the latter also augments.
Finally, the inflation pressure increases
related to the change of previous para-
meters. This chain reaction may seem
very beneficial in terms of safety, but it
should be noted that the tire may not be
able to withstand all the load it is expo-
sed structurally. There are factors such
as sudden temperature increase caused
by friction and shimmy, which adver-
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sely affect the structural properties of
tires. For this reason, landing speed
should be optimized and landing on the
runway should be provided in the most
appropriate way and braking should be
done by taking into account the struc-
tural characteristics of aircraft tire.

Figure 11. Inflation pressure versus vertical
landing speed

Figure 12.Vertical load versus vertical lan-
ding speed

CONCLUSION

This study presents comparative
analyses between; theoretical results
of a calculator tool VBA6 using well-
accepted empirical equations for flight/
landing performances and physical
parameters of a specific aircraft;
numerical results of finite element
models for different surface pattern

of tire like rib tread and cross tread.
Finally, this comparative analyses are
completed by experimental data from
the literature. Footprint area, contact
pressure and vertical deflection are
the essential parameters used for these
comparative analyses.

The analyses concludes on:

o footprint area, A- theoretical
results gives good estimation of
experimental behavior in the
literature for rib tread pattern.
Numerical FE and theoretical
results are close to each other for
both rib (8.5%) and cross (3%)
tread patterns (tread area not
included to AP).

+  contactpressurearea, P - thereis big
coherency between mathematical
and experimental values (4%)
but a distinct difference between
mathematical and FE results. It
can be explained by the sensitive
nature (spatially and temporally) of
FE models compared to empirical
equations in VBAG6 calculator
giving mostly only average values.
Another reason for this difference,
can be the simplification of some
material (E, ay) and structural
parameters (laminate structure).

o Vertical deflection, 6- this
parameter gives total maximum
displacement  between initial
and final states before and after
the application of vertical load
on tire by pavement (runway)
or vice-versa. Theoretical results
of VBA6 give much coherent
values to experimental data. FE
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numerical results are closer in rib
tread pattern. The cross tread tire
FE model give results relatively
far from mathematical values.
This situation is probably due
to the aforementioned factors:
simplification of tire structure
and material properties, which are
normally more complex.

+ Ifall these parameters A , P, & are
correlated between each other and
to other important criteria like
inflation pressure, vertical landing
speed (all parameters are VBA6
results in this analysis):

footprint area and inflation
pressure have a linear response
to vertical deflection for cross
tread tire pattern. These relations
separate from linearity at higher
vertical ~ deflection both for
inflation pressure and footprint
area on rib tread tires. The vertical
load on landing gear so on tires of
the aircraft increases with vertical
landing speed reduces due to the
more and more higher nose angle
during landing. A similar event
happens in the relation of inflation
pressure and vertical landing speed
due to the change of nose angle
while aircraft landing. More vertical
speed is observed corresponding to
superior inflation pressure of tires
as a result of higher nose angle.

Appendices

Figure A.1. Calculator VBA6 based on Vi-
sual Basic

Figure A.2. Braking distances calculated for
different runway conditions
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TableA.1. Typical Tire Components Percentage Volumes [20]

Tire Components Volume %
Rubber (natural or synthetic) 38
Filler (carbon black, silica, carbon chalk) 30
Reinforcement materials (steel belts) 16
Plasticizers 10
Chemicals 4

Anti-oxidants

Miscellaneous additives

Table A.2. New Material Properties According to Rule of Mixtures [14]

Structural Steel as Neoprene Rubber | Composite Material
reinforcement (16%) (38%) for Tire (%100)
Density (kg/m?) 7,850 1,250 1,731
Poisson's Ratio 0.3 0.45 0.219
Yield Strength (MPa) 250 - 40
Ultimate Strength (MPa) 460 - 73.6

Even tough chemical additives like
plasticizers, anti-oxidants (Table A.1)
change physical properties and as such
mechanical performance of rubber in
tire, they become neutral or ineffective
in the rule of mixture. Only structural
steel and neoprene rubber have high
enough values to determine substanti-
ally the physical properties of new com-
posite tire material (Table A.2). There-
fore, in the calculation by the rule of
mixture, respective values and volume
percentage of structural steel and neo-
prene rubber are multiplied and added
up to give a resultant value of total com-
posite property (density, Poisson’s ratio
etc.) of aircraft tire.
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PI CONTROLLER DESIGN FOR DCM
OPERATED BOOST CONVERTER

ABSTRACT:

Controller design is an important
phase of designing power electronics
converters. Power electronics conver-
ters are non-linear dynamical systems.
Without control output may not be
what is needed by load. Power elect-
ronics converters are subject to distur-
bances like: input voltage’s changes and/
or output load’s changes. Bypassing the-
se disturbances and force the converter
to track the reference command is the
job of controller. This paper study the
control problem of a boost converter
operated in Discontinuous Conduc-
tion Mode (DCM). Instead of using
well known linear model extraction
techniques like State Space Averaging
(SSA) or circuit averaging which requ-
ires a large amount of calculations and
considerable amount of time to learn
the methods itself, a system identifica-
tion approach is used for modeling. A
PI controller is designed for the obtai-
ned model. Close loop system is tested
in Simulink® environment. Simulation
results showed the performance of de-
signed controller.

Keywords: Boost converter; Dis-
continuous conduction mode; Feedback
control; Non-minimum phase system;
System identification

INTRODUCTION

Power electronics converters requ-
ire negative feedback to provide a sui-
table output voltage or current for the
load. Although control engineering has
considerable progress over recent de-
cades, most applications use PID cont-
rollers, because of their low price and
simplicity. Generally speaking, using
derivative term is not so common in
power electronics converters control.
Usually a P or PI controller is all that is
required. Designing a classical P or PI
controller for a power electronics con-
verter is started by obtaining the model
of converter. Various techniques can be
found in literature to obtain a Linear
continuous Time Invariant (LTT) model
of a DC-DC converter. The most well
known methods are: Current injected
approach, circuit averaging and state
space averaging.

Table 1, is a general comparison
between CCM and DCM in DC-DC
converters.

Table 1. Comparison of CCM and DCM

Continuous Current Mode(CCM)

Discontinuous Current Mode(DCM)

Voltage gain is a function of load and design
parameters

«  Voltage gain is independent of load

Input current is pulsating

. Input current is continuous and non . Commutation of controlled switch is made
pulsating with zero current which reduce commutation
losses.
. Efficiency is higher in comparison with |« Inductor size can be reduced drastically in
DCM comparison with CCM.
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One important feature of boost
converter is the Non-Minimum Phase
(NMP) characteristic which is due to
the Right Half Plane (RHP) zero in its
control to output voltage transfer func-
tion. NMP effect deteriorates the cont-
rol and stability behavior of the con-
verter. DCM operation is an available
alternative to CCM. In this case, the
RHP zero places in high frequencies,
usually higher than switching frequen-
cy and the boost converter mainly be-
haves like a converter with a single pole.
Considering the disadvantage of DCM
operation like high current ripple and
low efficiency, in some special applica-
tions when control is important, power
circuit designers intentionally design
the controller to operate in DCM ope-
ration.

RELATED WORKS

Foundation of State Space Avera-
ging (SSA) was laid down in Middlebro-
ok RD et al. (1977). The first attempt
to model Discontinuous Conduction
Mode (DCM) is presented in. Cuk S et
al. (1977). Accurate small signal models
for DCM operation were developed by
Sun J et al. (2001). The current injec-
ted method (Kislovski, et al (1991) and
Mohan et al. (2003)) can do the job of
modeling in either CCM or DCM. A
unified SSA based method to develop
both CCM and DCM was developed
by Suntio T. (2006). Circuit averaging
gained a lot of attention recently due
to its generality (Hren A. et al.2005). A
comprehensive survey of the modeling
issues can be found in Maksimovic et al.
(2001).

Application of different control
methods to power electronics conver-
ters has been studied in many papers.
For example, feedback linearization(-
Sanders GC, et al. (1986)), sliding mode
control (Sira-Ramirez H, et al. (1987)),
PID control (Venkatanarayanan S, et al.
(2014)) and H_ design(Rodriguez H, et
al. (2005)) has been applied to Cuk con-
verter, Linear Matrix Inequality(LMI)
control has been applied to conventi-
onal boost by Kumar PR (2015). Disc-
rete time controller has been designed
for a boost converter in Alkrunz et al.
(2016). A cascade state space controller
is designed for buck mode of bidirecti-
onal dc-dc converter in Ocilka M, et al.
(2010). PID control of SEPIC converter
is studied in Veenalakshmi et al. (2014).

RESULTS AND DISCUSSIONS

Assume a boost converter with the
following parameter values:

Figure 1. Boost converter used in simulati-
ons.

MOSFET M has on resistance of
100mQ and diode D has forward volta-
ge drop of 0.8 V and forward resistance
of ImQ. Switching frequency is 25KHz.
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Fig 2, shows the steady state induc-
tor current:

Sempty ndim ol ey

LY

Figure 2. Steady state inductor current.

As shown in Fig. 2, inductor current
returns to zero during each switching
period. In order to obtain the small sig-
nal model around the given operating
point, a small change is applied to the
duty ratio and the corresponding out-
put voltage is recorded. Fig. 3 and 4,
shows the change in duty ration and
output voltage, respectively.

Bl (B o8 Do §

Figure 3. Change in duty ratio.

B |.ﬂ-’ Ll:-ln-

Figure 4. Change in output voltage.

System identification uses statistical
methods to build mathematical mo-
dels of dynamical systems from mea-
sured input-output data. Matlab® has a
powerful system identification toolbox.
It has a user friendly Graphical User
Interface(GUI) which makes it easy to
use. Using Matlab’s system identificati-
on toolbox, following model is obtained
for the input-output data shown in Fig.
3 and 4.

