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The  Charpy  impact  test,  a  widely  applied  impact  strength determination  test  for  
variousmaterials such as metals, polymers and cementitious materials was performed to 

evaluate the  crack propagation  energy  of  13  different  granite  type  rock  materials under  the  
impact  load  condition. 
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(Chlorophyta) extract  prepared in different solvents  (methanol, acetonitrile, 

ethanol, acetone and ethyl acetate) was determined with three different methods; 
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Power(FRAP) Assay and Copper (II) Reductive Antioxidant Activity(CUPR AC).  
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Determination of the fracture toughness of rock 

materials can be carried out under different 

conditions of static and dynamic loads, by following 

various testing methods suggested by different rese-

archers, standards and International Society of Rock 

Mechanics and Rock Engineering [1-10]. Although 

there are numerous researches to get deeper to iden-

tify the fracture mechanics of rock materials under 

cyclic (dynamic) loading and better understand the 

differences in behaviour of fracturing under cyclic 

and static loads, it is still a need to focus on more and 

suggest a standard testing method for determination 

of fracture toughness of rock materials being exposed 

to impact load, another type of dynamic loading in-

duced in various rock engineering applications. Rock 

fracture toughness values under the impact loading 

condition are key parameters for various rock engi-

neering applications such as percussion drilling, use 

Article History: 
Received: 201 / /07

An Experimental Study on Determination of Crack 
Propagation Energy of Rock Materials under Dynamic 
(Impact) and Static Loading Conditions

Accepted: 201 /12/2
Online: 201 / /31

Correspondence to: Eren Komurlu
Giresun University, Department of Civil 
Engineering
Tel: 0(454) 3101740
E-Mail:erenkomurlu@gmail.com

of various mechanical excavation machines, blasting 

operations, absorption of the rock bursting energy 

and etc. [11-15].

In this study, the Charpy impact test, a widely applied 

impact strength determination test for various mate-

rials such as metals, polymers, cementitious materials 

like concrete mixes and ceramics was performed to 

determine the fracture energy of 13 different granite 

type rock materials. Since it is practical and cheap for 

obtaining results quickly, the Charpy impact test was 

thought to be a potential test for being popular in im-

pact strength determination of rock materials. In the 

Charpy impact test, notched beam specimens are hit 

by a hammer carried on a pendulum which is allowed 

to fall freely to supply impact energy. As the hammer 

hits to the opposite face directly behind the notch, 

an amount of energy is consumed for crack propa-

A B S T R A C T

The Charpy impact test, a widely applied impact strength determination test for various
materials such as metals, polymers and cementitious materials was performed to evaluate 

the crack propagation energy of 13 different granite type rock materials under the impact 
load condition. Additionally, crack propagation energies of the granite materials were de-
termined under the static load condition to compare the results with those of the Charpy 
impact test. The energy levels measured from static load tests were significantly lower than 
those obtained from the dynamic load test that the ratio of energy level under the dynamic 
loading to energy level under static loading condition was measured to change between 39 
and 200 for different 13 type of granite materials tested in this study. The crack propagation 
time for the chevron-notched specimens under static loading was also measured using pro-
fessional sound recording systems. As results of this study have not indicated that the crack 
propagation speed and energy values measured from different granite materials have a direct 
relationship, energy-dependent crack propagation speed was found to be an inherent prop-
erty of rock materials. The Charpy impact test was assessed usable for being a sensitive crack 
propagation energy determination method for rock materials. In the context of improvement 
of the Charpy impact test for rock materials, some issues were pointed out in this study.

INTRODUCTION

Keywords: 
Crack propagation in rock materials; Impact strength of rock materials; Charpy test; Impact energy; Dynamic loading; Fracture 
toughness
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chosen to determine failure load in the three-point fle-

xural strength test of the chevron notched specimens put 

on the abutments with a distance of 4 cm between each 

other (Fig.2). Similarly, Charpy impact test specimens 

had a gap dimension of 4 cm between the abutments 

where the specimens were put in (Fig. 3). As the hammer 

with the weight of 5 kg is dropped from 1 meter height, 

an energy level of 50 Joule was applied on the chevron 

notched specimens used in the Charpy impact test. As in 

the static load test, the bending effect was induced as the 

falling hammer applies load to the specimens used in the 

Charpy impact test. It should be noted herein that speci-

mens of static and dynamic load tests were cut to have the 

same size of 25 mm x 25mm x 80 mm. In the Charpy test, 

differences in falling hammer height before and after the 

failure of specimens were read from the gage to define 

the energy consumption for crack propagation through 

the specimens.

gation. To measure the energy consumption amount, the 

height difference between the initial position and which 

the pendulum rises after failure is recorded by a pointer 

mounted on the dial.

Chevron notched granite specimens were prepared in 

this study to be applied both three-point flexural strength 

and Charpy impact tests for determination of the Mode I 

type fracture toughness and energy consumption for crack 

propagation values under different conditions of static and 

dynamic (impact) loading. The chevron-notches are artifi-

cial cracks and make initiation of the crack at the chevron 

tips. The chevron-notched geometry is made by the various 

machining operations, whose the simplest one is to use a 

rotating saw blade resulting in the sides of the notch, as done 

in this study.

MATERIALS AND METHODS

In this study, different Turkish granite blocks were cut 

into pieces to prepare specimens with dimensions of 25 

mm x 25 mm x 80 mm. As seen in Fig. 1 which shows spe-

cimen preparation steps, the chevron notched artificial 

cracks were made using a circular saw with a diameter of 

20 cm and a thickness of 1.3 mm. Because of the abrasi-

on of rock samples during the cutting process, the notch 

width was mostly measured to vary between 2 mm and 3 

mm, depending on the rock material. The chevron notch 

cutting depth was 8 mm for all specimens.

To determine Mode I type fracture toughness of the 

chevron-notched specimens under static loading, three-

point flexural strength test was applied using an elect-

ric motor press with a maximum load level of 50 kN, 

which is a sensitive loading equipment to be used for low 

strength materials. The loading rate of 1mm/min was 

Figure 1. Block cutting (a, b, c), Chevron notch cutting and design (d, 

e, f, g) 

Figure 2. A three point flexural strength test specimen before loading 

(a) and after failure (b)

Figure 3. Charpy impact strength test: the test equipment (a), a 

specimen put in the abutments (b), lifting hammer (c, d), hammer 

dropped and determination of maximum hammer height after crack 

propagation (e), a failed specimen (f)  

Figure 4. a) Contact microphone stuck on a specimen, b, c, d, e) recorded 

sound wave from a Granite 1 type specimen (t: crack propagation time)
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A contact microphone was stuck on static load test 

specimens to record cracking sound for measuring the 

propagation time. The crack propagation time could be 

measured with a sensitivity of 0.01 millisecond, using a 

professional music production program and an external 

audio card for professional sound recording. An example 

of sound waves recorded during the crack propagation is 

given in Fig. 4. In addition to crack propagation time, def-

lections of the static load test specimens were measured 

by using the LVDT device. For 13 different granite mate-

rials named from Granite 1 to Granite 13, maximum lo-

ads, load-deflection graphs and crack propagation times 

were determined for static load specimens to investigate 

the relation between static load test results and energy 

consumption data obtained with the Charpy impact test.

 
RESULTS AND DISCUSSION

The maximum load and the area under the load-deflec-

tion curves of granite specimens tested in this study are 

respectively given in Table 1 and Table 2. Areas under the 

load-deflection curves were calculated to determine the 

energy level causing to break the resistance against the 

natural crack occurrence, as seen in Fig. 5. As another 

parameter measured during the static loading test, du-

ration of the crack propagation data is given in Table 3. 

Depending on the crack propagation time, crack propaga-

tion distance and energy levels given in Table 2, time-de-

pendent energy consumption for crack propagation rate 

in Watt unit (J/s), energy-dependent crack propagation 

speed (m/Js=1/Ns) and energy consumption per a unit 

crack surface area occurrence (J/m2=N/m) are given in 

Table 4. The crack propagation distance was 23 mm from 

the tip of the notch to the specimen end. Because all the 

specimens tested in this study has the same crack surface 

area and same specimen dimensions, energy consumpti-

on per unit crack surface area is directly proportional to 

the crack propagation energy. Two-sided cracking surfa-

ce cross-section area of 10 cm2 (5 cm2x2) was considered 

to calculate values in Table 4. The energy consumption 

values determined by applying the Charpy impact test for 

crack propagation under the dynamic load are given in 

Table 5.

Figure 4. Logarithm of flow curves in rolling direction

Table 1. Results obtained with static load test

Specimen
name

Fmax
(kN)

S.D. in Fmax
(kN)

Specimen
number

Granite 1 1.26 0.07 3

Granite 2 1.20 0.11 3

Granite 3 0.92 0.10 3

Granite 4 1.17 0.11 3

Granite 5 1.02 0.08 3

Granite 6 1.95 0.06 3

Granite 7 0.41 0.09 3

Granite 8 0.54 0.07 3

Granite 9 0.63 0.05 3

Granite 10 0.35 0.02 3

Granite 11 1.34 0.10 3

Granite 12 1.26 0.13 3

Granite 13 0.38 0.05 3

Table 2. Areas under load-deflection curves (E: Energy, S.D: Standard 

Deviation)

Specimen
name

E
(milliJoule)

S.D. in E
(milliJoule)

Specimen
number

Granite 1 441 20 3

Granite 2 399 34 3

Granite 3 93 10 3

Granite 4 357 36 3

Granite 5 219 19 3

Granite 6 486 27 3

Granite 7 204 15 3

Granite 8 90 7 3

Granite 9 126 23 3

Granite 10 105 11 3

Granite 11 204 12 3

Granite 12 354 10 3

Granite 13 60 7 3

Table 3. Crack propagation durations

Specimen
name

t
(millisecond)

S.D. in t 
(millisecond)

Specimen
number

Granite 1 90 8 3

Granite 2 65 7 3

Granite 3 105 7 3

Granite 4 157 10 3

Granite 5 119 5 3

Granite 6 18 2 3

Granite 7 29 4 3

Granite 8 26 2 3

Granite 9 323 34 3

Granite 10 305 23 3

Granite 11 40 3 3

Granite 12 61 9 3

Granite 13 246 16 3
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It was seen that crack propagation characteristic of 

rock materials significantly differ depending on loading 

under static or dynamic conditions. As an example, spe-

cimens of Granite 6 having high fracture toughness and 

energy consumption level for crack propagation under the 

static load condition had significantly less fracture propaga-

tion energy under the impact load condition in comparison 

with that of Granite 11 with relatively low energy capacity 

under static loading condition. The relation between crack 

propagation energy and fracture toughness values was fo-

und to be dependent on rock material and not convenient 

for a generalization. Also, the energy levels measured from 

static load tests were not found related to the crack propa-

gation energy in dynamic load test that the ratio of energy 

level under the dynamic loading to energy level under static 

loading condition was measured to change between 39 and 

200 for different 13 type of granite samples tested in this 

study. The energy level under the static load and deflecti-

on graphs which was found to be lower than energy levels 

obtained with the Charpy impact test for all rock materials 

tested in this study confirms that energy consumption for 

crack propagation increases with an increase in loading rate 

[16-19]. The crack propagation time increasing with a decre-

ase in the loading rate is accepted to be a reason for the issue 

of measuring energy level under static load to be lower than 

those obtained from the impact test [20-22].

In fracture toughness tests, the load level for start of 

crack propagation is reached step by step under static lo-

ading condition. On the other hand, the load level for the 

start of crack propagation is immediately applied on the ma-

terial under impact effect. In case of the crack propagation 

under the static load condition, a stress level applies on the 

crack boundaries as a dependent on the energy absorbed du-

ring the increase of static load [23-29].

Because the load level needed for crack propagation 

increases with an increase in the loading rate, higher load 

levels than those in the static loading condition are expected 

to reach in Charpy impact tests, which can be accepted as 

another reason for having higher energy absorption capacity 

under impact effect [30,31]. Because the crack propagation 

mode varies by a transition from a dominant main crack at 

the low load rates to one resulting from both main crack and 

micro-cracking ahead of the main crack at the high loading 

rates, the plastic dissipation in the fracture process zone inc-

reases with increasing loading rate as an issue that causes to 

increase the load level and energy consumption for cracking 

under impact load condition [32,33].

Energy consumption rate during crack propagation 

and crack propagation speed per energy level are some sig-

nificant parameters in different Rock Engineering applica-

tions with immediate loading such in blasting operations. 

As an outcome of this study, time-dependent energy con-

sumption rate (Watt) was not found related with fracture 

toughness value and energy consumption values measured 

in both dynamic loading and static loading conditions. Re-

sults of this study have not indicated that the crack propa-

gation speed and fracture toughness values measured from 

different granite materials have a direct relationship. The 

energy-dependent crack propagation speed was found to be 

an inherent property of rock materials.