—692405+4.085 x 10°
H(s) =3 ;
s*+780105+8.262 x 10

Control is done with a simple PI
controller. Assume that phase margin
of 80° and bandwidth of 500Rad/s is
required. Using frequency domain de-
sign techniques (Ogata, 2003):

KP=0.0066 and K=10.84

satisfy the given specifications.
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SIMULATION RESULTS

Performance of designed control-
lers are tested with the aid of following
scenario: Load resistance goes from R,
&= 20Q to R =250 at t= 50ms, input
source voltage changes from V = 12V to
V =18V at t=100ms and reference vol-
tage has been changed from V_= 30V
to V_= 40V at t=150ms. This scenario
is summarized in Table 2:

Simulation results are shown in
Fig.5.

e o R

Figure 5. Simulation results.

As seen in Fig. 5, output has zero
steady state error. Controller keeps out-
put voltage constant despite of changes
in load resistance and input voltage.

CONCLUSION

Control theory plays an important
role in power electronics. Providing a
stable output voltage despite of chan-
ges in load and input voltage is not
achievable without the use of control
theory. Control problem of a boost con-
vert operating in DCM studied in this
paper. Instead of using complicated
DCM mode modeling techniques, dy-
namical model of converter is extracted
using system identification techniques.
Controller is designed for the obtained
model based on well known frequency
response method. This procedure can
be used for other type of converters
operating in DCM.

Table 2. Test scenario

Parameter’s name Time Initial value | Final value (Final-Initial)/Initial
Rload 50 ms 50 Q 250 -50%
Vv 100 ms 12V 18V +50%
. 150 ms 30V 40V +33%
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FREKANS SPEKTRUM DOLULUK
OLCUMLERI: OMU KURUPELIT
YERLESKESI ORNEGI

Oz:

Bu ¢alismada, Ondokuz Mayis Uni-
versitesi Kurupelit Yerleskesinde baz
istasyonlarini dogrudan goren sabit
bir konumda, farkli giin ve saatlerde 50
MHz ile 2700 MHz arasi frekans spekt-
rumda oOl¢timler yapilarak spektrum
doluluk oranlar1 hesaplanmistir. 4 saat
araliklarla ve 13 farkli zamanda yapilan
spektrum olgiimlerinde RF-Explorer
6G Combo spektrum analizor kulla-
nilmigtir.  Spektrum  6lgiimlerinden
baz istasyonlarinin spektrum kullanim
yogunluklarinin diger servislere gore
(6rn. FM, TV) daha yogun oldugu go-
riulmistiir. Baz istasyonlarinin spekt-
rumlarinin kullanim yogunluklar: -50
dBm, -60 dBm ve -70 dBm sinyali gii¢
seviyeleri referans secilecek analiz edil-
migtir. Sonuglardan spektrum doluluk
oranlarinin 6l¢iim zamanina, esik sin-
yal gii¢ seviyesine ve baz istasyonlari-
nin kullandiklar: servislere gére (GSM
(2G), UMTS (3G), LTE (4G)) degistigi
gorillmigtiir. Olgiimlerde en yiiksek
spektrum yogunlugu %100 ile LTE900
(-70 dBm i¢in) i¢in, en diisitk spektrum
yogunlugu ise %0 ile LTE2600 (-50/-60
dBm i¢in) hesaplanmigtir.

Anahtar Kelimeler: Baz istasyo-
nu; Frekans spektrum ol¢ctimii; Frekans
spektrum doluluk orani; Bilissel radyo.

FREQUENCY SPECTRUM OCCUPANCY
MERASUREMENTS: OMU KURUPELIT
CAMPUS EXAMPLE

ABSTRACT:

In this study, frequency spectrum
occupancy rates were determined using
spectrum measurements results were
obtained at different days and hours at
a location where has line of sight with
base stations in the Kurupelit Campus
of Ondokuz Mayis University in the
frequency between 50 MHz and 2700
MHz. The measurements were per-
formed using RF Explorer 6G Combo
spectrum analyzer at 4-hour intervals
and at 13 different times. It has been
seen from the spectrum measurements
that the spectrum occupancy rates of
the base stations are much more than
the other services (e.g., FM, TV). The
spectrum occupancy rates of the base
stations were analyzed for -50 dBm,
-60 dBm and -70 dBm threshold valu-
es. From the results, it was seen that the
spectrum occupancy rates changed ac-
cording to the measurement time, the
signal threshold level and the services
used by the base stations (GSM (2G),
UMTS (3G), LTE (4G)). In the measure-
ments, the highest spectrum occupancy
rate was calculated for LTE900 (for -70
dBm) with 100%, and the lowest spect-
rum occupancy rate was calculated for
LTE2600 (for -50/-60 dBm) with 0%.

Keywords: Base station; Frequency
spectrum measurement; Frequency spe-
ctrum occupancy rate; Cognitive radio.
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One ¢ikanlar

« 50 MHz- 2700 MHz aras: frekans
spektrum 6l¢timleri.

« Baz istasyonu spektrum doluluk
oranlarinin hesaplanmasi.

o Spektrum doluluk oraninin zama-
na ve esik sinyal seviyesine gore degisi-
minin incelenmesi.

GIRIS

Teknolojik gelismelerin bir sonucu
olarak kablosuz iletisim sektoriinde su-
nulan hizmetlerin sayist her gecen giin
artmaktadir. Artan kullanici taleplerini
kargilayabilmek adina hiicresel sistem-
lerin ve dolayisiyla hiicresel sistemlerin
temel yapi tag1 olan baz istasyonlarin sa-
yis1 da artmaktadir. Her bir baz istasyo-
nun sinirh bir cografi bolgeye sinirl bir
frekans bandinda hizmet vermektedir.
Ulkemizde halihazirda ii¢ farkli hiic-
resel sistem teknolojisi kullanilmakta-
dir. Bunlar 2G (second generation) 3G
(third generation) ve 4G (fourth gene-
ration)dir. 2G (Global System for Mo-
bile Communications, GSM) teknoloji
genel olarak ses ve mesaj iletimi tizerine
kurulmug olup bu teknolojiyi kullanan
baz istasyonlar1 900 MHz ile 1800 MHz
frekans bantlarinda ¢aligmaktadirlar.
2100 MHz frekans bantlarini kullanan
3G (Universal Mobile Telecommuni-
cation Service, UMTYS) baz istasyonlari
saniyede 2 Mbit veri hizlarina olanak
tanimaktadir. Bir 3G teknolojisi olan
DC-HSDPA (Dual Carrier High-Speed
Downlink Packet Access) ile bu veri hiz1
42 Mbite kadar ¢ikabilmektedir. Spekt-
rumda farkll frekans bantlarini kulla-
nabilen (6rn. 800 MHz, 2600 MHz) 4G
(Long Term Evolution, LTE) teknolojisi

ile veri hizlar1 100 Mbit/s kadar ¢ikabil-
mektedir. Ulkemizde ii¢ farkl: hiicresel
sistem operatorii (Turkeell, Vodafone
ve Tiirk Telekom) bulunmakta olup her
biri kendilerine ayrilan frekans bantla-
rinda bu tg¢ servis (2G, 3G ve 4G) hiz-
metini de vermektedirler.

Smurli bir kaynak olan frekans
spektrumunu en yiiksek verimde kul-
lanmak her gecen giin daha fazla bir
zorunluluk haline gelmektedir. Verim-
siz ve statik frekans spektrumu kulla-
nimiin Oniine ge¢mek adina dinamik
spektrum yontemi ilk olarak Mitola ta-
rafindan 1999 yilinda ortaya atilmigtir
[1]. Biligsel radyo (cognitive radio) ola-
rak adlandirillan bu kavram ile spekt-
rumda yerlesen birincil kullanicilarin
aldiklar1 hizmet kalitesinde bir disiis
yasanmadan mevcut spektrumun dina-
mik olarak sezilmesi ve bog veya diisitk
gicli frekans bantlarinin kullanilmasi
amaglanmaktadir [2]. Kullanim ora-
ni disiik spektrum bantlarinin biligsel
radyo kablosuz haberlesme sistemleri
tarafindan kullanilmasi, spektrum ye-
tersizligi problemi i¢in umut verici bir
¢6ziim olarak gorilmektedir.

Bilissel radyo uygulamalar1 giini-
miiziin glincel ¢alisma konularindan
olup ozellikle biligsel radyo uygulama-
lar1 igin frekans spektrumu ol¢timleri
tizerine literatiirde yapilan pek ¢ok ¢a-
ligma bulunmaktadir. Bu ¢alismalardan
bazilar1 su sekildedir. Samsun ili ve ilce-
lerini kapsayan 73 farkli konumda ko-
numunda 470 MHz - 790MHz frekans
araliginda spektrum doluluk 6l¢timleri
yapimistir [3]. Samsun sehir merkezi-
ne TV vericilerini goéren 10 farkli ko-
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numda 470 MHz - 790MHz frekans
bandinda Ol¢timler yapilarak spekt-
rum yogunlugunun zamansal degisimi
incelenmistir [4]. Samsun sehir mer-
kezinde 470 MHz - 790 MHz frekans
araliginda, spektrumun en yogun oldu-
gu bolgede, 7 farkli giinde ve 14 farkli
zamanda spektrum doluluk 6l¢timleri
yapimistir [5]. Samsun sehir merke-
zinde, 115 farkli konumda GSM900,
LTE800, LTE900, GSM1800, LTE1800,
UMTS2100 ve LTE2600 bantlarindaki
spektrum doluluk 6l¢timleri yapilmigtir
[6]. Kosova Cumhuriyetinin bagkenti
olan Pristinada VHF (174 - 230 MHz)
ve UHF bantlarinda (470-860 MHz)
spektrum ol¢iimleri yapilarak ile fre-
kans spektrumlarinin kullanim yogun-
luklar1 analiz edilmistir [7]. 174 MHz
ile 1000 MHz arasindaki frekans bandi
uzun siireli olarak izlenerek spektrum
bosluklar1 belirlenmistir [8]. Konya Sel-
cuk Universitesi yerleskesinde frekans
spektrum 6l¢timleri 30 MHz - 3000
MHz arasinda yapilmis ve Biligsel Rad-
yo uygulamalari i¢in degerlendirmeler-
de bulunulmustur [9]. Giiney Afrikada
UHE GSM900 MHz ve GSM1800 MHz
bantlarinda spektrum doluluk dl¢tim-
leri yapilmistir [10]. Cin'in bagkenti
Pekinde 450 MHz - 2700 MHz frekans
araliginda 24 saat stireli spektrum do-
luluk dl¢timleri yapimistir [11]. Sam-
sunda bina dis1 ortamlarda GSM900
bandinda spektrum doluluk degerlen-
dirmeleri -40 dBm esik seviyesi i¢in ya-
pilmustir [12]. Ayrica biligsel radyonun
evrimi [13] ve son yillardaki giincel uy-
gulamalar: tizerine literatiirde yapilan
giincel pek ¢ok ¢alisma bulunmaktadir
[14-16].

Bu c¢aliyjmada, Ondokuz Mayis
Universitesi Kurupelit Yerleskesinde
spektrumun en yogun oldugu bolgede
13 farkli zamanda spektrum ol¢timleri
yapilmigtir. 50 MHz - 2700 MHz ara-
sindaki frekans spektrumu RF Explorer
6G Combo spektrum analizor [17] kul-
lanilarak kayit altina alinmistir. Olgiim
sonuglari analiz edilerek frekans spekt-
rumu doluluk oranlar1 hesaplanmustir.
Hesaplanan spektrum doluluk oranla-
rinin zamana, segilen esik seviyesine ve
frekans spektrumunu kullanan servisle-
re gore degisimleri incelenmistir.

Makalenin geri kalani su sekilde
organize edilmistir: 2. Bolumde fre-
kans spektrum olgiimlerin alinmasina
yonelik materyal ve yontem bilgileri ile
spektrum doluluk orani hesaplamalari
verilmistir. 3. B6liimde 50 MHz - 2700
MH?z arasinda yapilan spektrum 6l¢iim
sonuglari ve spektrum doluluk oranlari
verilerek degerlendirmeler yapilmistir.
Makale 4. Bolim olan Sonuglar bélimi
ile sonlandirilmustir.

MATERYAL VE YONTEMLER

Bu ¢alismada spektrum ol¢timleri
6 Aralik 2018 16:00da baslanilmis ve
12 Aralik 2018 saat 16:00da sonland:-
rilmistir. Olciim tarihleri ve saatlerine
ait bilgiler Tablo 1'de verilmistir. Ol-
¢timlerde 15 MHz- 2700 MHz ve 4850
MHz- 6100 MHz aras: frekanslar1 6lce-
bilen RF Explorer 6G Combo spektrum
analizor kullanilmigtir. RF Explorer
6G Combonun frekans ¢ozlintrligi
1kHz olup ortalama giirtiltii seviyesi
-105 dBmdir. Olgiimler OMU Kurupe-
lit Kampiisiinde baz istasyonu kaynaklt
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Sekil 1. Frekans Spektrum 6l¢iim konumu ve 6l¢iimlerin alinmasi

sinyal seviyelerinin en yiiksek oldugu
konumda yapilmistir. Olgiimlerin alin-
dig1 konum ve 6rnek bir ol¢iim ekran
gorintisu Sekil 1'de verilmisgtir.

Tablo 1. Spektrum ol¢iim tarih ve saatleri

Olqil:zlfl:inam Olgiim Tarihi | Ol¢iim Saati
1 06.12.2018 16:00
2 06.12.2018 20:00
3 07.12.2018 00:00
4 07.12.2018 04:00
5 07.12.2018 08:00
6 07.12.2018 12:00
7 07.12.2018 16:00
8 07.12.2018 20:00
9 08.12:2018 00:00
10 08.12:2018 04:00
11 08.12:2018 08:00
12 08.12:2018 12:00
13 08.12:2018 16:00

Spektrum  Doluluk  Oraninin
Hesaplanmasi:

Bu calismada spektrum doluluk
degerlendirmeleri Sekil 2'de verilenler
gercevesinde yapilmstir. Spektrum do-
luluk incelemesi yapilacak frekans ban-
di1 M érnekten (6rn. £, f, f ) olugmak-
tadir. Her bir frekans 6rneginin ise giicii

P (6rn. P, P, P, ) ile ifade edilmektedir.

PO ise sinyal giicti icin egik seviyesidir.
Belirli bir frekanstaki sinyalin giicii egik
seviyesinden yiiksek ise “1” aksi halde
“0” olarak (1) esitliginde verildigi gibi
ifade edilebilir.

0, P, <Po

Lmz%”ﬂ*M

M) =

Spektrum doluluk orani (SDO) yiiz-

delik olarak (2) esitliginde verildigi gibi
hesaplanir.

M A(m)
M

SDO=100X

Sekil 2de verilen 6rnek 6zelinde f,
f, ve f, frekanslarindaki sinyal giicleri
(P, P, ve P, ) esik sinyal gii¢ seviye-
sinden (P,) daha giiglii olduklar: i¢in
spektrum doluluk orani hesaplamala-
rinda dikkate alinirlar.

Py Esik sinyal gii¢ seviyesi (Pg)

fi £ 31 fm frekans

Sekil 2. Frekans spektrum doluluk
hesaplama senaryosu
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BULGULAR VE TARTISMA

RF Explorer 6G Combo spektrum
analizorii kullanilarak ol¢timii yapi-
lan 50 MHz-2700 MHz arasina ait bir
spektrum 6rnegi Sekil 3de verilmistir.
Sekilden de gorildagii gibi 6l¢iim yapi-
lan frekans spektrumunda baz istasyo-
nu kaynakli sinyal seviyeleri baskindur.
FM (88 MHz-106 MHz) ve TV (174
MHz-230 MHz VHF bands, 470 MHz-
790 MHz UHF bandi) frekanslarin sin-
yal giicleri -60 dBmden daha dustiktiir
(Tim o6l¢tim sonuglart incelendiginde
FM ve TV frekanslarindaki sinyal giicii
-60 dBmden daha diisiik oldugu i¢in bu
bantlar spektrum doluluk orani deger-
lendirmelerine dahil edilmemistir). En
yiiksek sinyal giicii -41,36 dBm ile 2137
MHz frekansinda (UMTS2100 bandin-
da) ol¢tlmistiir. Bu 6l¢iim icin diger
en giclil sinyal seviyeleri -43,93 dBm
(942 MHz), -44,07 dBm (803 MHz) ve
-50,01 dBm (1807 MHz) dir. 2G, 3G
ve 4G teknolojilerini kullanan baz is-
tasyonlar1 i¢in servis adlar1 ve frekans
bantlar1 Tablo 2de verilmistir. Tablo
2de verilen her bir servis i¢in alt ve st
frekans degerleri Bilgi Teknolojileri ve
fletisim Kurumu (BTK) tarafindan tah-
sis edilmis degerlerdir.

Tablo 2. Baz istasyonu servis adlar1 ve

kullanilan frekans araliklar:

Servis Ad1 Alt frekans | Ust frekans
(MHz) (MHz)
LTE800 791 820,9
LTE900 925,1 935,1
GSM900 935,1 961,0
GSM1800 1805 1820
LTE1800 1820 1879
UMTS2100 2010 2170
LTE2600 2570 2670

g i | 1

il Ir* d:"lli I'l.: k u Ll_r.‘:;

- 4 | Jlln.rf* i I‘,"' I!I.li.l !:.'i III FI,J' |

W= m  wo mo =;m
Frphans (MH2

Sekil 3. 50 MHz - 2700 MHz arasina ait bir
spektrum drnegi

Sabit bir konumda, 4 saat araliklarla
kaydedilen 13 spektrum o6lgiimiine ait
veriler (1) ve (2) esitliginde verildigi
gibi analiz edilmis ve spektrum doluluk
oranlar1 hesaplanmistir. Hesaplanan
SDOnun yiizdelik degerlendirilmesi
Sekil 4de verilmistir. Degerlendirmeler
yedi farkli baz istasyonu servisi Gze-
linde yapilmistir. Degerlendirmelerde
-50 dBm, -60 dBm ve -70 dBm esik
seviyeleri kullanilmistir. Sekil 4de esik
seviyesi bagl olarak spektrum doluluk
oranlarinin degistigi, biiyiik esik deger-
leri icin (6rn. -50 dBm) spektrum do-
luluk oraninin azaldig1 gériilmektedir.
Ol¢iimlerde en yiiksek doluluk orani
LTE900 servisi i¢in hesaplanmustir (-70
dBm esik seviyesi i¢in 12 dl¢iim zama-
ninda spektrumun tamami doludur).
En disiik doluluk orani ise LTE2600
servisi i¢cindir (-50 dBm ve -60 dBm igin
spektrum tamamen bostur). LTE2600
servisi icin spektrumun bu denli bos
olmasinin temel nedeni olarak; 6l¢iim
zamaninda 4G’li baz istasyonlarinin
yeni kurulmaya baglanmis olmasi ge-
rek sayilarinin gerekse ¢ikis giiclerinin
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Sekil 4. Yedi farkli servis igin 6l¢iim zaman indeksine bagh spektrum doluluk oranlar1

az olmasi gosterilebilir. $ekil 4den ayni
servis ve ayni esik seviyesi icin dahi
spektrum doluluk oraninin 6l¢iim za-
manina bagli olarak degiskenlik gos-

terdigi gortilmektedir. Bu degiskenlik
%70’lere varan oranda olabilmektedir
(6rn. LTE800, -50 dBm i¢in).
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SONUCLAR