The crack propagation speed should be focussed on as 

an important parameter for bettering in different applica-

tions such as the determination of delaying time between 

Table 4. Energy consumption rate and crack propagation speed under 

static load

Specimen
name

Energy 
Consumption 

rate
(Watt)

Crack 
propagation 

speed 
(m/s)

Energy 
dependent 

crack 
propagation 

speed
(1/Ns)

Energy 
consumption 

per crack 
surface area

(mJ/cm2)

Granite 1 4.90 0.26 0.59 44.1

Granite 2 6.14 0.35 0.88 39.9

Granite 3 0.89 0.22 2.37 9.3

Granite 4 2.27 0.15 0.42 35.7

Granite 5 1.84 0.19 0.87 21.9

Granite 6 27.00 1.28 2.63 48.6

Granite 7 7.03 0.79 3.87 20.4

Granite 8 3.46 0.88 9.78 9.0

Granite 9 0.39 0.07 0.56 12.6

Granite 10 0.34 0.08 0.76 10.5

Granite 11 5.10 0.58 2.84 20.4

Granite 12 5.80 0.38 1.07 35.4

Granite 13 0.24 0.09 1.50 6.0

Table 5. Energy consumption values determined by the Charpy test (E: 

Energy)

Specimen
name

E
(Joule)

S.D. in E 
(Joule)

Specimen
number

Granite 1 26 1.5 3

Granite 2 29 1.7 3

Granite 3 14 0.6 3

Granite 4 23 1.0 3

Granite 5 16 2.1 3

Granite 6 19 1.2 3

Granite 7 20 1.5 3

Granite 8 12 1.5 3

Granite 9 11 1.0 3

Granite 10 21 2.5 3

Granite 11 33 2.7 3

Granite 12 24 3.1 3

Granite 13 10 1.2 3
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blasting holes to improve excavation performance [34-38]. 

According to the results, energy level dependent crack pro-

pagation speed was assessed to be an inherent material pro-

perty with the unit of 1/Ns. As crack propagation speed and 

energy level to break the resistance against the start of crack 

propagation are known to vary with a change in initial im-

pact energy of the falling hammer, a definite energy level to 

be applied in the Charpy impact test is suggested to investi-

gate in the standardization studies [39-41].

The Charpy impact test, a popular test carried out to 

determine the impact strength of many different materials 

such as ceramics, concrete, steel materials is suggested to be 

also used for evaluation of crack propagation energy of rock 

materials under impact load condition. A standard Charpy 

impact test equipment development for the core specimens 

with widely used diameter dimensions like the NX core size 

is thought to be a significant contribution in the field of rock 

testing.

As a very basic assumption by considering the energy 

transformation, 1 meter height of drop makes the hammer 

to have 4.4 m/s speed when it contacts to the Charpy impact 

test specimen. In case of lower speed of crack propagation 

resulting from the response of rock materials to the impact 

energy than that of the impact hammer motion, crack pro-

pagation speed is expected to be artificially increased by 

the motion of the hammer. In different applications, crack 

propagation speed is varied due to the motion of tools such 

in the applications of various mechanical excavation machi-

nes. In addition to the impact energy level, tool speed is an 

individual effect on crack propagation energy [42-45]. For 

improvement of a new Charpy test equipment, the hammer 

fall velocity effect is found to be investigated for evaluation 

of crack propagation energies. Therefore, some modified 

versions of the test equipment would be used for different 

testing conditions considering hammer fall energy and spe-

ed differences. For instance, natural crack propagation spe-

ed can be determined under an immediate energy loading 

with a very slow hammer motion. To decrease the speed of 

hammer motion without having no decrease in the impact 

energy, it is suggested to use a weighty hammer and short 

drop heights. On the other hand, a high height of the fall and 

low weight hammers can be used for having relatively high 

velocities without an increase in the energy level applied in 

the Charpy impact test. 

For the aim of making an advanced Charpy test equip-

ment, high speed cameras are usable to measure crack pro-

pagation time and follow the crack propagation steps taking 

a time as short as microseconds [46-50]. 

CONCLUSION

The crack propagation resistivity of the rock materials 

was determined to significantly change depending on 

testing under static or impact (dynamic) loading condi-

tion.  Therefore, it is the proper way to determine fractu-

re toughness values and crack propagation energy levels 

under the relevant load condition. The Charpy impact 

test is suggested to use for sensitive determination of the 

crack propagation energies of rock specimens and impro-

ve for being applied as an advanced impact test for rock 

materials.
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In recent years due to the limited production and 

lifetime of fossil resources on earth, and their ef-

fects on the health of organisms and climate, aware-

ness of renewable energy resources like geothermal 

energy has increased worldwide. Considering the is-

sues mentioned in terms of Turkey, the importance 

of geothermal energy as renewable energy is obvious. 

Geothermal energy is a clean, safe and reliable source 

of renewable energy [1]. Generally high temperature 

resources (T>150 °C) are used for electricity produc-

tion, while moderate (90 °C<T<150 °C) and low (T<90 

°C) temperature resources are used in more direct use 

areas. In recent times, very low temperature resour-

ces (T<35 °C) have been used in heat pump applica-

tions. The situation in Turkey is that moderate and 

high temperature resources and, due to the large 

profit margin, electricity production from these reso-

urces are chosen more often compared to other uses. 

The results clearly show that the installed power from 
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geothermal energy in Turkey has risen from 624 MW 

in 2015 to 821 MW in 2016. According to the Turkish 

Energy Atlas, Turkey contains 32 geothermal power 

plants (GPPs) with a total installed power of 921.5 

MW and this is corresponding to 1.2% of the 78497.4 

MW installed power in Turkey at the end of 2016 [2].

Currently with advanced level development of 

GPPs, the total geothermal installed power globally has 

reached 12640 MW [3]. This installed power comprises 

5079 MW from single flash cycle, 2863 MW from dry 

steam, 2544 MW from double flash, 1790 MW from bi-

nary, 182 MW from triple flash and 181 MW from back-

pressure cycle and hybrid cycle. However, in Turkey 198 

MW of the installed power comes from binary cycle, 178 

MW from double flash and 20 MW from single flash [3]. 

In Turkey it appears that binary organic Rankine cycle 

(ORC) are used more often than the other cycles. As a 

result, the design of a power plant is often a function 

A B S T R A C T

For engineering applications related to techniques that optimize power plants or ther-
mal systems, optimization techniques are very important. Power plants with wasted 

geothermal resources and inefficient organic Rankine cycle (ORC) attract the attention 
of researchers, engineers and decision-makers. In this study, the pressure and mass f low 
rates on turbine lines are optimized to maximize exergy efficiency in a binary ORC geo-
thermal power plant (GPP). With this aim, initially data collected from a real operating 
GPP are used to simulate the system. Then an artificial bee colony (ABC) algorithm is 
developed for this model. The results showed that, the total exergy efficiency of the system 
was 35.25% while its value increased with the ABC optimization in the maximum possible 
exergy efficiency of 38.45%. Optimizing the turbine lines in the system ensured improve-
ment rate of 4-6% for the turbines. As a result, the thermodynamic performance of the 
system is estimated at the same moment and with reasonable accuracy, it can be ensured 
that the physical process used for improvements is better understood.
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However, in the literature there are very few optimiza-

tion studies for ORC cycles used with geothermal resources. 

Clarke et al. [12] compared the performance of a genetic 

algorithm (GA) with that of a particle swarm optimization 

(PSO) for constrained, nonlinear, simulation-based optimi-

zation of a double flash GPP. Another study by Clarke and 

McLeskey Jr. [13] used a PSO with Pareto-optimal set to de-

termine the optimum use of a super heater and/or recupera-

tor for a binary GPP at environmental and geothermal fluid 

temperatures. Saffari et al. [14] used an ABC optimization 

algorithm to optimize the thermal efficiency of a binary tur-

bine based Kalina cycle with low-temperature. Additionally, 

the study researched the effects of separator input pressure 

and temperature, basic ammonia mass fraction and basic 

mass flow rate of working fluid on net power output and 

thermal efficiency of the cycle. Another study by Saffari et al. 

[15] compared the ABC, GA, PSO and differential evolution 

(DE) methods for the thermodynamic performance of the

Husaviv power plant with geothermal Kalina cycle. They

reported that ABC was more useful compared to the other

methods. Proctor et al. [16] used the VMGSim simulation

program to develop a dynamic model for a flash ORC GPP

in New Zealand and confirmed it with real data from the po-

wer plant. Li et al. [17] performed an off-design performance 

analysis for a geothermal resource-based Kalina cycle with

a thermodynamic platform (developed by Matlab and NIST 

Refprop). They used GA to maximize the net output power

and to determine the thermodynamic parameters in the de-

sign stage. Wu et al. [18] optimized the thermodynamic per-

formance of a GPP with trans critic ORC using CO
2
-based

binary zeotropic mixtures. They optimized the thermody-

namic performance of the system using the pattern search

algorithm (PSA) for 6 refrigerant mixtures in which CO
2 
co-

uld be added. Thermodynamic and economic analyses were 

also completed.

As can be seen in the above literature review, the ar-

tificial bee colony (ABC) algorithm has not been used for 

optimization of parameters (pressure and mass flow rate) 

on system turbine lines to maximize exergy efficiency of a 

binary GPP. Additionally, the effects of the turbine line on 

other components of the system have not been researched. 

In this study, these original issues mentioned have been 

addressed. Firstly, the thermodynamic performance of the 

system and its components are assessed with exergy analy-

sis. Then the parameters on the turbine line of the system 

are optimized with the ABC algorithm to maximize the 

thermodynamic performance of the system.

DESCRIPTION OF THE SYSTEM

As illustrated in Fig. 1, a geothermal power plant (GPP) 

with installed power of 24 MW operates in compliance 

with an air-cooled binary geothermal organic Rankine 

of the temperature and pressure of the existing geothermal 

resource. Thus, to meet the increasing electricity demands 

globally and in Turkey, geothermal power continues to de-

velop while engineers and policy makers desire data about 

feasibility and optimum design of GPPs within a spectrum 

of geothermal resource conditions and climates. Because of 

this reason, there is a need for scientifically prepared design, 

analysis and optimization guidelines.

After the petrol crisis occurring in the 1970s, it was un-

derstood that energy analysis alone did not determine how 

effectively energy is used. Thus, exergy analyses began to 

gain significant importance. İleri and Gürer [4] brought the 

energy use in addition to exergy use in Turkey up to 1995 to 

the agenda. The results of their study revealed how ineffici-

ent an apparently efficient system is when exergy analysis is 

completed.

When the literature about thermodynamic modelling 

and optimization of ORC is scanned, the following studies 

are found. To assess system performance, Wei et al. [5] pre-

sented a dynamic model to be used for design of an ORC 

system using waste heat recovery (WHR) with HFC-245fa 

as working fluid. The simulation software for this dynamic 

model was developed based on the platform of Modelica/

Dymola. When the ambient temperature was too high, they 

concluded that net power and efficiency of the system dete-

riorated. Another study by Wei et al. [6] compared two mo-

del approaches based on moving boundaries and discretiza-

tion techniques on the model developed for the same system 

under accuracy, complexity and simulation speed parame-

ters. Rashidi et al. [7] conducted an optimization process for 

regenerative ORC with two feed water heaters for exergy ef-

ficiency and specific work by using artificial neural network 

(ANN) and artificial bee colony (ABC) algorithms. Sun et al. 

[8] proposed an ROSENB optimization algorithm to maxi-

mize the net power generation or the thermal efficiency of

an ORC power plant with WHR. The effects of mass flow

rates of working fluid and air-cooled condenser fans and

inlet pressure of expander on thermal efficiency and net po-

wer generation of the system were investigated. Zhang et al.

[9] recommended a multivariate control strategy for ORCs

with WHR by combining a PI controller with a linear quad-

ratic regulator to ensure both temporary performance and

stable state energy saving. Bamgbopa and Uzgoren [10,11]

developed a strategy using a finite volume approach to set

evaporator flow rates to ensure stable working of a solar

ORC power plant. Both stable and temporary models were

developed for the system components (as pump, evaporator, 

expander and condenser). The model compared reasonable

benchmarking numerical and experimental data in situ-

ations where the thermal inputs of the basic assumptions

changed over time. The critical component of the system

was determined to be the evaporator.



MASS, ENERGY AND EXERGY 

ANALYSES

For thermodynamic modelling of a binary GPP with 

ORC, the following assumptions were used in the study:

• Steady-state and steady-flow conditions are used.

• Potential and kinetic energy changes are negligib-

le.

• Heat losses of system components are negligible.