Bu ¢alismada, Ondokuz Mayis Uni-
versitesi Kurupelit Yerleskesinde 50
MHz - 2700 MHz frekans araliginda
spektrumun en yogun oldugu bir bol-
gede 13 farkli zamanda spektrum ol-
cumleri yapilarak, spektrum doluluk
oranlar1 incelenmistir. Olciimler 4 saat
araliklarla ve ardisik iki giin boyunca
RF Explorer 6G Combo spektrum ana-
lizér kullanilarak yapilmistir. Olgiim
konumunda baz istasyonu kaynakl sin-
yal sevilerinin FM ve TV servislerine
oranla ¢ok daha yiiksek oldugu goriil-
miistiir. Baz istasyonu servislerinin giin
i¢cindeki genlik degisimleri -50 dBm,
-60 dBm ve -70 dBm sinyal seviyeleri
referans alinarak degerlendirmeler ya-
pilmistir. Olgiimlerden segilen esik se-
viyesine, segilen baz istasyonu servisine
ve 6lclim zamanina bagli olarak spekt-
rum doluluk oranlarmin degistigi go-
rilmistiir. Bu degisim orani -70 dBm
esik seviyesi i¢in daha az iken -50 dBm
esik seviyesi icin oldukea fazladir. Ol-
¢iimlerde en yiiksek spektrum yogun-
lugu %100 ile LTE900 (-70 dBm igin)
i¢in, en disiik spektrum yogunlugu
ise %0 ile LTE2600 (-50/-60 dBm i¢in)
hesaplanmistir. Olgiim sonuglar1 biitiin
olarak degerlendirildiginde 6l¢iim ya-
pilan konumda baz istasyonu servisleri
icin tahsis edilen frekans bantlarinin
biligsel radyo uygulamalar i¢in kullani-
labilir oldugu goérilmiistiir.
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COK KATMANLI PIEZOELEKTRIK
SERAMIKLERIN DIELEKTRIK
OZELLIKLERININ SICAKLIGA BAGLI
DEGISIMLERININ INCELENMESI

Oz:

Cok katmanli piezoelektrik sera-
miklerin tretimleri, katmanlar arasin-
da degerli metal iceren iletken bir yap:
kullanilarak yapilmaktadir. Bu iletken
yapilar platin, paladyum, giimis, altin
icerikli olabilmektedir. Yaygin olarak
kullanilanlardan bir tanesi de giimig/
paladyum (Ag/Pd) dur. Degerli metal-
lerin orani ise maliyetten dolay: diisii-
rillmek istenmektedir. Bu ¢aligmada
katkili ve katkisiz PZT-5A kompozis-
yonu kullanilarak 9/1, 7/3 ve 10/0 Ag/
Pd igerigine sahip ¢ok katmanli pie-
zoelektrik seramikler iretilmistir. Bu
malzemelerin elektriksel —ozellikleri
piezoelektrik seramigin icerigine ve
sinterleme sicakligina bagli olarak de-
gismektedir. Bu caligmada piezoelekt-
rik PZT-5A kompozisyonun icerigine
Li,CO, katkilanarak sinterleme sicak-
lig1 disirilmistir ve boylece farkls
paladyum oranina sahip Ag/Pd elektrot
kullanilarak ¢ok katmanli seramik tire-
timi yapilabilmistir. Farkl icerikteki i¢
elektrot kullanilarak tretilen seramik-
lerin uygulama sicakligina bagli degi-
simleri de farklilik gostermektedir. Bu
caligmada 9/1, 7/3 ve 10/0 Ag/Pd elekt-
rot kullanilarak iretilen ¢ok katmanh
piezoelektrik seramiklerin 10°C-100°C
arasindaki sicaklik degisimine bagh
olarak piezoelektrik ve dielektrik 6zel-
likleri incelenmigtir. Yapilan ¢alisma-
dan elde edilen sonuglara gore 10/0 Ag/
Pd kullanilarak iiretilen ¢ok katmanh

piezoelektrik seramiklerin sicakliga
bagl dielektrik 6zellikleri diger icerik-
teki elektrot malzemeler kullanilarak
tiretilen ¢ok katmanli seramiklerden
daha fazla degisime ugramigtir.

Anahtar Kelimeler: Cok katmanli;
Piezoelektrik; Sicaklik; Dielektrik; PZT

INVESTIGATION OF THE
TEMPERATURE DEPENDENT
CHANGES OF THE DIELECTRIC
PROPERTIES OF MULTILAYER
PIEZOELECTRIC CERAMICS

ABSTRACT:

The production of multilayer piezo-
electric ceramics is made using a con-
ductive structure containing precious
metals between layers. These conduc-
tive structures can contain platinum,
palladium, silver and gold. One of the
commonly used ones is silver/palla-
dium (Ag/Pd). The ratio of precious
metals is desired to be reduced due to
cost. In this study, multilayer piezoe-
lectric ceramics with 9/1, 7/3 and 10/0
Ag/Pd contents were produced using
doped and undoped PZT-5A composi-
tion. The electrical properties of these
materials vary depending on the con-
tent of the piezoelectric ceramic and
the sintering temperature. In this study,
the sintering temperature was reduced
by adding Li,CO, to the piezoelectric
PZT-5A composition and thus multi-
layer ceramic prodution could be made
by using Ag/Pd electrode with different
palladium ratio. Variations of ceramics
produced using inner electrodes with
different contetns also differ depending
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on the application temperature. In this
study, piezoelectric and dielectric pro-
perties of multilayer piezoelectric cera-
mics produced with 9/1, 7/3 and 10/0
Ag/Pd were investigated depending
on the temperature change between
10°C-100°C. According to the results
obtained from the study, the tempera-
ture dependent dielectric properties of
the multilayer piezoelectric ceramics
produced with 10/0 Ag/Pd electrode
have changed more than the multilayer
ceramics produced using other electro-
de material.

Keywords: Multilayer; Piezoelectric;
Temperature; Dielectric; PZT

One ¢ikanlar

Cok katmanli piezoelektrik sera-
mikler yiliksek hassasiyet ve yiiksek me-
kanik mukavemet isteyen uygulamalar-
da kullanilabilmektedir. Bu ¢aligmada
¢ok katmanli piezoelektrik seramikler
disiik sicaklikta sinterlenebilen katkili
PZT-5A kompozisyonlar ve farkli Ag/
Pd icerigine sahip elektrotlar kullani-
lip serit dokiim yontemiyle dretilerek
sicakliga bagli degisimleri incelenmis-
tir. Burada Ag/Pd orani iletken 6zellik
kazanmas: icin gerekli olan sinterleme
sicakligini degistirmektedir. Bu sebeple
eniyilegtirme yapilarak farkli sicaklikta
yapilan uygulamalar icin ¢alisma ger-
ceklestirilmistir

GIRIS

Piezoelektrik malzemeler havacilik,
uydu ve uzay teknolojileri, savunma
sanayi, otomotiv ve biyomedikal uy-

gulamalar, imalat sanayi ve elektrik-e-
lektronik sektorii gibi bir¢ok sektorde
sensor ve aktiiator olarak kullanim ala-
nina sahiptir. Piezoelektrik seramikler,
ultrasonik goriintiilleme, su alt1 goriin-
tilleme, dizel injeksiyon sistemleri ve
hassas deplasman kontrol uygulamalari
gibi uygulamalarda kullanilmaktadir.
Bu uygulamalardaki ihtiyaglara yone-
lik olarak yiiksek mekanik dayanima
ve distik stiriim voltajina sahip piezo-
elektrik seramiklere gereksinim du-
yulmustur. Cok katmanli seramikler
bu ihtiyagtan dogmustur [1]. 10-300
mikron kalinliginda seramik-polimerik
katmanlar serit dokiim yontemiyle iire-
tildikten sonra elektrotlanarak dstiiste
getirilir. Bu katmanli yap: sinterlenip
terminasyonu yapildiktan sonra pola-
rize edilir ve ¢ok katmanli seramikler
boylece iiretilmis olur. Bu seramiklerin
tretimleri, katmanlar arasinda degerli
metal iceren iletken bir yap: kullani-
larak yapilmaktadir. Bu iletken yapilar
platin, paladyum, giimis, altin icerikli
olabilmektedir. Ag/Pd karisimi ise ma-
liyet diistirme ¢alismalar1 kapsaminda
¢ok katmanli seramiklerin tiretiminde
kullanilmaktadir [2].

Aktiator uygulamalarinda kullani-
lan piezoelektrik malzemelerin farkli
sicaklik uygulamalarina bagli olarak
elektriksel ozelliklerinde diigiis mey-
dana gelmektedir. Kursun igerikli PZT
tabanli malzemelerin sicakliga bagh
elektriksel ozelliklerinin davranislari
uzun yulardir aragtirilmaktadir. Ak-
tilatér uygulamalarinda sicakliga bagl
elektriksel ozelliklerin degisimi davra-
nigt tahmin edilebilir malzemeler ge-
listirilerek tirtin kayiplar: belirlenebilir.
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Farkli fazlardaki kompozisyonlara ve
Morfotropik Faz siir1 kompozisyonla-
rindaki sicaklik degisiminin elektriksel
ozelliklere etkisini gormek tizere PZT
ince filmler iizerinde yapilan ¢aligmada
dielektrik sabite ve d,, degerinin arttig1-
nin ancak 30/70 oraninda Zr/Ti igeren
kompozsiyonun degerinin diger kom-
pozisyonlara nazaran daha az oldugu
gorilmistiir. Bu durum Curie sicakli-
gimin daha yiliksek olmasiyla agiklan-
mugtir [3]. Nb-Li iceren PZT kompo-
zisyonunda dielektrik sabite degeri oda
sicakliginda 1800 degerinden 250°Cde
4000 degerine, d,, degeri ise 330 pC/N
degerinden 680 pC/N degerine ulas-
mugtir [4]. PZT-5H kompozsiyonunda
0-40°C arasindaki dielektrik sabite de-
gisiminin %33 degerine ulasabilecegi
[5] belirtilmistir. PZT tabanli PZT-4,
PZT-5A ve PZT-5H tip piezoelektrik
seramiklerde yapilan caligmalarda die-
lektrik sabitesi degeri PZT-5H seramik-
lerde diisiik sicakliklarda daha fazladir.
Koersif elektrik alan degerleri diismiis
olup, PZT-5H tip seramiklerde diistigiin
daha fazla oldugu gorilmektedir [6].
Bunun yaninda ¢ok katmanli seramik-
lerin de sicakliga bagl eletriksel 6zel-
likleri degisimlerine yonelik ¢aligmalar
mevcuttur [7]. Ancak hem kompozis-
yonel icerigi farklt hem de i¢ elektrot
pisirim sicakligi farkli olarak iiretilen
yekpare (bulk) seramik ve ¢ok katmanl
seramiklerde bu degisim incelenme-
mistir. Bu ¢aligmada ise sicaklik farkli-
liginin i¢ elektrottan mi1 yoksa kompo-
zisyondan mi kaynaklandigini gérmek
tizere hem kompozisyondan iretilen
peletlerde sicaklik ¢alismasi yapilmig
hem de farkli i¢ elektrot kullanilarak
iretilen ¢ok katmanl seramiklerin si-

cakliga bagl davranislar1 incelenmistir.
Bu sayede farkliligin kompozisyonel
ozelliklerden, i¢ elektrot malzemesin-
den veya bu ikisinin etkilesiminden
kaynaklanma orani gozlenebilecektir.