• Pressure loss in valves and pipes is negligible.

• The thermodynamic properties of water are used

in place of geothermal fluid properties.

• The air is accepted as an ideal gas.

cycle (ORC). In the GPP, to ensure mixing of the arte-

sian geothermal fluid obtained from production wells, a 

vertical separator in each wellhead separates two phases 

as geothermal fluid and steam. From the separators, first 

30% NCG (non-condensable gases) and nearly 70% geot-

hermal fluid steam is obtained. Then liquid geothermal 

fluid is obtained from the separators.

As seen in Fig. 1, this section is outside the scope of the 

study, which only includes the power plant section. Binary 

ORC consists of two classic Rankine cycles that are side by 

side and different from each other. The first cycle with 160 

kg/s is called level I (high pressure), while the second cycle 

with 196 kg/s is called level II (low pressure). The liquid ge-

othermal fluid first passes through level I and then level II. 

However, due to the low temperature and pressure, the geot-

hermal fluid steam produced from the separators is passed 

to level II. The geothermal fluid from both levels is pumped 

to re-injection wells. In both separate ORC levels, pentane 

as organic working fluid is used. In level I, different to level 

II, a recuperator is used to reduce the effect of the high tem-

perature from the turbine output on the condenser.

Additionally, the turbines in levels I and II balance the 

generator in a certain cycle. Some of the electricity produ-

ced by the GPP is used to sustain the system, while the rest 

of generated electricity is transmitted to switchyard and to 

the interconnected power lines. In this study, the real opera-

tional data of temperature, pressure and mass flow rates for 

exergy analysis and optimization processes were collected 

from a GPP belonging to Maren Geothermal Inc. on 14 Ap-

ril 2013. The operating data belonging to the GPP on this 

date are listed in Table 1.

Figure 1. Schematic flow diagram of a geothermal power plant

Table 1. The thermodynamics variables for line numbers on the system 
flow diagram illustrated in Fig. 1.

T (i) [°C] P (i) [kPa] m  (i) [kg/s]

0 25 101

1 164 1040 445 47507

1’ 165 1040 5.83 631

1’ 165 1040 2.50 382

2 136 730 445 31701

3 110 690 445 19174

4 110 690 222.50 9587

5 110 690 222.50 9587

6 89 590 222.50 5681

7 81 570 222.50 4423

8 85 590 445 9910

9 107 690 0.83 34

10 107 690 5.25 214

10 107 690 2.25 259

11 105 1261 160 4080

12 137 1261 160 18508

13 82 150 160 5581

14 60 150 160 4675

15 31 150 160 89

16 37 1261 160 388

17 55 1261 160 855

18 106 687 169 4270

19 109 687 169 14859

20 69 119 169 4013

21 33 119 169 117

22 39 687 169 278

23 18 101 2000 0

24 19 106 2000 8238

25 18 101 2000 0

26 19 106 2000 8238



• In condensers the air has homogeneous distribu-

tion.

• Isentropic efficiencies of turbines, pumps and

fans are fixed for the thermodynamic model and optimiza-

tion process. In Level I and II, the values are 0.92 and 0.81 for 

turbines, and 0.96 and 0.97 for pumps, respectively.

• For level I and II, the effectiveness of vaporizers is 

0.82 and 0.88, respectively.

• For level I and II, the effectiveness of preheaters is 

0.92 and 0.95, respectively.

• For level I and II, the effectiveness of condensers is 

0.68 and 0.75, respectively.

• The effectiveness of the recuperator is 0.49 for

only level I.

• The reference state temperature and pressure are

taken to be 25 °C and 101.325 kPa, respectively.

For a system, in general the mass, energy and exergy 

balances express as follows.

0out inm m   (1)

out out in inQ W m h m h (2)

01 k in in out out
k

TI Q W m m
T

          (3)

where m , Q , W , h and İ denote the mass flow rate, 

heat rate, work rate, specific enthalpy and exergy destructi-

on, respectively. kQ  is the heat transfer rate crossing the bo-

undary at temperature T
k
 at location k. The subscript 0 indi-

cates properties at the restricted dead state of P
0
 and T

0
, and  

 is the specific flow exergy as expressed below:

0 0 0( ) ( )h h T s s (4)

where s denotes the entropy.

Using the data listed in Table 1, the above-mentioned 

assumptions and thermodynamic balance equations, a code 

is developed on the MATLAB program [19] platform. The 

thermodynamic properties of water, air and n-pentane in 

the developed code are provided by the COOLPROP prog-

ram [20,21]. In the literature, there are many studies on 

thermodynamic modelling of binary GPP with ORC [22-

25]. However, for the sake of simplicity, the thermodynamic 

balance equations at the component level used in the ther-

modynamic model of the system are not given in the text.

ARTIFICIAL BEE COLONY AS 

OPTIMIZATION ALGORITHM

Optimization algorithms are used in the majority of 

energy system applications. In this study, the artificial 

bee colony (ABC) developed by Karaboğa [26] to deter-

mine the optimum exergy efficiency of a thermal system 

is used. This optimization algorithm simulates the in-

telligent food search behavior of bee colonies [27]. Thus, 

it attempts to iteratively find the point providing the 

problem’s minimum or maximum solution in space. As 

an optimization method for the majority of multi modal/

dimensional and multipurpose problems, the ABC algo-

rithm contains fewer control parameters and provides 

better or equal performance than other optimization 

methods [14,15,28,29].

The optimization process of the ABC algorithm comp-

rises the following steps [27,30-32]:

1. It occurs by generating a random value between

the upper and lower limits of each parameter using Eq. (5). 

In this situation the ABC algorithm randomly produces the 

first solutions to the problem. Random values are produced 

between the lower and upper limits for each parameter as in 

the follow.

min max min 1,...,
0,1

1,...,ij j j j

i SN
x x rand x x

j D
 (5)

where SN and D denote the food sources number and 

the parameters number to be optimized, respectively.

2. After finding food sources, worker bees then be-

gin to carry nectar to the hive. The number of worker bees 

assigned represents the cost function (fi=f(xi)) of each (xi) 

solution. A fitness value (fit) is calculated for the solution to 

the problem within the limits as given in:

1 , 0
1
1 , 0

i
ii

i i

f
ffit
f f

(6)

3. Then each worker bee provides information to

observer bees about the state of the food source (is the food 

source abundant or is a new source needed). This informa-

tion is provided through dance displayed in the dance area 

[33]. In the basic ABC algorithm, this is fulfilled using a rou-

lette wheel selection process linked to the fit value [34]. This 

is presented in the below.

1

i
i SN

ii

fitp
fit

(7)

4. If the source is consumed, the explorer bee is di-

rected to search for a new source. The worker bee determi-

nes a new food source near the food source it is working and 

assesses its quality. The new source is stored in memory if 

the new source is better. The simulation of determination of 

new sources adjacent to current sources is given by

1,2,...,
1,2,...,ij ij ij ij kj

j SN
v x x x

k SN
(8)



where φ is a random number in range of [-1,1] and j≠k. 

The difference between the random values of xij and xkj 

decreases; in this instance, solutions become more similar. 

Therefore, the amount of variation in the xij parameter di-

minishes. A greedy selection process is applied related to the 

nectar amounts of xi and vi as the fit value [34]. The nectar 

amount from the new vi solution is higher than the previous 

amount (xi), thus the old one is deleted from the memory of 

the worker bee, and the newly vi source is stored.

5. In the ABC algorithm, a repetitive optimization

process continues until the required solution is obtained.

The parameters used in the ABC algorithm are listed 

in Table 2. In Table 2, the optimized number of parameters 

(D) is 1 and the single target function is the total exergy ef-

ficiency of the system. Within these parameters, there are a 

total of 4 decision variable parameters of the 2 turbine out-

put pressures on the turbine line and the 2 mass flow rates

for the working fluid on level I and level II. The minimum

and maximum limits for these decision variables are pre-

sented in Table 2. The ABC algorithm parameters for the

optimization process are set to the parameters in Table 2. In 

conclusion, an attempt was made to find appropriate results 

by repeating each optimization process at least once.

In thermodynamic evaluation (ExA), the exergy effi-

ciency in system and component levels can respectively be 

expressed as

,

1 sys
sys

in sys

I
Ex

 (single objective function)              (9)

and

,

1 k
k

in k

I
Ex

(10)

In the optimization process (ABC algorithm), the ma-

ximum possible exergy efficiency in system and component 

levels can respectively be given as

,min
max ,

,

1 sys
possible sys

in sys

I
Ex

(11)

and

,min
max ,

,

1 k
possible k

in k

I
Ex

(12)

RESULTS AND DISCUSSION

Primarily, exergy analysis (ExA) is considered to assess 

the effect of the turbines on maximum exergy efficiency 

in a binary GPP system. The results obtained from exergy 

analysis are listed in Table 3. Regarding Table 3, nearly 

17101 kW of the total exergy input into the system is the 

exergy destruction rate due to components in the whole 

system. The highest exergy destruction rate in the system 

occurs in condenser CON 2 with 3342 kW. This is follo-

wed by condenser CON 1, vaporizer VAP 2 and turbine 

TURB 2 with 3251 kW, 2443 kW and 1840 kW, respecti-

vely. The exergy destruction rate for turbine TURB 1 is 

calculated as 871 kW. The components mentioned above 

are the components that require priority improvement 

to maximize the performance of the system. As can be 

seen in Table 3, the total exergy efficiency of the system is 

35.25%. This value is the single objective function chosen 

for the optimization process.

The artificial bee colony (ABC) algorithm is used to 

maximize the total exergy efficiency of the system. Therefo-

re, the real and optimum values for the selected decision 

variables along the two turbine lines are given in Table 4. It 

can be observed from Table 4 that the collected values for 

output pressure from the turbines are close to the optimum 

values, while the mass flow rates collected from the turbine 

Table 2. The parameters of the ABC algorithm.

Parameters Symbol Unit
Value or 
Constraint 

range
Number of colony size NP 20

Number of food sources Food number 20
Food source which could not be improved 

though trials Limit 100

Number of cycles for foraging 100
Number of parameters to be optimized 

(for single objective) D 1

Turbine outlet pressure at level I  P13 kPa 159.6–161.6

Turbine outlet pressure at level II P20 kPa 167–172

12m kg/s 115–185

19m kg/s 90–150

Table 3. The exergetic variables for the system and its components.

Level I

PRE-HE 1 681.90

VAP 1 1378.46

TURB 1 871.37

RECUP 438.10

CON 1 3251.48

PU 1 611.68

Level II

PRE-HE 2 1171.77

VAP 2 2443.01

TURB 2 1840.19

CON 2 3342.00

PU 2 1070.67

17100.63 17100.63



lines are distant from the optimum values. For example, the 

collected value for 19m  was 119 kg/s, while the optimized 

value was nearly 149 kg/s. As a result, if the decision variab-

les can reach the optimum values, the exergy efficiency of 

the whole system will reach maximum.

The convergence behavior of the ABC algorithm du-

ring the maximizing process (optimization) of the exergy 

efficiency of the system is shown in Fig. 2. Regarding Fig. 2, 

the total exergy efficiency of the system is maximized in the 

third cycle. As seen on Fig. 3, the total exergy efficiency of 

the system is 35.25%. The results of optimization process 

with the ABC algorithm can increase this value to 38.45%. 

This value is called as the maximum possible exergy effici-

ency (ε
max

 possible).

For the exergy analysis and the ABC algorithm, the 

changes of exergy destruction rates of system components 

in the GPP are presented in Fig. 4. From Fig. 4, on the route 

to maximize the total exergy efficiency, the exergy destruc-

tion results for system components with ABC optimization 

completed for decision variables chosen on the turbine line 

is observed to lower the exergy analysis results even further. 

As seen on Fig. 4, condensers CON 1 and CON 2 have hig-

hest exergy destruction rates. These values are 3342 kW and 

3251 kW, respectively, while after the optimization process 

these values may be lowered to 2535 kW and 1675 kW. Addi-

tionally, these are the components with greatest reductions 

among system components of 24% and 48%, respectively. 

However, the result of the optimization process causes a 21% 

increase in the exergy destruction rate due to the recupera-

tor RECUP. The effects of the optimization process on other 

system components may be observed.

Referring to Fig. 5, the exergy destruction rates for tur-

bines TURB 1 and TURB 2 are 871 kW and 1840 kW, res-

pectively, while these values could only be optimized by 6% 

and 4% (816 kW and 1773 kW). With the ABC optimization 

process, the exergy destruction rates from turbines are re-

duced though by a small value, as clearly seen on Fig. 5.

Fig. 6 shows the variation in maximum possible exergy 

efficiency for system components obtained from the ABC 

optimization process. As seen on the figure, when the ABC 

optimization process is completed, the exergy efficiency 

values for all system components are high, apart from the 

Figure 2. Convergence behavior of the ABC algorithm for optimization 

process

Table 4. The collected and optimized values of the decision variables for 
the turbine lines.

Decision variables Collected 
value

Optimum 
value

P13 - Turbine outlet pressure at level I   160 159.96

P20 - Turbine outlet pressure at level II 169 167.73

12m 150 161.20

19m 119 148.54

Figure 3. Total system exergy efficiency for the ExA and ABC methods

Figure 4. Changes in exergy destruction rate of the system components

Figure 5. Changes in exergy destruction rate of the turbines in level 

I and II



recuperator. This means that optimization processes comp-

leted on the turbine lines in the system will only produce 

maximum possible exergy efficiency for system compo-

nents. As observed on Fig. 6, the greatest increase in exergy 

efficiency occurs in the condensers with 31% for CON 2 and 

30% for CON 1. However, there is a 14% reduction in exergy 

efficiency observed for the recuperator RECUP. In Fig. 7, the 

variation in exergy efficiency of the turbines on level I and 

II is given. While the exergy efficiency for turbines TURB 1 

and TURB 2 were 93.26% and 83.03%, respectively, after op-

timization of the system turbine lines the maximum possib-

le exergy efficiencies were observed to be 93.45% and 83.47%.

Finally, to maximize the total exergy efficiency of a bi-

nary GPP, the mass flow rates and turbine output pressures 

for the working fluid are optimized on level I and level II. 

The results of the optimization process found that the flow 

rates and turbine output pressures in the cycle levels should 

be larger than the operating system values.

CONCLUSION

In this study, the artificial bee colony (ABC) algorithm is 

used to maximize the total exergy efficiency of a binary 

GPP with ORC. For the optimization process, decision 

variables on the turbine lines of level I and II of the system 

are used. These variables are mass flow rate and the tur-

bine output pressure of the working fluid on the turbine 

lines. The results of the study show that the total exergy 

efficiency and maximum possible exergy efficiency of 

the system were 35.25% and 38.45%, respectively. While 

the total exergy destruction rate for system components 

was 17101 kW, with the ABC algorithm this value could 

be lowered to 14227 kW. As a difference of these values, 

more exergy may be produced at 2874 kW. While imp-

roving system components, the system components with 

greatest optimization possible are the condensers CON 2 

and CON 1. Optimizing the turbine lines in the system 

with the ABC optimization algorithm ensures improve-

ment rates of 4-6% for the turbines. Thus, the rotational 

imbalances that occur in the connection of two turbines 

to the generator with the same shaft in binary cycles and 

the quality of steam content at the turbine outlet to pre-

vent corrosion in turbine blades may be improved. Finally, 

the ABC optimization method can provide higher quality 

information than the exergy analysis.
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NOMENCLATURE

D number of parameters to be optimized 

(-)

Ėx exergy rate (kW)

f cost function (-)

fit fitness value (-)

h specific enthalpy (kJ/kg)

İ exergy destruction (kW)

m mass flow rate (kg/s)

NP number of colony size (-)

P pressure (kPa)

Q heat transfer rate (kW)

s specific entropy (kJ/kgK)

SN number of food sources (-)

T temperature (°C or K)

W work rate, power (kW)

Greek symbols

ε exergy or second law efficiency (%)

φ random number [-1,1]

ψ flow exergy (kJ/kg)

Subscripts

in  input

min  minimum

out output

sys  system

0 reference state

Figure 6. Changes in exergy efficiency of the system components

Figure 7. Changes in exergy efficiency of the turbines in level I and II



Abbreviations

ABC  artificial bee colony

ANN artificial neural network

ExA exergy analysis

CON condenser

GPP geothermal power plant

NCG non-condensable gases

ORC  organic Rankine cycle

PRE-HE preheater

PU  pump

RECUP recuperator

TURB turbine

VAP  vaporizer

WHR waste heat recovery
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Natural convection phenomena occurs in nature 

and different applications. Specially, in the co-

oling of electronic devices is gaining importance. In 

the recent years, different projects and designs for 

natural convection applications have been perfor-

med. In the natural convection investigations, many 

different geometries were examined. In the last trend 

about this phenomena, partitions have been placed at 

corner or edge of the geometry. These studies were 

considered square cavity and examined many diffe-

rent parameters related to heat transfer and fluid flow. 

The square cavity is most popular geometric shape 

than shallow cavity in the similar analysis. However, 

studies about shallow cavity placed different shape 

partitions have been raised. Some of them in the lite-

rature were considered in this part of the study. Polat 

and Bilgen [1] focused on natural convection in inc-

lined shallow cavities, in their study. They heated the 

side facing the opening a constant heat flux, insulated 

sides perpendicular to the heated side. The authors 

solved equations of mass, energy and momentum 

considering steady state conditions and Boussinesq 
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approximation. They calculated heat and mass trans-

fer for Rayleigh number from 103 to 1010. Shiralkar 

and Tien [2] studied on heat transfer in a horizon-

tal cavity. The authors considered as adiabatic walls 

which are horizontal and isothermal side walls of the 

horizontal cavity for different aspect ratios. Drum-

mond and Korpela [3] studied on natural convection 

in a shallow enclosure. Only one side of the shallow 

enclosure was heated. Top and bottom walls were 

considered as both insulated and conducting. Pao-

lucci and Chenoweth [4] studied on a rectangular 

cavity for determining heat transfer characteristics. 

Their problem was two dimension and they consi-

dered different aspect ratios and Rayleigh numbers 

for solution parameters which are Nusselt numbers, 

temperature and velocity distributions. Zhang et al. 

[5] studied on a vertical rectangular for determining

temperature distribution, the flow characteristics,

and the overall heat transfer rate. Novak and Nowak

[6] studied on theoretically natural convection in a

cavity with different aspect ratios. They used the fi-

nite difference technique in their study. Bhave et al.

A B S T R A C T

In this study, a numerical analysis carried out to determine the effects of arc-shaped 
partitions in corners of a shallow cavity on heat transfer which is natural convection 

and f luid f low. Partitions are accepted as conductive and two different partitions materials 
are chosen as wood and aluminum.  The finite volume approach is used to discretize the 
governing equations for Rayleigh numbers (Ra) and shape ratio of the arc-shaped partition. 
It is found that arc-shaped partitions have effect on characteristic parameters of f luid f low 
and heat transfer. Specially, aluminum arc-shaped partition affects the average heat trans-
fer enhancement, because it has high heat transfer coefficient. Also, possibilities of occur-
ring dead regions are examined and streamlines obtained for without partitions and high 
Rayleigh numbers which are Ra=105 and Ra=106 show that dead regions occur in corners 
of the shallow cavity. Results obtained from the analysis using partitions and considering 
different Rayleigh numbers and partition materials show that using partition which is arc-
shaped prevent occurring dead regions. 

Keywords: 
Natural convection; Conjugate heat transfer; Heat transfer; Shallow cavity; Arc-shaped.
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[12]. QUICK scheme [13] is used for the discretization of the 

convective terms in the momentum and energy equations. 

The calculations are done using FLUENT [14] commercial 

software. Considering with these assumptions, the gover-

ning equations can be written as,

u v 0
x y

(1)

2 2

2 2

1u u p u vu v v
x y x x y

(2)

2 2

2 2

1 g (T T )c
v v p v vu v v
x y y x y

   (3)

2 2

2 2
p

T T k T Tu v
x y C x y

(4)

For solid region, the governing equation can be consi-

dered Eq. (5).

2 2

2 2 0T T
x y

  (5)

The governing equations in terms of velocity and pres-

sure can be written in a dimensionless form as,

0U V
X Y

(6)

2 2

2 2PrU U P U UU V
X Y X X Y

                    (7)

2 2

2 2Pr PrV V P V VU V Ra
X Y Y X Y

   (8)

2 2

2 2U V
X Y X Y

(9)

For solid region,

2 2

2 2 0
x y

(10)

[7] studied on a square enclosure by using finite volume

formulation. They solved governing equations which are

mass, momentum and energy via using that numerical

method. The problem was considered as two dimensio-

nal for determining heat transfer characteristics which is 

natural convection.  Horizontal walls and vertical walls

of the enclosure were considered as adiabatic and diffe-

rentially heated, respectively. Karatas and Derbentli [8]

studied the natural convection inside the vertical shal-

low cavity. Benos et al. [9] performed a work on natural

convection in the shallow cavity which is horizontal. Al-

loi and Vasseur [10] studied the natural convection in a

shallow cavity in the presence of micropolar fluids. Also,

Alloi et al. [11] tested the natural convection phenomena

in the presence of nanofluid for shallow cavities.

This study is to make a control of different parameters 

in a shallow cavity by inserting arc-shaped passive equip-

ment to the corner. Thus, energy efficiency will be increase 

due to ignored of dead regions at the corners. In the analysis, 

different parameters are considered. These parameters are 

the arc-shape aspect ratios which is symbolized as R, dif-

ferent Rayleigh numbers from Ra=104 to Ra=106, different 

partition materials which are wood and aluminum. About 

detail solution method and approach are expalined next 

part of this study.

MATERIAL AND METHODS

The physical model is presented in Fig. 1 (a) where bo-

undary conditions shows. It is a shallow cavity with H<L 

and horizontal wall has an isothermal heaters. Vertical 

walls are considered as adiabatic. Bottom wall of the shal-

low cavity is defined steady temperature boundary con-

dition which is symbolized as T
H
, and temperature value 

of the top wall is lower than bottom wall. The tempera-

ture of the top wall is indicated as T
C
. The shallow cavity 

has two arc-shaped partitions that these partitions made 

from different materials. In Fig. 1 (a), g is gravity and R is 

aspect ratio of the of the arc-shape partitions. Thus, they 

have different thermal conductivity values. The radius of 

conductive material is changed as a governing parameter 

on fluid flow and heat transfer. Fig. 1 (b) shows grid dist-

ribution of the shallow cavity.

The governing equations are based on the conservati-

on laws. While the energy equation was written, Boussinesq 

approximation was considered. It means that fluid properti-

es which is physical are considered as constant, but density 

of the fluid change in body force term of the momentum 

equation. Viscous dissipation is neglected and, radiation 

heat transfer and pressure work are neglected too. The fini-

te volume method is used to solve the governing equations. 

The SIMPLE algorithm is used to treat the pressure term 

Figure 1. a) Shallow cavity, b) Grid Distribution 



For dimensionless variables, Eq. (11) can be used:
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Boundary conditions for walls are follow as,

1,  0 1,  0,  0, 1X Y U V (12)

0,  0 1,  0,  0, 0X Y U V (13)

00 1,  0,  0,  0,X Y U
Y
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The thermal boundary condition for conductive of the 

arc-shaped partition is written as,

solid
fluid solidn nfluidk k (15)

fluid solidT T (16)

Prandtl number, Grashof number and Rayleigh num-

ber are given as

3

2P   r , , Ra Gr Prg THGr (17)

The detail information about the method, algorithm 

and using software can be found in references [12 – 14]. The 

Nusselt numbers which are local and aveage are calculated 

by using Eqs. (18) and (19).

0X

Nu
X

(18)

0

H

ave wNu Nu dy   (19)

The present code is validated by earlier works to supply 

the validity of the code. In this case, the study is performed 

for the same Rayleigh number with literature and differen-

tially heated cavity without any partition. Average Nusselt 

numbers are calculated and compared with two different 

works in the literature as shown in Table 1.

As can be seen in Table 1, results obtained show good 

agreement with literature [15, 16]. Fluid flow and natural 

convection characteristics are determined in the physical 

model which is shallow cavity. Many different parameters 

are considered for using with and without partitions, and 

these parameters are streamlines, local and average Nusselt 

number, temperature distribution inside of the shallow ca-

vity. These results are shared in next section.

RESULTS AND DISCUSSION

In this study, a numerical analysis carried out to deter-

mine the effects of arc-shaped partitions in corners of a 

shallow cavity on heat transfer which is natural convecti-

on and fluid flow. Partition shapes are made from alumi-

num and wood. Aluminum is used for many heat transfer 

applications due to having high thermal conductive. Ma-

terials which have low thermal conductive are used for 

heat transfer control. In this perspective, wood is chosen 

as material having low thermal conductive and effects of 

these materials on heat transfer and fluid flow charac-

teristics are examined and compared. The effects of the 

varying Rayleigh number on the distributions which are 

streamline and isotherm are demonstrated in Fig. 2-4 for 

without partitions, wood and aluminum partition (R=1.1) 

cases.