MATERYAL VE YONTEMLER

Bu ¢aligmada ticari olarak kullani-
lan PZT-5A tozuna 0.1wt% ve 0.2 wt%
oranlarinda Li,CO, katkilanmistir. Elde
edilen kompozisyonlar 24 saat boyunca
etanol ortaminda bilyali degirmende
zirkon bilyalarla karistirma-6gtitme is-
lemine tabi tutulmuglardir. Elde edilen
kompozisyon karigimlari déner kuru-
tucuda kurutulmus ve preslenebilmesi
icin PVA baglayic1 eklenmistir. Bagla-
yicist eklenen toz kompozisyonlar: ve
PZT-5A tozu 1.5 ton/cm? oraninda 6n
sekillendirilmis ve sonrasinda 200 MPa
eseksenli olarak preslenmislerdir. Bu
presleme sonrasinda elde edilen pelet
numuneler; PZT-5A i¢in 1250°C-2saat,
0.1wt% Li,CO, katkilanmis numuneler
975°C-4 saat ve 0.2wt% Li CO, katki-
lanmig numuneler ise 875°C-4saat alu-
mina pota igerisinde sinterlenmislerdir.
Sinterlenme sonucunda elde edilen
peletler ylizey paralelligi saglandiktan
sonra iletken ozellik saglanmas: i¢in
elektrotlanmiglardir. Elektrotlanan nu-
muneler 2.4 kV/mm degerinde 90-100
°C sicakliktaki yag banyosu igerisinde
polarize edildikten sonra elektriksel 61-
cumleri Agilent 4294 A kazang-faz ana-
lizériinde yapilmustir. d,, degerleri ise
Sinocera YE2370 d,,metre kullanilarak
yapilmuigtir.
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Cok Katmanl Seramik Uretimi

Plastiklestirici, baglayict ve kopiik
giderici olarak adlandirilan polimerik
malzemeler ve kompozisyon {iretimi
sonucu elde edilen PZT toz karigimlar:
serit dokiim ¢amuru hazirlamak tizere
24 saat boyunca bilyali sistemde karisti-
rilmiglardir. Serit dokiim cihazi kullani-
larak 55-65 mikron kalinliginda doéki-
lip kurutularak elde seritler daha sonra
7/3 Ag/Pd (Giimiis paladyum), 9/1 ve
10/0 elektrot pasta ile elektrotlanmis-
lardir. Elektrotlanan seritler 50 Bar ba-
singla stiiste getirilmis, 60°C sicaklik
altinda yapismalar1 saglanmigtir. Elde
edilen katmanlanmis yiginlar elektrot
desenine uygun sekilde kesilmislerdir.
Kesilen ham malzemeler 50°C sicak-
lik altinda 15 MPa basingla birlikte
3 dk boyunca yogunlastirilmislardir.
Yogun haldeki farkli Ag/Pd oraninda-
ki elektrotlara sahip ham seramikler
875°C-1120°C araligindaki farkls sicak-
liklarda 4 saat boyunca sinterlenmigler-
dir. Cok katmanli seramik tiretim akim
semasi sekil 1de verilmistir.

] 1
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Sekil 1. Cok katmanli seramik tiretim akim
semas [8]

Cok katmanli seramik tiretiminde
kullanilan metal tabanli i¢ elektrot ve
seramiklerin 1s1l genlesme katsayilari
farklidir. Bu farklilik sinterleme esna-
sinda malzemelerde laminasyon prob-
lemlerine, catlaklara ve kirilmalara
sebep olmaktadir. Bu hatalar ¢ok kat-
manli seramiklerde giivenlik problem-
lerini ortaya ¢ikarmaktadir.

Sinterleme sonrasinda elde edilen
seramiklerin Once yiizey islemleri ya-
pildiktan sonra dis terminasyon elekt-
rotlar1 yapilmigtir. Elektriksel baglanti-
lar1 yapilan seramikler 60°C'de 5 dakika
stiresince polarize edilmislerdir. Agilent
4294 A Kazang-Faz analizoriinde elekt-
riksel o6l¢timleri yapilmustir. Sekil 2de,
sinterlenerek yiizey islemleri yapilan
¢ok katmanli seramik ve sematik gorii-
niimi verilmistir.

Sekil 2. Elde edilen ¢ok katmanl: seramik ve
sematik goriiniimii

Sicaklik Testleri

Sicaklik testleri icin Polyscience
yag banyosu igerisine tiip daldirilarak
sicaklik degisimleri olusturulmustur.
Bu tiip igerisine ayrica termokupl dal-
dirilarak sicaklik dl¢timleri yapilmustir.
Bu esnada sicaklik istenilen degerlere
ulasinca Agilent 4294 A cihazinda 1
kHz degerinde kapasintans ol¢timleri
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yapilmigtir. Dielektrik sabite degeri su
sekilde hesaplanmaktadir.

tCc
K= ey

Burada t (m) numunenin kalinli-
g1, C (nF) kapasitansi, A (m?) ylizey
alani, € ise havanin dielektrik sabitesi
(8,85x10"2 F/m) alan ve kalinlik degeri
ayni olan numunelerde belirleyici 6zel-
lik olarak sunulmustur.

BULGULAR VE TARTISMA

Lityum atomunun atom boyutu
yaklasik olarak (0,74°) olarak verilmek-
tedir. Literatiirde yer alan bilgilere gore
ABO, perovskit yapisinda B yerlesimi-
ne atom boyutu yakin olan Ti** atomu-
nun (0,61A°) yerine yerleserek, latis
boyunun uzamasina ve tetragonalligin

artmasina neden olmaktadir. X-151m1
deseni sonuglar1 bu bulguyu destekle-
mektedir [9]. Li,CO, katkisiyla birlikte
mikroyapida da belirgin degismeler
bulundugu kayitlara gegmistir [10].
Yapilan ¢alismada katkisiz ve katkili se-
ramiklerin mikroyapisinda degisimler
elektron mikroskobu araciligiyla ince-
lenmigtir (Sekil 3).

Mikroyap1 goriintileri incelendi-
ginde Li,CO, katkisiyla birlikte siv1 faz
kalintilarinin tane aralarinda olustu-
gu gorilmektedir. Ayrica literatiirle de
uyumlu olarak Li,CO, katkist yapildi-
ginda tane boyutunun distigi goril-
mektedir. Bunun yaninda Li,CO, katki-
siyla birlikte yapida yer yer bogluklarin
olustugu gozlenmektedir. Bunun nede-
ninin ise Li, CO, uguculugu oldugu s6y-
lenmektedir [11].

Sekil 3. Katkisiz ve katkili PZT-5A kompozisyocnlarl sinterleme sonrasi elde edilen elektron
mikroskobu goriintiileri a) katkisiz PZT-5A seramik b) 0.1% Li,CO, katkili yekpare
PZT-5A seramik c) 0.2% Li,CO, katkili yekpare PZT-5A seramik.
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Tablo 1. Lityum katkili ve katkisiz kompozisyonla tiretilen yekpare pelet numunelerin

elektriksel ozellikleri

Li,CO, katkis1% | Sicaklik (°C) d,, (pC/N) Q, tan § k, Q, K"
0.0 1250°C 600 58 0.0172 0.65 66 3881
0.1 975°C 580 53 0.0188 0.60 64 3435
0.2 875°C 710 42 0.0238 0.64 49 3990

Katkisiz ve katkili kompozisyonlar
kullanilarak iretilen peletlerin piezoe-
lektrik ozellikleri Tablo 1'de verilmek-
tedir.

Bu tabloya gore farkli Li,CO, kat-
kilariyla ve farkli sicakliklarda sinter-
lenen pelet seramiklerin ozellikleri
nispeten ¢ok biiyik farklilik gésterme-
mektedir. d,, degerleri 580 ile 710 pC/N
araliginda degismektedir. Kapling sa-
bitesi olarak adlandirilan k_degeri ise
0.6’ dan buyuktir. Dielektrik sabitesi
degeri olan K” degeri 3500 ve iizerin-
dedir. Kayip faktorii olan tan § deger-
leri birbirine yakindir. Mekanik kalite
faktorii degeri olarak adlandirilan Q_
degeri, katkisiz kompozisyon degerine
nispeten yakindir. Bu sonuca bakilarak
uygulama alanlarinda birbirlerinin yer-
lerine kullanilabileceklerdir. Pelet nu-
munelerin dielektrik sabite degerinin
sicakhiga bagli degisimi karsilagtirmali
olarak Sekil 4’te verilmektedir.