Temperature values unit in the isotherms is Kelvin. As 

Table 1. Average Nusselt number 

Nu Ra=104 Ra=105 Ra=106

DC Wan et al. [15] 2.254 4.598 8.976

G Barakos et al. [16] 2.245 4.510 8.806

Present Study 2.235 4.509 8.904 Figure 2. Streamlines (on the top) and isotherms (on the bottom) wit-

hout partition for various Rayleigh numbers 



can be seen at streamlines in Fig. 2, the results obtained 

from the analysis show that dead regions at the corners 

occur for Ra=105 and Ra=106. Fig. 3 shows results obtained 

from the streamlines and isotherms with aluminum partiti-

on for different Ra numbers.

In the Fig. 3, dead region occur only for Ra=106 and 

R=1.1. This result shows that dead region can be prevent by 

using partition, but dead region can occur based on flow 

characteristic in corners where partition is not placed.

The number of cells is four within the cavity for the 

case without partition and, when the Rayleigh number inc-

reases, the strength of the natural convection increases. The 

shape of the cells gets distorted in different directions with 

increasing the Rayleigh number and isotherms are affected 

due to increasing convection effects of buoyancy.  Adding a 

partition effects the number of cells and temperature dist-

ribution within the cavity as can be seen in Figs. 3-4. When 

the aluminum partition is used, the number of cells is first 

increased to six and then decreased to four with increasing 

the Rayleigh number. When the wood material is used the 

number of cells is decreased to three for the highest Ray-

leigh number of interest.  The effects of Ra number on the 

local Nu number distributions are depicted in Fig. 5.

Figure 3. Streamlines (on the top) and isotherms (on the bottom) with 

aluminum partition for various Rayleigh numbers, R=1.1

Figure 4. Streamlines (on the top) and isotherms (on the bottom) with 

wood partition for various Rayleigh numbers, R=1.1

Figure 5. Variation of local Nusselt Number along the horizontal direc-

tion for various Rayleigh numbers, R=1.1



The number of peaks in the Nusselt number increases 

with the addition of the partition due to the increased num-

ber of cells at Ra=104 and Ra=105.  The discrepancy between 

the aluminum and wood partition is more visible at Ra=106. 

Effects of the curvature of the partition are presented in Fig. 

6 for aluminum and in Fig. 7 for wood partition (Ra=105).

The results obtained from the analysis show that dead 

regions at the corners occur for Ra=105 and Ra=106. The 

dead region occurs only for Ra=106 and R=1.1 and dead re-

gions are not seen in all others situations which are used 

partitions. When the radius of the curvature increases, the 

number of the cells is increased from five to six for alumi-

num partition. The size and strength of the cells on the left 

and right ends of the cavity decrease as the radius of the 

curvature increases for the aluminum partition. When the 

wood partition is used in Fig. 7, although the number of cells 

remains the same, the size of the cells on the left and right 

ends of the cavity first increases then decreases when the 

radius of the curvature is increased. Fig. 8 demonstrates 

the effect of varying the radius of curvature on the local Nu 

number along the horizontal wall of the cavity at Ra=105.

In all situations which are placed partition, local Nus-

selt number values increase. As can be seen in the figures 

Figure 6. Effects of curvature on the streamlines (on the top) and isot-

herms (on the bottom) with aluminum partition, Ra=105

Figure 7. Effects of curvature on the streamlines (on the top) and isot-

herms (on the bottom) with wood partition, Ra=105

Figure 8. Variation of local Nusselt Number along the horizontal direc-

tion for various radius of curvature, Ra=105



related to local Nusselt number, local Nu value changes 

along the x-axis. Especially, local Nu numbers are very vari-

able at origin of x and y axis (x=0 and y=0) and end of the x 

axis. The partition which is arc-shaped causes this variable. 

For example, when results obtained all situations which are 

both with and without partition are compared, effects of 

without partition can be shown in the local Nusselt num-

bers obtained from without partition situation. The local 

Nusselt number values change between 1 and 50 for R=1.1 

and Ra=106. Also, the local Nu values change between 1 

and 9 for R=1.1 and Ra=104. The number of peaks increases 

when the partition is added due to the increased number 

of cells for R=1 and R=1.1.  The discrepancy between the 

aluminum and wood partition is more apparent for R=1.2. 

The radius of curvature and thermal conductivity of the 

partition can be used as passive element to control the heat 

transfer and fluid flow within the cavity.  Average Nusselt 

number values allow us to make a general assessment about 

results obtained from this study. Averaged Nusselt numbers 

along the horizontal wall of the cavity are shown in Table 2.

Adding a partition enhances the heat transfer. At 

Ra=104 and Ra=105, averaged heat transfer decreases as 

the radius of curvature increases for aluminum and wood 

partitions. At the highest Rayleigh number of interest, an 

increase and then a decrease in the averaged heat transfer 

is seen as the radius of curvature increases. When the ave-

rage Nu number is considered with and without partitions, 

heat transfer increasing rate is determined as 12.37% for R=1, 

using aluminum partition and Ra=104. In this perspective 

and similar conditions, heat transfer increasing rate is cal-

culated as 10.71% for using wood partition. When values ob-

tained for R=1.2 and Ra=106 are considered, rates of increase 

in heat transfer for without partition and using aluminum 

and wood partitions are 1.93% and 8.45%, respectively. The 

greatest rate of increase in heat transfer is obtained for R=1, 

using aluminum partition and Ra=106. In these conditions, 

rate of increase in heat transfer is calculated as 16.27%. For 

using wood partition, rate of increase in heat transfer is de-

termined as 13.02% in same conditions. It can be said that 

using partition in shallow cavity increases heat transfer rate 

in all of conditions of Ra=104. Results obtained for R=1.1 and 

Ra=106 show that heat transfer decrease. Rate of decrease 

in heat transfer for using aluminum partition and R=1.1 at 

Ra=106 is 0.27% and in similar conditions, rate of decrease 

in heat transfer for using wood is 11.02%.  When aluminum 

and wood partition are compared, aluminum shows better 

results than wood. However results obtained from situation 

using wood partition show that material having low ther-

mal conductive can be used for heat transfer control. Espe-

cially, results obtained from this study can be considered in 

applications which are cooling of electronic devices, con-

ditioning of rooms and so on. When streamlines obtained 

from the analysis which are with and without partitions are 

examined, the partitions effect on fluid flow characteristic 

as well as heat transfer. While four cell occur in the stre-

amlines obtained for without partition and Ra=104, Ra=105 

and Ra=106, different cells are obtained for with partitions. 

For example, five cell occur at result obtained for Ra=104 

and aluminum, six and four cell occur for Ra=105, Ra=106 

and aluminum, respectively. As can be seen in Fig. 4, five 

and three circular flow occur for using with wood partition 

and Ra=104, Ra=105 and Ra=106 in the streamlines. The heat 

transfer and fluid flow characteristics strongly influenced 

depending on these parameters which are using partition 

and partition material type, Ra and R.

CONCLUSION

Numerical study of natural convection in arc-shaped 

partitions in corners of a shallow cavity filled with air 

was performed. The effects of arc-shaped partitions in 

corners of a shallow cavity on heat transfer which is na-

tural convection and fluid flow. Partitions are accepted 

as conductive and two different partitions materials are 

chosen as wood and aluminum. Also, possibilities of 

occurring dead regions are examined and streamlines 

obtained for without partition and high Rayleigh num-

bers which are Ra=105 and Ra=106 show that dead regions 

occur in corners of the shallow cavity. Some important 

conclusion can be indicated from this numerical study as:

• Characteristic parameters of the flow and heat

transfer are affected by adding a arc-shaped partitions to 

the shallow cavity.

Table 2. Average Nu

R

Ra=104 Ra=105 Ra=106

Average Nuave Average Nuave Average Nuave

Al Wood Al Wood Al Wood

0 5.05 5.05 9.63 9.63 16.809 16.809

1 5.763 5.656 11.264 11.28 20.076 19.327

1.1 5.542 5.54 10.456 10.629 16.762 14.956

1.2 5.439 5.23 10.524 10.15 17.141 18.361



• Curvature of the partition affects the average heat 

transfer enhancement and this can be used as control para-

meter.

• The results obtained from the analysis show that

dead regions at the corners occur for Ra=105 and Ra=106. 

The dead region occur only for Ra=106 and R=1.1 and dead 

regions are not seen in all others situations which are used 

partitions.

• Results obtained from the analysis using partiti-

ons and considering different Rayleigh numbers and partiti-

on materials show that using partition which is arc-shaped 

prevent occurring dead regions.     

• At Ra=104, heat transfer enhancements of 14%,

9.74% and 7.7% were obtained for R=1, R=1.1 and R=1.2 com-

pared to flat cavity. These results were obtained for alumi-

num arc-shaped partition. In the same conditions and for 

wood arc-shaped partition, heat transfer enhancements of 

12%, 9.7% and 3.36% were obtained.

The different materials can be used as partitions and 

many different parameters can be examined considering Ra, 

R, fluid and so on. In this study, fluid is air but different stu-

dies can be carried out by using nanofluid. Also, this prob-

lem can be considered for unsteady flow.
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Algae having both macroscopic and microscopic 

forms and growing in all environments inclu-

ding the extreme conditions are photosynthetic or-

ganisms that contribute greatly to primer production 

of aquatic ecosystems. There are many records about 

they have been used as food and drug since centuries 

[1-3]. Particularly, their use in the food and pharma-

ceutical industry depends on presence of large num-

ber of various bioactive compounds. The variety of 

these bioactive compounds is related to the stress 

conditions in the extreme environments such as high 

altitude regions [4].

In order to survive, algae are resistant to stress 

factors such as high salinity, high and low temperatu-

re, low nutrients, hot alkaline and acidic environments, 
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and non-thermal acidic environments, high and low 

light conditions. Thus, they well adapt to extreme en-

vironmental conditions with synthesizing many natural 

products also called as secondary metabolites [5-7]. The 

natural products  of algae include compounds such as 

polyphenols, flavonoids, amino acids, lignins, terpeno-

ids, tocopherols, fatty acid, phenolic acids and have anti-

oxidant, antimicrobial, antifungal and antiviral activity 

[8, 9]. Generally, researchers have focussed terrestrial 

plants (flower, fruits, seed, leaf, stem, bark and root) in 

determining antioxidant substances.  However, the so-

urce of natural antioxidants is not only terrestrial plants, 

but also algae have been reported to be rich in natural 

antioxidant compounds [9-11]. Algae having species 

richness are potential sources of natural bioactive com-

pounds for new demand in medicine and food industry 

A B S T R A C T

A lgae contain a large amount of biological active compounds functioning as antioxidant, 
antimicrobial and anti-tumour. In the present research, antioxidant activity of fresh-

water alga Microspora sp.  (Chlorophyta) extract prepared in different solvents (metha-
nol, acetonitrile, ethanol, acetone and ethyl acetate) was determined with three differ-
ent methods; 2,2-diphenyl-1-picrylhydrazyl (DPPH•), Iron (III) Reduction / Antioxidant 
Power (FRAP) Assay and Copper (II) Reductive Antioxidant Activity (CUPRAC). The 
alga samples collected from the high mountain lake (2733 m above sea level) localized in 
Gümüşhane province of Turkey. The algal extracts prepared in different solvents showed 
antioxidant activity. The values of DPPH• varied from 8.97%  (in acetonitrile extract) to 
31.15% (in methanol extract).  As in the DPPH• method, the lowest and highest values in 
the FRAP method were measured based on μM TEAC (Trolox Equivalent Antioxidant 
Capacity) in methanol and acetonitrile extracts as 60.303 μM and 359.394 μM respectively. 
While the lowest value of CUPRAC test was determined in acetonitrile extract (0.041 μM 
TEAC ) as in the other tests, highest value  was measured in ethanol extract (0.101 μM 
TEAC ). The values of highest antioxidant activity in both DPPH• and FRAP methods 
was measured in the methanol solvent whilst was determined in the ethanol solvent for 
CUPRAC.

Keywords: 
Algae; Microspora sp.; Antioxidant; DPPH•; FRAP; CUPRAC

INTRODUCTION 



red Microspora sp. samples at room temperature. In the 

preparation of each extract 20 g of the sample (powder) 

was dissolved in 50 mL of solvent. Extractions were mi-

xed by a magnetic stirrer for 2 hours. Then the extracts 

were filtered consecutively with filter paper and syringe 

filter (Minisart, NY 0.45 μm). Clear solutions obtained at 

the end of the process were stored at room temperature 

and in a cool, dark place until the test.

2,2-diphenyl-1-picrylhydrazyl (DPPH•) 

Scavenging Activity

DPPH• method developed by Cuendet et al. [28] was used 

for determining antioxidant activity extracts prepared 

with different solvents of Microspora sp. Firstly, 100 

μM DPPH• radical solution was prepared and the solu-

tion was dissolved in the magnetic stirrer for 30 minutes. 

Each of algal extract was pre-tested and diluted 1/5 and 

analyzed in triplicate. However, each concentration of 

samples were run for a samples and reagent blank after 

50 minutes, the absorbance values of the tubes mixed by 

the DPPH• reagent were read at 517 nm at spectrophoto-

meter and the % inhibition (DPPH• purification) values 

were calculated as follows

% Inhibition (radical cleaning power) = [(ADPPH   -    

ASample) / ADPPH]   ×   100

ADPPH : Absorbance value of the DPPH solution

ASample : Absorbance value of the sample extract

Iron (III) Reduction / Antioxidant Power (FRAP) 

Assay

Absorbance in this method occurs at 595 nm and forms 

K
3
(Fe)CN

6
 color complex [29]. As a standard, the antioxi-

dant Trolox  was used at different concentrations (1000-

500-250-125-62.5 μM). Different extracts of Microspora 

sp. were run from stock solutions (20 g + 50 mL solvent). 

Three replications were prepared for all standard and 

extracts. Firstly, 50 μl samples and standard solutions 

were transferred. Then 50 μl of sample solvents (metha-

nol and distilled water) were transferred to the reagent 

blind tubes. After transferring 50 μL of the sample so-

lutions to the sample blind tubes, 1.5 mL of FRAP so-

lution (60% methanol pure water) was added. Thus, 1.5 

mL newly prepared FRAP reagent was added to the other 

tubes at 20 second intervals. The tubes were mixed and 

after 20 minutes the absorbance values were read at 595 

nm spectrophotometer device. The results were calcula-

ted as TEAC in comparison with the standard antioxi-

dant Trolox.

Copper (II) Reductive Antioxidant Activity 

(CUPRAC)

Copper metal is used in CUPRAC and this method is ba-

sed on the reduction of antioxidant substance Cu (II) to 

[4, 12]. Among these natural compounds, phenolics com-

posed of one or more aromatic rings containing hydroxyl 

groups are considered to be one of the most important clas-

ses of natural antioxidants [13]. Especially, marine macro-

algae have a large number of these compounds. Red algae 

(Rhodophyta), brown algae (Phaeophyta)  and green algae 

(Chlorophyta) contains some phenolic compounds such as 

phlorotannins, bromophenols, terpenoids, mycosporine-li-

ke amino acids, meroditerpenoids. coumarins vanillic acid. 

The phlorotannins are the most studied phenolic compo-

unds in marine algae and are used in preparation of nutrace-

utical, cosmeceutical, and pharmaceutical products [13, 14].

Genus Microspora Thuret is classified in the Chlo-

rophyta division that distributed in both freshwater and ma-

rine environments. It has H-shaped cell wall, cells slightly 

swollen, cylindircal, and quadrate, arranged uniseriate. The 

filaments are unbranched and occurring free or basically at-

tached.  Chloroplast is parietal or coarse net or net, not pre-

sent pyrenoid. Aplanospores or akinetes are present [15, 16].

Although Turkey has a rich diversity of freshwater algae 

[17, 18], there are few studies to determine their chemical 

composition and biological activity [19-24]. Although, the-

re are many systematic, taxonomic and ecological studies 

on the genus Microspora, the number of studies based on 

its chemical composition, antioxidant and antimicrobial 

activity is limited in the literature [25-27]. The purpose of 

this study was to determine the efficiency of antioxidant 

activity of an alga Microspora sp. in different solvents with 

commonly used three antioxidant activity determination 

methods and to provides availability of freshwater algae for 

research in the food and pharmaceutical industry.

MATERIALS AND METHODS

Samples Collection

The samples of Microspora sp. were collected from the 

Acembol Lakes (Lake AC-3) of the Artabel Lakes Natural 

Park located in the Gümüşhane province in August 2016. 

The lake was 2733 m above sea level and located at 40° 25' 

03" N – 39° 03' 28" E.  Samples of Microspora sp., which 

occurred blooms on the surface of the lake, are collected 

from the 0 - 0.5 m below surface.  The samples were was-

hed several times with distilled water for removal epiph-

ytic organisms and other substance in the laboratory. 

Then, algae samples were dried at room temperature for 

2 weeks and blendered into powder [24]. However some 

algal specimen was stored in 4% formaldehyde solution. 

Algae identified according to related books [15, 16].

Preparation of Algal Extracts

Five different extracts (acetone, acetonitrile, ethanol, 

ethyl acetate and methanol) were prepared from powde-



sa is methanol > ethyl acetate compatible with our results 

partially. However there are differences between % values of 

DPPH• in both studies. However, Suanmali et al. [27] indica-

ted that environmental factors are effective in changing the 

antioxidant activity values  and  reported that values of the % 

DPPH• varied from 23 to 49.6 in methanol extracts of Mic-

rospora collected from five different areas. However there 

are differences between % values of DPPH• in both studies. 

In addition to this, Suanmali et al. [27] indicated that envi-

ronmental factors are effective in changing the antioxidant 

activity values  and  reported that values of the % DPPH• 

varied from 23 to 49.6 in methanol extracts of Microspora 

collected from five different areas. In  some studies on other 

filamentous algae in the Chlororophyta, for example Laung-

suwon and Chulalaksananukul [25] also measured values 

of % DPPH• for Cladophora glomerata. (Linnaeus) Kützing 

and the values were determined in different solvent such as 

methanol (16.7±2.6 ), water (18.4±2.5), hexane (37.4 ±2.3), 

ethyl acetate (49.8±2.7). In contrary to  present study, the 

lowest value of % DPPH• was detected the  in methanol ext-

ract of Cladophora glomerata. Each species of algae  include 

antioxidant compounds in different qualities and quantiti-

es, and the solvents used in extraction is also an important 

factor  for determining the antioxidant capacity because of 

polarity differences of compounds in algae [34].

In the FRAP method belonging to the electron-trans-

fer reaction group; Fe (III) salt, Fe (III) (TPTZ)2Cl3 (TPTZ 

= 2,4,6-tripyridyl s-triazine) is used as oxidant [29]. At low 

pH, the Fe (III) -TPTZ complex is reduced to Fe (II) form. 

This complex is dark blue in color and the absorption ma-

ximum is 595 nm [35]. Due to its simplicity, speed and low 

cost, the method is useful for the identification of hydrop-

hilic and lipophilic antioxidants. In determination of Iron 

(III) reduction/antioxidant power (FRAP) Trolox standard

calibration graphic with different concentrations was de-

signed (Fig. 2).  According to the calibration graphic, μM

TEAC (Trolox Equivalent Antioxidant Capacity) values of

algae extracts prepared with different solvents were deter-

mined. μM TEAC values of the algae extracts were ranged

from 359.54 μM (for methanol solvent extracts) to 60.303

μM, (acetonitrile solvent extracts) (Fig. 3). Therefore, accor-

Cu (I) [30]. In this method, Cu (II) chloride solution, ne-

ocuproin solution with 96% ethanol, ammonium acetate 

buffer (pH = 7) and analysis solutions were added, respec-

tively. Then, 4.1 mL of the final solution was completed 

and it was kept at room temperature during 30 minutes. 

At the end of this procedure, absorbance values were me-

asured at 450 nm and antioxidant capacities of the samp-

les were calculated as Trolox equivalent [31].

RESULTS AND DISCUSSION

There are some synthetic antioxidants used in the food 

industry commercially available. However, some studies 

indicate that synthetic antioxidants have toxicological 

and carcinogenic effects on cell of experimental animals 

[32]. Due to these unfavorable effects, use of synthetic 

antioxidants was restricted in food industry. Therefore, 

natural antioxidants are increasingly interested by pro-

ducers and consumers [10, 32]. Natural antioxidants were 

commonly obtained from terrestrial plants. But it is not 

limited to them. Also, aquatic organisms, especially algae 

have organic and inorganic substances such as polysacc-

harides, lipids, proteins, carotenoids, phenolic compo-

unds, vitamins and minerals. The content play important 

role in exhibiting high antioxidant activity of algae  [9, 33].

In the present study, Microspora extracts were prepa-

red in the five different solvents. Antioxidant activities of 

each of the algal extracts in these solvents were determined 

with three different method DPPH•, FRAP and CUPRAC 

and antioxidant activities results for each methods are com-

pared each other (Table 1).

DPPH• which is the most commonly used scavenging 

activity detection method showed the efficacy of highest 

and lowest in methanol extract (scavenging activity 31.15%) 

and acetonitrile extract (scavenging activity 8.97%) res-

pectively (Fig. 1). In the less number of antioxidant activity 

studies carried on Microspora, For example, Laungsuwon 

and Chulalaksananukul [25] determined % DPPH• radical 

scavenging activity of Microspora floccosa in different sol-

vent extracts which consist of water (6.6%±1.4), ethyl aceta-

te (8.9%±1.6), methanol (9.3%±2.2) and hexane (19.7%±1.4). 

Order of % DPPH• values of solvents of Microspora flocco-

Table 1. Antioxidant activity (DPPH•, FRAP and CUPRAC) of  Micros-
pora sp. extracts in different solvents

% DPPH• 

Figure 1. % DPPH scavenging activity



ding to the FRAP antioxidant assay method, the highest and 

the lowest antioxidant activity were observed in methanol 

extract and the acetonitrile extract respectively.  The order 

of the antioxidant values of the solvent extracts measured in 

the FRAP and DPHH methods is similar (Methanol > Etha-

nol > Ethyl acetate > Acetone > Acetonitrile).

CUPRAC is a method based on the reduction of Cu (II) 

to Cu (I) with present antioxidants in a sample. Simple su-

gars and citric acid, which cause interference in the FRAP 

method, are not oxidized by the CUPRAC reagent [31]. It 

is fast enough to oxidize thiol-type antioxidants. In the 

method, Trolox standard calibration graphic was designed 

with six different concentrations of the standart (Fig. 4). μM 

TEAC values of each algae extract prepared with different 

solvents were calculated bases on values of the calibration 

graphic. However, values (μM TEAC) of CUPRAC antioxi-

dant activity test of the algal extract were measured in each 

solvents that are ethanol (0.101 μM), acetone (0.098 μM), 

methanol (0.085), ethylacetate (0.079 μM), and acetonitrile 

(0.041 μM) (Fig. 5). Methanol solvent extracts showed the 

highest antioxidant activity in DPPH• and FRAP methods, 

while its activity value in CUPRAC method was significant. 

Safafar et al. [10] pointed out methanol is the most preferred 

solvent in terms of antioxidative power compared to others.

CONCLUSION

It has been shown that Microspora sp. has antioxidant 

activity in three antioxidant activity assay methods. Ho-

wever, each of the five different solvents extracts have an-

tioxidant activity In DPPH• and FRAP antioxidant assay 

methods showed the highest and lowest values of antioxi-

dant activity in methanol extract and the acetonitrile ext-

ract respectively. While the lowest value of CUPRAC test 

is determined in acetonitrile extract as in the other tests, 

highest value is measured in ethanol extract as different 

from the others. Further studies should be undertaken on 

the identification of others biological activities of the alga 

Microspora sp and other freshwater algae in order to de-

termine their potential use in the food and drug industry.
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In the first years of previous century, J. von Neu-

mann [13] and M. H. Stone [12] investigated the 

theory of selfadjoint extensions of linear densely de-

fined closed symmetric operators in a Hilbert spaces. 

Applications to scalar linear even order symmetric 

differential operators and description of all selfadjo-

int extensions in terms of boundary conditions were 

done by I. M. Glazman in his seminal work [5] and 

by M. A. Naimark [10] in his book. In this sense the 

famous Glazman-Krein-Naimark (or Everitt-Krein-

Glazman-Naimark) Theorem in mathematical lite-

rature should be noted. In mathematical literature 

there is another so-called Calkin-Gorbachuk method 

(see [6], [11]).

Our motivation in this paper originates from the 

interesting researches of W. N. Everitt, L. Markus, A. 

Zettl, J. Sun, D. O'Regan, R. Agarwal [2], [3], [4], [14] 

in scalar cases. Throughout this paper A. Zettl's and J. 

Suns's view about these topics is to be taken into consi-

deration in [14]: A selfadjoint ordinary differential ope-

rator in Hilbert space is generated by two things:

(1) a symmetric (formally selfadjoint) differential 

expression; 

(2) a boundary condition which determined sel-

fadjoint differential operators.