Piezoelektrik malzemelerin 6zel-
likleri iki farkli mekanizmanin kombi-
nasyonuyla agiklanir. Tek domainin ha-
reketi i¢sel katkilar olarak adlandirilir.
Malzemenin domain hareketi gibi diger
bilesenlerinin etkisine ise digsal katkilar
denmektedir. Icsel katkilarin etkisi hac-
me uygulandiginda ¢ok kiigiik olmak-
tadir. Ancak digsal katkilarin etkinligi
ozellikle domain duvar1 hareketliligi,
atomlarin sahip oldugu enerji ile ilgili
oldugundan sicaklik arttik¢a atomlarin

enerjileri artar. Bu etkiyle birlikte do-
main duvari hareketliligi de artar [12].
Sicaklik etkisiyle birlikte dielektrik sa-
bitesi artmasi dielektrik malzemelerde
bilinen bir fenomendir [13]. Burada s1-
cakliga bagl olarak degisimin nasil ol-
dugu ve ytlizde degeri takip edilmekte-
dir. Lityum katkisi arttikca malzemenin
tane aralarindaki bosluklarin arasina
swv1 faz yerlesmekte ve bunun sonucun-
da dielektrik sabite degeri artmaktadir.
Li,CO, katkistyla sicakliga bagl olarak
degisim artmaktadir. Katkisiz PZT-5A
kompozisyonunda degisim %58 iken,
%0.1 Li,CO, katki yapildiginda %63 de-
gerine %0.2 Li,CO, katki yapildiginda
ise %67 degerine ulasmaktadir.

Sekil 4. Farkli Li,CO, katkili pelet numune-
lerin dielektrik sabite degerlerinin
sicakliga baglh degisimi

Calismanin devaminda katkili ve
katkisiz PZT-5A kompozisyonu kulla-
nilarak tiretilen farkli i¢ elektrotlara sa-
hip ¢cok katmanli seramiklerin sicakliga
bagli olarak degisimi incelenmistir.
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Sekil 5. Farkli i¢ elektrot kullanilarak treti-
len ¢ok katmanli seramiklerin die-
lektrik sabite degerlerinin sicakliga
bagl degisimi

Katkisiz PZT-5A ve 7/3 Ag/Pd
kullanarak iretilen cok katmanli se-
ramiklerde degisim %48 iken, %0.1
Li,CO, katki yapildiginda ve %91 dege-
rine %0.2 Li,CO, katk1 yapildiginda ise
%128 degerine ulagmaktadir. Degisim
oranlar1 tablo halinde verilmektedir
(Tablo 2).

Tablodan goruldiugi tizere sicaklik

degisimine bagl olarak ¢ok katmanli
seramiklerde katkisiz yekpare seramik
kompozisyonunun, katkili kompozis-
yonlara gore sicaklik degisimi daha
azdir. Ancak sicakliga baglh bu yiizde-
lik degisim lityum katkisi artirildigin-
da ¢ok fazla artmaktadir. Piezoelektrik
malzemelerin dielektrik sabite deger-
lerinin sicakliga bagl olarak degistigi
bilinmektedir. Li,CO, katkisiyla birlikte
sicaklik degisimi yaklasik olarak 10%
oraninda artmaktadir. I¢c elektrottan
kaynaklandig: diigiiniilen sicaklik degi-
simi orani ise yaklagik olarak 30%dur.
Bu farkliligin iletken elektrot pastanin
icerigideki giimils ve paladyumun 1s1l
iletkenlik farkliliklarindan kaynakla-
nabilecegi disiiniilmektedir. Sicakli-
ga bagli yiizde degisimlerin bir kismi
kompozisyonel etkilerden kaynaklan-
makta, bir kismi ise hem metal-seramik
arayiziindeki etkilesimden hem de i¢
elektrotun igeriginden kaynaklanmak-
tadir.

Tablo 2. Farkli 6zelliklerdeki yekpare ve ¢ok katmanli seramiklerin sicakliga bagli Die-

lektrik Sabite degisimi

Ozellikler % Degisim
Katki oran1 Kullanilan elektrot Yekpare Cok Katmanli Seramik
Katkisiz 7/3 Ag/Pd 58 48
9%0.1 Li2CO3 katkili 9/1 Ag/Pd 63 91
9%0.2 Li2CO3 katkili 10/0 Ag/Pd 67 128
SONUCLAR terleme sicakligina sahip ¢ok katmanli

Bu c¢aligmada farkli Ag/Pd ora-
nindaki i¢ elektrotlara sahip PZT-5A
kompozisyonu kullanilarak iiretilen
cok katmanli piezoelektrik seramikle-
rin sicakliga bagh dielektrik 6zellikleri
Ol¢lilmiistiir. Bu kapsamda farkli Ag/Pd
icerik oranina ve bu sebeple farkl sin-

piezoeseramik iiretimi igin daha diistik
sinterleme sicakligma sahip PZT-5A
kompozisyonu gelistirilmistir. Farkli
Ag/Pd igerigindeki elektrot pastalarin
etkilerini gbzlemlemek {izere piezoe-
lektrik seramik pelet numuneler ire-
tilmis ve bunlarin sicakliga baglh die-
lektrik 6zellikleri de incelenmistir. Bu
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¢aligmada ¢ikan sonuglara gore sinter-
leme sicakligini diisiiren Li,CO, katkist
dielektrik sabite degisiminde %10 luk
bir degisime yol agmaktadir. 10/0 Ag/
Pd i¢ elektrot pasta ise %60 oraninda
dielektrik sabite degisimine sebebiyet
vermektedir. Bu oranlardaki malze-
meler kullanilacaksa kompozisyonel
icerigin sicakliga bagli degisimlerinin
de incelenmesi gerekmektedir. Ozel-
likle dizel enjeksiyon sistemlerinde
ve hassas deplasman kontrolii gereken
sistemlerde ¢ok katmanli seramikle-
rin ve sistem tasarimlarinin sicaklik
farkliliklarina uygun sekilde yapilmasi
gerekmektedir. Uygulamalarda bu etki
g6zoniinde bulundurulmalidir.

Tesekkiir

Deneysel c¢alismalardaki yardim-
larindan &tiirii Nebahat Biyikli’ya, Ali
Biyikli ve Gorkem Hatipoglu’na tesek-
kiirler.
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Tugba Ozkoca, Asli Ulke Keskin

ANALYSIS OF THE FLOOD FLOW
RATE IN KARPUZ BASIN IN ANTALYA,
TURKEY

ABSTRACT:

Flood disaster occurs when there
is more water in the riverbed than its
capacity, and results in loss of life and
other damage. Therefore, the determi-
nation of flood flow rates is very impor-
tant to reduce the effects that may occur
after the flood. To prevent flood da-
mages economically with engineering
structures, it is necessary to examine
floods and to determine the recurrence
time and size. Flood flow calculations
are a project process in which many pa-
rameters vary on each basin modeled,
which causes very different results to
occur even in a single parameter wit-
hin many methods. Flow gauging stati-
on or improved empirical methods are
used to calculate flood flow magnitude.
There is more than one method in the
flood calculation. Each method has dif-
ferent assumptions according to basin
characteristics. In this study, analysis
of the flood flow rate using DSI Synt-
hetic, Mockus and Regional Frequency
Analysis methods in Karpuz basin in
Antalya. Netcad / NETHYDRO softwa-
re module was used in the analysis and
model design phases of the study. As a
result of the comparisons, it was seen
that the DSI Synthetic method, where
the increment flows were calculated,
gave greater flow values than the Mo-
ckus method and Regional Frequency.

Keywords: Basin, DSI Synthetic,
Mockus, Regional Frequency Analysis,
Nethydro

INTRODUCTION

The negative impact of the rapidly
increasing world population on natural
resources is rising day by day. Especially
in developing countries, industrial stu-
dies and wrong land uses cause water
resources, which are extremely impor-
tant for human life, disappearing. This
situation in the world emphasizes the
importance of the management of wa-
ter, which is a limited resource. Water
resources should be managed following
the principle of sustainable develop-
ment because of the basin and other
natural resources. The main target in
basin management; the conservation
of natural resources, a renewable envi-
ronment of the environment and the
sustainable management of resources.
Therefore, the main target in waters-
hed management; the conservation of
natural resources, the transformation
of the environment into a renewable
environment and the sustainable ma-
nagement of resources [15]. Hydro-
logical Modeling is a set of operations
to make an unknown goal simple and
understandable, based on available
sources. Also, modeling studies allow
us to see how many events are shaped
or shaped under past, present and fu-
ture conditions. Concurrently mode-
ling is the process of applying the basic
knowledge and experience to evaluate
the simulation or an actual system per-
formance to achieve specific goals. In
the modeling stage, the model synthesis
is integral components for the compa-
rison of measurement and observation
of the real system [8]. A hydrological
model can be considered as similar to
the hydrological system in nature. The
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concept of the system is of great impor-
tance in hydrological studies. The sys-
tem is a set of components that are re-
lated to each other in a regular manner
and which form a whole by separating
a certain limit from their surroundin-
gs. The system is based around the di-
viding line to be drawn to the problem
being examined [2]. Computer models
have been used in hydrology in the
mid-1960s with the Stanford Watershed
Model. The software, which can simula-
te the amount and quality of rain flow,
was prepared by the US Environmen-
tal Protection Agency (US-EPA) in the
early 1970s [9]. A wide range of hydra-
ulic and hydrological models has been
developed over the years from simple
to complex [19]. Process models based
on streamflow are named as low flow
models and rainfall - flow models. The
amount of flow in a stream is determi-
ned by the periods in which precipitati-
on flows. It is determined by using the
withdrawal coefficients in dry periods
where there is no precipitation in low
current draw models [11].