Article History: 
Received: 2018/02/14
Accepted: 2018/08/12
Online: 2019/01/31

Hittite Journal of Science and Engineering, 2019, 6 (1) -

ISSN NUMBER: 2148-4171

DOI: 10.17350/HJSE190300001

Selfadjoint Singular Quasi-Differential Operators of 
First Order 
Zameddin I. Ismailov1         Pembe Ipek Al2

Correspondence to: Pembe Ipek Al, 
Karadeniz Technical University, Institute of 
Natural Sciences, 61080, Trabzon, Turkey
E-Mail: ipekpembe@gmail.com
Phone: +90 542 253 66 20

And also for a given selfadjoint differential operator, 

a basic question is: What is its spectrum?

In this work, in Section 3 the representation of all 

selfadjoint extensions of a symmetric quasi-differential 

operator, generated by first order symmetric quasi-dif-

ferential expression in the weighted Hilbert space of 

vector-functions defined at the right semi-axis in terms 

of boundary conditions have been described. In Section 

4, the structure of spectrum of these selfadjoint extensi-

ons is investigated.

STATEMENT OF THE PROBLEM

In the weighted Hilbert space 2 , ,wL H a  where H
is a separable Hilbert space and , we will consi-

der the following quasi-differential expression given 

by

' .
t

l u i u t Au t
w t

 

 Here

(1) ,  : , 0, ,w a
(2) , , ,w C a

(3) 2 ,
a

w s
ds

s
(4) :A D A H H  is a selfadjoint operator.
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In this work, using the Calkin-Gorbachuk method firstly all selfadjoint extensions of the 
minimal operator generated by first order linear singular quasi-differential expression 

in the weighted Hilbert space of vector-functions on right semi-axis have been described. 
Lastly, the structure of the spectrum set of these extensions has been investigated.
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On the other hand, it is clear that for any ,f H  
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Consequently, 0 dim ker dim .n L L iE H  This 

completes the proof.

As a result, the minimal operator 0L  has at least one 

selfadjoint extension (see [6]).

In order to describe these extensions we need to ob-

tain the space of boundary values.

Definition 3.2 [6] Let  be any Hilbert space and 

:S D S  be a closed densely defined symmetric 

operator in the Hilbert space  having equal finite or 

infinite deficiency indices. A triplet 1 2 ),( ,H  where H  is 

a Hilbert space, 1  and 2  are linear mappings from 
*D S  into H , is called a space of boundary values for

the operator S  if for any 
*,f g D S

* *

1 2 2 1

, ,

, ,

S f g f S g

f g f g
H H
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then the differential-operator expression .l  is formally 

symmetric.

The minimal 0L  and maximal L  operators correspon-

ding to differential-operator expression in 2 , ,wL H a  can 

be defined by using the classical techniques (see [7]).

On the other hand one can easily see that

2 2

0

, ,  : , ,  ,

: 0 .

w wD L u L H a l u L H a

D L u D L u a u

DESCRIPTION OF SELFADJOINT EXTENSIONS

In this section using the Calkin-Gorbachuk method we 

will investigate the general representation of all selfadjo-

int extensions of the minimal operator 0L .

First, let us prove the following assertion.

Lemma 3.1 The deficiency indices of the minimal ope-

rator 0L  in 2 , ,wL H a  are in form

0 0, (dim ,dim  ).n L n L H H

Proof.  For the simplicity of calculations it will be ta-

ken A=0. It is clear that the general solutions of differential 

equations

' 0, 
t

i u t iu t t a
w t

can be given as

2

1 , , .
t

a

w s
u t exp ds f f H t a

t s
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Lemma 3.3 The triplet 1 2 )( , ,H ,

1 1

2 2

1: , ,
2
1: , 
2

, 

D L H u u u a

D L H u u u a
i

u D L

is a space of boundary values of the minimal operator 0L
in 2 , a,wL H  .

Proof. For any ,  ,u v D L ,

2 2

2

2

2 2

, ,   , ,

'

, ,

'

, ,

' '

, , , ,

'

'

'

, ,

,

,

, ,

,

,

,

w w

w

w

w w

L H a L H a

L H a

L H a

L H a L H a

a H

a H

H
a

Lu v u Lv

i u Au v
w

u i v Av
w

i u v u i v
w w

t
i u t v t w t dt
w t

t
u t i v t w t dt

w t

i u t v t d '

1 2 2 1

,

, '

 , ,

, , .

H
a

H
a

H H

H

t u t v t dt

i u t v t dt

i u v u a v a

u v u v
H

Now for any given element , f g H  one can find the 

function u D L  such that

1

2
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2
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From this it is obtained that / 2u ig f

and / 2u a ig f .

If we choose the function u(.) as below

1 1  / 2

1 / 2

a t

a t

u t e ig f
t

e ig f
t

.

then it is clear that u D L  and 1 2, u f u g .

The following result can be established by using the 

method given in [6].

Theorem 3.4 If L  is a selfadjoint extension of the 

minimal operator 0L  in 2 , ,wL H a , then it is generated

by the differential-operator expression .  l  and boundary 

condition

,u a W u

where :W H H  is an unitary operator. Moreover, the 

unitary operator W  in H  is determined uniquely by the 

extension L , i.e. WL L  and vice versa.

Proof. It is known that all selfadjoint extension of the 

minimal operator 0L  are described by the differential-ope-

rator expression .l  with boundary condition

1 2 0,V E u i V E u

where :V H H  is an unitary operator. Therefore from 

Lemma 3.3 we obtain

0, .

V E u u a

V E u u a u D L

From this, it is implies that

.u a V u

Choosing W=-V in last boundary condition, we have

.u a W u

THE SPECTRUM OF THE SELFADJOINT 

EXTENSIONS

In this section the structure of the spectrum set of  the 

selfadjoint extensions of the minimal operator 0L  in 
2 , ,wL H a  will be examined.

Theorem 4.1 The spectrum of any selfadjoint extensi-

on WL  is in form
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Therefore in order to WL  the necessary and suf-

ficient condition is
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Since the operator 2
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 is an isometric 

operator, then 1 .
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This completes the proof.

Remark 4.2 Note that the similar problems in different 

singular multipoint cases in the corresponding direct sums 

of Hilbert spaces of vector-functions have been investigated 

in [1], [8], [9].
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ew crosslinked derivative of chitosan was prepared by the condensation reaction of
chitosan (CS) and dichloro glyoxime.

was performed by elemental analysis (C, H, N), SEM measurements, FT-IR, solid-state 
13C CP/MAS NMR, XRD-powder and TGA. Crosslinking ratio was determined from the 
elemental analysis by using the C/N and found to be 70%. The swelling behavior of 
derivative was investigated on pH 3-7 and 10 at 25 and 37°C. Metal ion uptake capacity was 
studied towards of selected transition metals Cu(II), Ni(II), Co(II), Fe(II) and (Cd(II)  
cations in aqueous medium. According to the results of the analyses; water retention 
capacity and metal uptake capacity of new cross-linked chitosan derivative is higher than 
chitosan and metal uptake sequence are Cu(II) > Fe(II) >Cd(II) > Co(II) > Ni(II) 
respectively
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Crosslink; Chitosan; Swelling; Metal-ion uptake



M
.T

im
ur

 / 
H

itt
ite

 J 
Sc

i E
ng

, 2
01

9,
 

(
) 

–



0m
a C N C N

DS
n

a

Table 1. Operating conditions of the gas turbine power plant at -1 °C

%C %H %N C/N DS a n

CS 40.95 6.96 7.41 5.53

CSL 39.67 6.63 7.46 5.31 72.11 2 7
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Table 2. The values of percent swelling of CSL at different temperature 
and pH.

25°C 37°C

pH 3 pH 7 pH 10 pH 3 pH 7 pH 10
CSL
(S%) 86.4 99.6 128.3 99.2 101.0 158.8
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Magnesia-carbon (MgO-C) refractories contain 

about 12–18% total carbon. The primary sour-

ce of carbon in magnesia-carbon refractories is grap-

hite. Magnesia−carbon (MgO−C) refractory is exten-

sively used in basic furnace and electric arc furnace 

due to its desirable properties that are obtained by the 

presence of graphite used as a carbon source. Some 

of the desirable properties of MgO-C refractories 

are: high refractoriness, no low melting phase occurs 

between MgO and C, high melting point, the excel-

lent thermal shock resistance, low thermal expansion, 

high thermal conductivity, low elasticity, high corro-

sion resistance by less slag penetration and wettabi-

lity with a molten metal.  However, the spalling and 

pore generation by the oxidiation of graphite caused 

deteriorations in mechanical and thermal properties 

of the MgO−C refractories [1-3].

These refractories have excellent corrosion resis-

tance due to the low wettability of carbon by the slag, so 

the service life of the MgO–C bricks increases. However, 

after the oxidation of carbon at high temperatures, the 

slag can penetrate into the structure of magnesia–car-
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bon brick because it is destroyed. Therefore, antioxi-

dants such as metals, compounds or alloys are added to 

prevent oxidation of carbon [4].

Corrosion can be identified as debonding and the 

destruction of the bond liquid glass together with the 

chemical dissolution of all phases of the refractory, sub-

sequent physical fragmentation [5].

The vast quantity of waste tires is a serious envi-

ronmental problem of our age. In the European Union 

countries, the amount of used tyres was estimated at 3.6 

million tonnes in 2013 and about 4 million tonnes of 

used tyres were generated in the U.S.  in 2015. A syste-

matic approach for the recycling and reuse of waste 

tyres should be handled around the world because they 

are a source of great potential for valuable chemicals, 

materials, and fuels [6-7].

Waste tyres are primarily made up of carbon black, 

natural rubber (NR), and synthetic rubber (SR) [8]. 

Pyrolysis is a useful method for the recovery of waste 

tyres to produce three potentially useful products (oil, 

A B S T R A C T

In this study, corrosion behaviours of MgO-C refractories by incorporating different bind-
ers as phenolic resin and pyrolytic liquid obtained by waste tire pyrolysis were investigated. 

Moreover, the effect of porosity on the corrosion resistance of those refractories according to 
types of binders was examined. The microstructures of corroded MgO-C refractories were 
characterized by Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Ana-
lyser (EDX). The results showed that K1 refractory produced with only phenolic resin had 
the lowest amount of porosity (1.37%) and K2 refractory produced by the use of pyrolytic 
liquid had the highest amount of porosity (5.37%) due to lower binder effect of pyrolytic 
liquid. According to the results, the refractories produced by the use of pyrolytic liquid had 
higher porosity and lower corrosion resistance than that of refractories produced by incorpo-
ration of phenolic resin as a binder. 
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liquid in K3 were used as binder(s). Then those shaped 

samples were tempered in Nabertherm N11/R ash furnace 

at 250 °C for 3 hours with of 5°C/min heating rate. 

Three parts were cut and, waited in water about 24 ho-

urs in room temperature for each in order to determine the 

density and open porosity values by Archimedes principles.

In order to determine the interaction of the blast fur-

nace slag with MgO-C composite refractory materials, cor-

rosion tests were performed in two ways according to the 

ASTM C621-09 standard:

• In the first one, the hole (diameter: ~ 20 mm,

depth: ~ 20 mm) was drilled on top of 50 mm×50 mm×50 

mm square prism shaped refractories. Then, 4 g (D100 <

63 μm) blast furnace slag was put into those holes and,

static corrosion tests were performed for 3 hours at 1450

°C under argon atmosphere using 10 °C/min of heating

and cooling rates.

Using the SEM-Mapping analysis with backscattered 

electron images at 1000x magnification, characterization of 

the microstructures of those corroded samples was perfor-

med in the regions including: i) Zone 1 (close to slag) where 

the blast furnace slag started to penetrate into refractories, 

ii) Zone 2 that was the middle region between the slag and

refractory, and iii) Zone 3 (close to refractory) where the

blast furnace slag penetration into refractories was finished.

Furthermore, elemental analysis was examined by Energy

Dispersive X-Ray Analysis (EDX).

• Secondly, 4 g blast furnace slag was placed at the 

gas, and char) [9]. The pyrolytic oil can be used directly or 

added to fuels. The gas has enough energy for the pyrolysis 

process itself, and the solid product (char) can be used as 

a solid fuel, carbon black or upgraded to produce activated 

carbon or other carbon products [10]. 

Although phenolic resin binder is used in very low amo-

unts, it is a very important ingredient for the refractory body. 

Due to its sticky structure, it holds raw materials together. 

Through the curing process which is usually below 300 ºC, 

the binder in the shaped refractory is transformed into a so-

lid state with a macromolcular network structure. In higher 

temperatures at which refractory is fired, the cured phenolic 

resin binder is transformed into a rigid carbon skeleton [11]. 

Waste tyre derived pyrolytic liquid is a complex mixture of 

aromatic and aliphatic compounds and it can be a carbon 

source for the refractory body.