Camarasa and Tilford, [3]., in the-
ir study, rainfall-flow transfer function
was applied to seasonal flows in Spain.
Flow simulations have been conducted
for two small catchments (Carraixet
and Poyo basins), located in near ano-
ther yet with significantly different ge-
ological characteristics. It was observed
that the basin, which was measured by
this application, had good results when
it was a basin that reacted quickly to
precipitation. In a study by Jennings et
al [7], in Ireland, they applied a water
budget approach to seven test basins to

quantify river flow elements with NAM
(Nedb@r- Afstr@mnings-Model) rain-
fall-runoff model, which is a module of
DHIs MIKE 11 modeling suite. The re-
sults from these pilot catchments have
been used to develop a decision model
based on catchment descriptors from
GIS datasets for the selection of NAM
parameters. Tayfur and Singh [17] used
artificial neural networks and fuzzy
logic methods to estimate event-related
precipitation-flow and tested these mo-
dels according to the kinematic wave
approach. In the fuzzy logic model,
they used triangle membership fun-
ctions for input and output variables.
Three models were found to be suitable
for experimental data and it was obser-
ved that this study yielded better results
for estimation models applied for small
basins, ANN and fuzzy logic models. In
Turkey, Giirkan [6] has evaluated the
effects of climate change in the Seyhan
River Basin. The mathematical model
created with the Mike-She basin model
has been found to simulate superficial
flow and storage, evaporation, transpi-
ration, flow in the non-saturated area,
groundwater feed and streamflow. The
result of the study Seyhan Basin high
sensitivity to climate change and pre-
cipitation and temperature change in
both the basin surface water potenti-
al as well as groundwater feeding. In
another study by Giinal and Given [5],
synthetic unit hydrograph parameters
are calculated by using Synder, Mockus,
SCS (Soil Conservation Service) and
DSI (State Hydraulic Works) methods
at Damlica, Vize, and Kumdere. They
compared peak discharge and base time
for all methods used. Sarlak and Tigrek
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[13], have calculated the flood flow
magnitude of Kayraktepe Dam with
the nonparametric approach based on
K nearest neighbors (KNN). They de-
tected although quantile estimates for
500 years return period was 2363.95
m?®/s in the past feasibility report, this
value descended to 1814.83 m®/s with
the nonparametric approach. They also
concluded that the study will contribute
to the design flow of the dam. Cetiner
[4] modeled the Ergene Basin accor-
ding to the Taudem Algorithm and cal-
culated the flood flow of the Ova Stre-
am according to the DSI Synthetic and
Mockus methods. Netcad GIS software
has benefited from the Nethydro mo-
dule in all stages of its operation. Accor-
ding to the DSI Synthetic and Mockus
method, the flood flow rates calculated
at different repetition intervals were
compared.

In this study, flood analysis was
performed by hydrological analyzes.
According to the synthetic methods,
Mockus and DSI Synthetic methods
precipitation values of different frequ-
encies were calculated by using preci-
pitation values of meteorological preci-
pitation stations, rate of impact on the
basin, precipitation analyzes and flow
curve number. Besides, in this study,
Regional Frequency Analysis was used
in flood flow calculations. Netcad/
NETHYDRO software was used in the
analysis and model design phases of the
study. All methods have been applied
and the most suitable flood flow for the
modeled basin has been compared.

MATERIALS AND METHODS
Project Area

The location of the project is Kar-
puz Stream, which is the combination
of Karpuz and Cingen streams in Kizi-
lot and Tagkesigi areas within the boun-
daries of Manavgat District of Antalya
Province (Figure 1). In the basin where
Karpuz Stream is located, climatic dif-
ferences are observed between the parts
close to the coast and the mountains.
The coastal areas are hot and dry in
summer, summer and spring are quite
rainy. While the precipitation rate is
high in the coastal areas, the amount
of rainfall decreases in the inner parts.
However, since the snow load is high
at the upper elevations, the flow rate is
also high during the snow-melting se-
ason.

Figure 1. Project Area: Antalya Karpuz
Stream

Methods

There is more than one method in
the flood calculation. Each method has
different assumptions according to ba-
sin characteristics. Therefore, accounts
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for the same basin can give different re-
sults. The determination of which met-
hod gives the most appropriate result
is obtained by interpreting the account
results together with the field surveys
by the engineer. For this purpose, after
the calculations are made in the office,
the slope and size of the streambed in
the project section are examined and
the flow rate that the existing bed can

Table 1. Methods calculating flow rate

spend is calculated approximately. The
choice of method in flood calculation
by synthetic methods is made accor-
ding to the size of the basin to be cal-
culated except Mc Math method [10].
However, the accuracy of this acceptan-
ce is not definite. Method applications
according to the size of the basin are
given in Table 1.

Methods Application Area (A)(km?)
Rational Method A< 5 km?

Mockus Method 5km? < A(km?) <50 km?
DSI Synthetic Method 10 km?<A (km?) <1000 km?
Synder Method A> 1000 km?

Mc Math Method flat areas

Modeling of Basin with Netcad -
NetHydro

TauDEM (Terrain Analysis Using
Digital Elevation Models) algorithm
developed by Tarboton [16] was used

I!|" Frogpianl Fbervaptessn Blwsebal {3 ) _;i'

to determine basin boundaries (Figure
2). This algorithm determines the basin
boundaries because of various analyzes
by using the digital terrain model as in-
put data.
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Figure 2. TauDEM Algorithm
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Modeling of basins with digital
terrain data

For the basins to be modeled, the
raster data containing the TIN model
or elevation information should be ad-
ded to the project (Figure 3). Triangular
models are created in Figure 4 in all ba-
sins with digital terrain data.

Figure 3. Digital Terrain Model of the Study
Area

rr—

Figure 4. Triangle Model of Basin

Modeling of basin according to
downstream point

First of all, the Antalya-Manavgat
sub-basin is modeled as a major part
of the basins where the surface waters
of the basin where Karpuz Stream is
located are collected. (Figure 5-6). The
basin was found in the modeled basin
and the basin was found to feed the
downstream point of the Karpuz Stre-
am (Figure 7).

P

Figure 5. Basin areas and flow lines resulting
from modeling of basins

Figure 6. Upper Basin of the Working Area
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Figure 7. Modeling of Project Area Basins

Mockus, DSI synthetic methods
and Regional flood frequency analysis
for flood flow calculation

If there is sufficient flow data in a
river basin, statistical methods give ac-
curate results in the calculation of flo-
od flow rates. However, generally, there
is no precipitation - flow data that can
form a unit hydrograph in rainfall are-
as. In these cases, synthetic unit hyd-
rographs are used.

Mockus Method

When working with the Mockus
method, first Tc collection time, D
downtime and Tp peak flow time pa-
rameters should be determined. These
terms are calculated by the equations
given below[1]. (Equations 1, 2 and 3).

Tc = 0,00032 (L1077 * §0383)
D=2 % \/T_C

Tp=0,5*D+0,6* Tc

DSI Synthetic Method

DSI in the synthetic method, a flow
rate (q, It / sec / mm / km?) which will
be taken from the unit area of a 2 hour
precipitation period should be calcula-
ted [14]. The materials required for the
DSI synthetic unit hydrograph method
were obtained during the modeling
phase of the basins. Formulas for unit
hydrograph calculations are given in
(Equations 4, 5, 6, 7 and 8) [4].

~ 414
W= 40225 (L X 3{‘025) 016

(Imm flow for rain efficiency) (4)
Qp = A*‘qp*‘lO’3 (peak flow rate) (5)
V,=A*10° (unit hydrograph volume) (6)
T = 3,65*V,/Q, (duration of hydrograph) (7)
Tp =T/5

(duration of hydrograph peak flow rate) (8)
Regional flood frequency analysis

In the basins without sufficient
number or no flow observation stati-
ons, it is the method where the calcu-
lations are made by using the flow ob-
servation stations in the nearby basins
to determine the flow rates of the floods
[12]. This method consist of parts;

« decide the probability distributions
of stations

determine the homogeneity of the
stations in the basin

o determine the ratio of T-year floo-
d(Q,) flows to 2-year flow rate (Q,)

« derivation of the regional dimensi-
onless flood frequency curves fol-
lowing(Figure 9)
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o Regression relationship between
Q, and drainage area [18].

=
hods were used to calculate the total ~ £ S
. . < . g
RESULTS AND DISCUSSIONS rainfall data of each station on the poly- -g £ g ,E Significance Percentages
° L
gon area of the basin. & 2 E é 2
Calculation of spatial distributions
T . P P PDmax | ValueP | 0.80 | 0.85 | 0.90 | 0.95 0.99
and precipitation values of point - -
e ey e Normal 0.51 0.66 0.16 98.00 | Reject | Reject | Accept | Accept | Accept
precipitation data Distribution

Precipitation stations are used as
input data for flood flow accounts. The
spatial distribution of this pointy preci-
pitation data on the basin was calcula-
ted (Figure 8). Thiessen polygons were
used to calculate the spatial distribu-
tions on the basin determined by the
downstream point.

ters), Pearson Type3 (Gamma Type 3),
Log Pearson Type3 and Gumbel met-

Figure 8. Spatial distribution of precipitation
stations on basin area
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RESULTS OF DISTRIBUTION TYPES ACCORDING TO SIMIMNOV-KOLMOGOROV TEST

Log-Normal 2 0.79 | 0.11 0.10 69.60 | Accept | Accept | Accept | Accept | Accept

Log-Normal 3 0.79 | 0.11 0.10 69.60 | Accept | Accept | Accept | Accept | Accept

Pearson Type-3 | 0.22 | 0.11 0.10 69.60 | Accept | Accept | Accept | Accept | Accept

Log-Pearson 0.20 | 0.11 0.09 69.60 | Accept | Accept | Accept | Accept | Accept
Type-3

Gumbel 0.23 | 0.11 0.11 69.60 | Accept | Accept | Accept | Accept | Accept

MANAVGAT METEOROLOGY STATION DISTRIBUTION OF DAILY MAXIMUM
According to the Thiessen Polygon, The maximum rainfall of the me- PRECIPITATION
the rainfall area is represented by 72% teorological stations in the project and Tipi 2 > 10 2 >0 100 | 200 | 500 | Accepted
Manavgat MS and 28% Alanya MS. the appropriate distribution according Normal Distribution | 105.2 | 135.1 | 150.6 |167.3 178.0 |187.6 |196.4|207.1
Normal distribution, Log-Normal (2 (o the Kolmogorov Smirnov test are gi- Log-Normal 2 99.8 |131.4 |151.8 |177.0 |1955 |213.7 |2318 2558
parameters), Log-Normal (3 parame- ven in Tables 2 and 3. Log-Normal 3 99.5 |131.1 |151.7 |[1774 |196.3 |215.1 |[233.8(258.7
Pearson Type-3 98.6 131.4 |152.7 |178.7 197.4 |2155 |233.2]250.8
Tablo 2. Maximum rainfall and suitable distribution of Alanya meteorological station Log-Pearson Type-3 |97.4 |128.6 | 1510 |181.7 12062 |232.2 |259.9 |290.9 | ***
ALANYA METEOROLOGY STATION DISTRIBUTION OF DAILY MAXIMUM Gumbel 99.7 | 134.0 |156.7 | 1854 |206.7 |227.9 |248.9276.7
PRECIPITATION
Type 2 5 10 25 50 100 200 | 500 | Accepted
Normal Distribution | 97.5 |126.8 |142.1 [158.5 [169.0 |178.5 |187.1|197.6 STATISTICS PARAMETERS
Log-Normal 2 91.9 | 1229 |143.2 |168.4 187.0 |205.5 2239|2484 Year Number 56
Log-Normal 3 915 |122.5 |143.0 |168.9 |1882 |207.6 |227.1253.1 Lincar Skewness 1142716
Pearson Type-3 90.5 | 122.8 | 144.1 |170.5 |189.6 |208.2 |226.4 |244.6 Logarithmic Skewness 0
Log-Pearson Type-3 | 91.4 | 122.0 |142.5 |168.8 |188.7 |208.9 [229.5|252.1 |*%* Linear Mean 105.2464
Gumbel 92.1 |125.6 |147.8 |1758 |196.6 |217.3 |237.9 |265.0 Linear St.Deviation 3541651
Logarithmic Mean 2.000717
STATISTICS PARAMETERS Logarithmic St. Deviation 0.134631
Year Number 61
Linear Skewness 1.251
Logarithmic Skewness 0.000
Linear Mean 97.549
Linear St.Deviation 34.786
Logarithmic Mean 1.965
Logarithmic St. Deviation 0.146
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RESULTS OF DISTRIBUTION TYPES ACCORDING TO SIMIMNOV-KOLMOGOROV TEST

=
= g 2
2 = E E Significance Percentages

3 g | = ! 2

& £ & 5 | 8
P P | PDmax | ValueP | 0.80 0.85 | 090 | 0.95 0.99
Normal Distribution | 0.52 | 0.67 | 0.15 106.80 | Reject | Accept | Accept | Accept | Accept
Log-Normal 2 0.66 | 042 | 0.09 86.80 | Accept | Accept | Accept | Accept | Accept
Log-Normal 3 0.66 | 042 | 0.08 86.80 | Accept | Accept | Accept | Accept | Accept
Pearson Type-3 0.57 | 0.67 | 0.09 106.80 | Accept | Accept | Accept | Accept | Accept
Log-Pearson Type-3 | 0.60 | 0.67 | 0.07 106.80 | Accept | Accept | Accept | Accept | Accept
Gumbel 0.58 | 0.67 | 0.09 106.80 | Accept | Accept | Accept | Accept | Accept

The rainfall area of the project siteis ~ ges of meteorological stations affecting
determined according to the percenta- the average and given in Table 4.

Table 4. Precipitation analysis of precipitation stations

Station Name Thlssen(Pozr)centages 2 5 10 25 50 100 | 500

Manavgat MS 0.72 97.4 | 128.6 | 151.0 | 181.7 | 206.2 | 232.2 | 290.9

Alanya MS 0.28 91.4 | 122.0 | 142.5 | 168.8 | 188.7 | 208.9 | 252.1

Rainfall Area Mean 1.00 95.8 | 126.7 | 148.7 | 178.1 | 201.3 | 225.7 | 280.0

Characteristic information about Mockus Method

the Karpuz Stream basin was obtained

by modeling (Table 5,6 and 7). T, collection time, D downtime and
T peak flow time parameters given be-
low.

Tablo 5. Characteristics and Harmonic Slope

A(km?) L(km) L (km) Shiae

Analysis of The Flood Flow Rate In Karpuz Basin in Antalya, Turkey

Number Elevation (m) | Elevation Difference (m) L/10 (m) (1/h)10.5
0 4
1 26 22 5860 16.321
2 76 50 5860 10.826
3 123 47 5860 11.166
4 185 62 5860 9.722
5 304 119 5860 7.017
6 413 109 5860 7.332
7 521 108 5860 7.366
8 700 179 5860 5.722
9 1213 513 5860 3.380
10 2450 1237 5860 2.177
TOTAL 81.03

Table 6. Basin Precipitation Correction Factors in Critical Precipitation Times in Project

Location

Critical Precipitation
Times (sa)

Cor..Plv.Perc.(Manavgat) | 0.27 | 0.36 | 0.46 | 0.51 | 0.56 | 0.60 | 0.64 | 0.70 | 0.81 | 0.92 | 1.00

Precipitation-Area-Distri-

. 0.55 | 0.66 | 0.72 | 0.79 | 0.80 | 0.82 | 0.84 | 0.85 | 0.86 | 0.89 | 0.91
bution Percentage

Maximize factor MF 1.13 1113113 |1.13|1.13 | 1.13 | 1.13 | 1.13| 1.13 | 1.13 | 1.13

Table 7. Project Location Flow Curve Number Determination

622.80 58.60 34.00 0.015

Basin Status Area (%) | Curve | Area (%)*Curve
Number Number
Mountainous Bare Area (Infiltration-Soil Group-D) 12 84 1008
Residential Area (Soil Group-C) 3 82 246
Agricultural Area (Infiltration Good-Land Group) B 5 70 350
Forest Area (Leakage Good-Soil Group-B) 12 55 660
Woodland (Infiltrate Weak-Earth Group-B 39 66 2574
Woodland (Infiltration-Earth Group-B 29 60 1740
Total 100 6508
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After the determination of these parameters, the repetitive flow calculations are
performed (Table 8).
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Table 8. Mockus Method Flood Flow Calculations

T(Sa) MF | PADP | PLV
5.5 113 | 0.835 | 0620
Tc(sa) D Tp
7.52 548 | 7.260
RAINFALL AREA 24 HOURS REPLACEMENT VALUES (mm)
2 5 10 25 50 100
LAST CHARGE 95.75 | 12671 | 148.65 | 178.10 | 201.31 225.69
0.585001 73.06 | 9570 | 109.37 | 125.55 | 136.94 147.86
FLOW (mm) 1145 | 2277 | 3075 | 41.04 | 4874 56.44
FLOOD FLOW (m%/s) | 221.78 | 423.87 |566.12 | 749.75 | 887.23 1024.60
DSI Synthetic Method

Flood flow rates were determined according to the DSI method(Table 9).

Table 9. DSI Synthetic Method of Flood Flow Calculation

qp(L/s/km?*/mm) | Qp(m?/s/mm) | Vb(m3) | T(sa) Tp(sa)
20.653 12.863 622800 |49 10
PROJECT DOWNPOUR TiMES Unit:m?*/s
Flow 2 4 6 8 12 18 24
Q, 49.7 113.6 173.7 210.2 273.9 3159 336.3
. 106.4 2223 321.1 377.6 471.0 524.4 549.9
Q, 150.9 301.0 424.6 492.8 603.5 665.2 690.9
Q,, 211.9 404.4 557.7 640.9 770.3 840.7 866.6
Q,, 259.4 482.7 657.1 750.8 893.6 970.1 996.5
Q00 308.2 561.4 756.4 860.0 1015.3 1097.3 | 1125.0

Regional flood frequency analysis  to annual instantaneous peak flows of
seven flow gauging station(FGS) (Table
Regional flood frequency analyses 10).
including homogeneity test was applied
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Table10. Regional Flood Frequency Analysis of Flow Gauging Stations

Number | Station No | N (Year) | A (Km?) Q, Q, Q, Q,, Q,, Q00
1 D09A067 39 303.2 122.7 | 178.8 | 217.7 | 268.7 | 307.7 | 347.6
2 D09A068 29 336.3 181.5 | 290.8 | 364.5 | 459.3 | 530.6 | 602.8
3 D09A084 28 46.0 42.9 77.6 | 103.1 | 136.3 | 161.2 | 186.0
4 E09A020 30 438.0 269.4 | 365.9 | 436.4 | 533.2 | 611.2 | 694.3
5 E09A917 50 863.0 363.4 | 622.9 | 826.8 | 1119.2 | 1361.7 | 1624.7
6 D09A013 48 195.0 221.8 | 390.5 | 511.6 | 669.9 | 789.5 | 908.7
7 D17A038 21 158.0 98.2 | 168.2 | 217.7 | 277.9 | 3209 | 362.5

After that derivation of the regional dimensionless flood frequency curves fol-

lowing given below(Figure 9).
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Figure 9. Regional Flood Frequency
Analysis Area-Q2 Chart

CONCLUSION

In this study, Antalya Karpuz Stre-
am was modeled in accordance with
Taudem algorithm to main and lower
basins. Flow lines in each basin, flow di-
rections of these arms and rainfall areas
and harmonic slopes were determined
according to these directions. In additi-
on to these parameters determined for
the Karpuz Stream, the meteorological

stations affecting the basin were de-
termined and the rainfall analysis was
performed with the daily total precipi-
tation values of these stations. For the
determination of 24-hour recurrent
precipitation values, the spatial distri-
butions of the point rainfall data were
determined according to the Thiessen
method and the precipitation values
for the basin were calculated. Accor-
ding to DSI synthetic, Mockus methods
and Regional Frequency Analysis, flood
flow calculations are done and the re-
sults are given in Table 11 and compa-
rative columns are given in Figure 10.

Table 11. Comparative Flood Flow Cal-

culation
Karpuz Stream Comparative Flood Flow
Calculation
DSI synthetic | Mockus RFA
Q, 336.3 221.78 290.0
Q, 549.9 423.87 481.1
Q, 690.9 566.12 619.3
Q,, 866.6 749.75 808.8
Q,, 996.5 887.23 939.8
Q. 1125.0 1024.60 | 1081.8
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Figure 10. Karpuz Stream Comparative
Recursive Flow Chart

As a result of the comparisons, it
was seen that the DSI Synthetic met-
hod, where the increment flows were
calculated, gave greater flow values
than the Mockus method and Regional
Frequency Analysis.
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