In the present study, the effect of pyrolytic liquid obta-

ined by waste tire pyrolysis on corrosion behaviours of the 

MgO-C refractories was investigated. The refractory samp-

les were produced by incorporating two different binders as 

phenolic resin and pyrolytic liquid. The effect of porosity on 

the corrosion resistance of those refractories according to 

types of binders was examined. The microstructures of cor-

roded MgO-C refractories were characterized by Scanning 

Electron Microscopy (SEM- FEI NOVANANOSEM 650) 

and Energy Dispersive X-Ray Analyser (EDX - FEI NOVA-

NANOSEM 650).

MATERIAL AND EXPERIMENTAL 

PROCEDURE

In this study, MgO-C refractories were produced by in-

corporating  flake graphite (10% by weight) into fused 

MgO. Moreover, phenolic resin and pyroytic liquid were 

used as binders. Pyrolytic liquid was produced by pyroly-

sis of waste tire whose particle sizes were between about 

70 μm and 850 μm, at 500°C with 15°C/min heating rate, 

and 0,5 litre/min N2 flow rate.  Density, viscosity, pH, 

and sulphur content values of that liquid were measured 

as 0.95 g/ml, 45.2 cST, 6.7, and 1.56%, respectively. After 

pyrolysis, this liquid product was extracted twice by 10% 

H2SO4 acid in order to provide sulphur removal. After 

this improvement, the density, viscosity, pH, and sulphur 

values were measured as 0.98 g/ml, 351.4 cST, 5.8, and 

%1.08, respectively. 

Raw materials, antioxidant (metallic Al) , novalac (phe-

nolfomaldehyde resin), hexamine ((CH2)6N4), and binder 

solutions  (totally 2 wt.%) were mixed, square prism shaped 

refractories (50 mm×50 mm×50 mm) were produced by 

applying 100 MPa pressure. Graphite was used as a car-

bon source in all refractories. Phenolic resin in K1, only 

pyrolytic liquid in K2, and either phenolic resin or pyrolytic 

Table 1. XRF analysis of blast furnace slag

Oxide (%)

SiO2 37.92

CaO 34.90

Al2O3 11.75

MgO 7.92

MnO 2.06

Fe2O3 1.58

SO3 1.20

TiO2 0.85

K2O 0.76

BaO 0.38

Na2O 0.33

ZrO2 0.06

SrO 0.06

CuO 0.03

P2O5 0.02

Loss of ignition 0.18



centre of the surfaces of refractory materials whose di-

mensions were 10cm×10cm×2cm (length×width×height) 

in order to determine the spreading area of slag on the 

refractory surfaces. Then, the static corrosion tests were 

conducted at 1450 °C for 3 hours with 10 °C/min heating 

and cooling rates under argon atmosphere. The measu-

rements of spreading areas were carried out by Image J 

program [12].

XRF chemical analysis of the blast furnace slag used in 

this study were given in Table 1.

RESULTS AND DISCUSSION

Images of 5cm×5cm×5cm square prism shaped and cor-

roded MgO-C refractory samples at 1450 °C in argon at-

mosphere are given in Figure. I. Different binder types 

were used in MgO-C refractories: only phenolic resin in 

the K1, only pyrolytic liquid in K2 and either phenolic 

resin or pyrolytic liquid in K3. Graphite was used as a 

carbon source in all refractory samples. The light colou-

red area seen in the cross-sectional view of all refractory 

materials indicated the slag material (Fig. 1).

The penetration distance of the blast furnace slag into 

the refractory could not be measured due to the lack of colo-

ur contrast in the images (Fig. 1).

Microstructures of those materials were analyzed by 

the SEM, and also, the corrosion effects were interpreted 

according to EDX analysis, elemental distributions, and 

microstructural changes (Fig.2).

According to EDX analysis results (Table 2), for K1 

refractory material generally the amounts of Ca, Si, and 

Al were higher in Zone1 than other zones. More amount 

of carbon and less amount of magnesia in the regions near 

the slag were observed in K2 than K1. It was thought that 

magnesite material more and more dissolved in the slag for 

K2 refractory material and also, it was more affected by the 

slag due to slag penetration into the porosities. Also, similar 

to K1, in general, the amounts of Ca, Si, and Al were high 

in Zone1 according to EDX analysis results (Table 2) for K2 

and K3 refractories. Those results confirmed the result of 

the chemical analysis of the slag (Table 1).

When going to the Zone3, which was close the ref-

ractory, from Zone1, which was close to slag, the amount 

of Mg was generally increased and the amounts of C, Ca 

and Si were generally decreased for the K1 sample (Figure 

2 and Table 2). Ca could be either impurity in MgO or at 

high amount in the slag. Mg element referred to the pe-

riclase phase which was the main matrix of refractories. It 

was thought that more magnesite grains were dissolved by 

the influence of the slag than carbon grains, and then the 

amount of carbon increased in percentage in Zone1. Furt-

hermore, it was seen that the slag concentrated especially on 

the thin and medium sized MgO grains and affected those 

grains (Fig. 2a-2c).

In the microstructure images of K1, little amounts of 

Ca, Si, and Al elements, which were at high amount in the 

slag, located in regions where the dark gray carbon grains 

were present.  It was also seen that there were more amo-

unts of porosities in the structure due to the dissolution of 

the magnesite grains into the slag for Zone1 (close to slag) 

and Zone2 (between refractory and slag) than the Zone3 

(close to refractory).

K2 refractory material that was produced by incorpo-

ration of pyrolytic liquid as a binder had more porosities and 

Figure 1. The cross-sectional view of 5cm×5cm×5cm square prism 

shaped and corroded MgO-C refractories: a) K1, b) K2 and c) K3

Figure 2. Back scattered electron images of corroded MgO-C 

refractories (1000×) a)K1-Zone1, b)K1- Zone 2, c)K1- Zone 3, d)K2- Zone 

1, e)K2- Zone 2, f)K2- Zone 3, g)K3- Zone 1, h)K3- Zone 2, i)K3- Zone 

3, P:Pores

Table 2. SEM/EDX analysis of MgO-C refractories

Composition Mg C O Ca Si Al Fe

K1

Zone 1 45 25 7 10 6 3 3

Zone 2 51 21 8 8 5 4 3

Zone 3 62 13 9 6 3 5 2

K2

Zone 1 35 13 11 14 21 5 1

Zone 2 43 11 12 13 16 4 1

Zone 3 69 9 11 3 3 4 1

K3

Zone 1 43 23 7 13 9 4 0

Zone 2 50 17 11 9 7 3 2

Zone 3 59 15 9 5 3 7 2



microcracks because the pyrolytic liquid could not bind the 

structure as the resin did. Also, Ca and Si elements (indi-

cated with light colour), which were at high amount in slag, 

were also observed in the graphite regions meaning that ref-

ractory was affected by slag more than K1 (Fig. 2d-2f). The 

slag concentration especially on the thin and medium sized 

MgO grains and its influence on those grains were observed.

Generally  MgO contents decreased whereas slag phase 

content increased similar to results of the work of Zhang 

and Lee. Oxidation of carbon and dissolution of MgO in the 

slag were the main factors for corrosion of MgO–C refrac-

tories. [13].

According to SEM microstructure images of K3 after 

corrosion test (Fig. 2g-2i), either thin or medium sized or 

bigger sized magnesia grains were affected by slag, and also 

microcracks were observed. The slag located in porosities 

and grain boundaries of magnesite and carbon grains in the 

structure.

When K2 and K3 materials were examined after cor-

rosion test, from Zone1, which was close to slag, to Zone3, 

which was close the refractory, the amounts of Mg was ge-

nerally increased, and the amounts of C, Ca, and Si were ge-

nerally decreased. In this case, when the graphite was used 

as a carbon source, the slag mainly affected the magnesite 

grains.

Images of refractory materials subjected to corrosion 

tests in argon atmosphere in order to determine the spre-

ading areas of blast furnace slag on refractory surfaces are 

given in Fig. 3.

In general, the spreading area values of slag on the ref-

ractory surfaces decreased as the amount of porosities in the 

refractory materials decreased (Fig. 3 and Fig. 4). As the dec-

rease of the amount of porosity and the pore size leaded to 

the increase of the corrosion resistance, and it was determi-

ned that porosity was an important parameter affecting the 

corrosion resistance. Also, for refractory materials, which 

were produced by incorporation of phenolic resin as a bin-

der, more dense structure was formed due to better binding 

property of phenolic resin.

CONCLUSION

When pyrolytic liquid was used in MgO-C refractories 

as a binder, microcracks and porosities were formed in 

the structure because of its less binding property than 

that of resin.

When the spreading areas of slag on the refractory 

surfaces were examined, it was found that as the amount of 

porosity in the refractory materials decreased, the spreading 

area values of the slag on the refractory surfaces decreased, 

as well.

In the present study, the use of pyrolytic liquid product 

alone could not show a sufficient effect on corrosion resis-

tance of MgO-C refractories. Therefore, it was suggested 

to use pyrolytic liquid by mixing it with phenolic resin at 

different ratios.
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Metal-semiconductor (MS) or Schottky struc-

tures, which form the basis of semiconductor 

base circuit elements, formed by the tight contact 

of metal and semiconductors instead of a semicon-

ductor-semiconductor junction as in typical diodes 

constructed by p-type and n-type semiconductors 

(PN junction) in contact. In metal-semiconductor 

structures, typically used metals are gold (Au), silver 

(Ag), platinum (Pt), tungsten (W), aluminium (Al) 

and molybdenum (Mo) and semiconductors are gal-

lium arsenide (GaAs), zinc selenide (ZnSe), cadmium 

telluride (CdTe) besides mostly used Silicon (Si). The-

se structures can respond quickly to the transitions 

between conductivity and insulator states at high fre-

quencies and become widespread in production and 

use in the semiconductor industry due to their signi-

ficant advantages. The voltage drops across PN and 

Schottky junctions are approximately between 0.6 
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- 1.7 volts and 0.15 - 0.45 volts, respectively. The typi-

cal current - voltage (I-V) curve of Schottky structure 

and 3D figure of interfacial layered MS structure is

given in Fig. 1.

The lower voltage drop of Schottky diode can pro-

vide fast switching and also very low switching time. 

Besides, low power consumption, negligible storage 

time, rapid response to a change in biases are the other 

advantages of these structures. These fast switching de-

vices are used in various electronics applications, such 

as AC to DC (ADC) converters, clamping and clipping 

circuits, switch mode power supplies, digital computers, 

mixer and detectors, etc. As a result of this widespre-

ad use, many theoretical and experimental researches 

have been made on MS and interface-layered metal-

insulator-semiconductor (MIS) structures [1-4]. Metal-

polymer-semiconductors (MPS) and metal-ferroelect-

A B S T R A C T

Today, there are fairly large number of theoretical and experimental studies on metal-
semiconductor structures or Schottky structures which formed by a tight contact of the 

metal and semiconductor. Having different physical, chemical and electrical properties many 
materials have been used to produce metal-semiconductor structures with and without in-
terface layer from past to present. The distinctive properties which are not exist at other 
diodes, open for improvement and widespread use of electronic technology has led scientists 
to make studies on the metal-semiconductor structures. Considering the scientific studies on 
metal-semiconductor structures, the examination of the metal-semiconductor and the metal-
semiconductor with interfacial layer structures, the observation of its progress over time and 
the statistical analysis of academic studies in this area in Turkey have been made in this study. 
The analysis of the academic studies which are scanned in Web of Science database and made 
in Turkey were performed with data mining by using automated data collection methods 
and SQL Server Management Studio program. The statistical analysis results show that the 
academic studies made for every type of MS structure in Turkey increase for almost every 
year. Considering the academic studies conducted in 2018, the studies on MS and MPS have 
reached the highest level in all years with 118 and 13 publications. The last five years rate of 
the number of publications form nearly %45 of all-time publications and the academic stud-
ies made for every type of MS structure in Turkey increase for almost every year.
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Metal-Semiconductor; Interfacial Layer; Schottky Structures; Academic studies; Statistical analysis
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also regulating charge transitions [5-7].

The electrical properties of MPS and MFS / MFIS 

structures are similar to those of MIS structures in case of 

the interfacial characteristics between the metal semicon-

ductors, the formation of the insulator / polymer interface 

layer, the homogeneity at the Schottky barrier height and 

the series resistance [4]. The quality of the insulating / orga-

nic / ferroelectric layer between the semiconductor surface 

and the metal semiconductors also significantly affects the 

diode performance. Attention should be paid to the choice 

of materials with a high dielectric constant, a surface passi-

vation, controlled current conduction mechanism, and the 

least leakage current as the interface layer [8,9]. The materi-

als with these properties are SiO2, TiO2, SnO2 and Si3N4 

for insulating materials, and poly-indole, poly-aniline and 

polyvinyl alcohol (PVA) for organic materials which has 

been subjected to many studies in chemistry [10-12]. Orga-

nic semiconductors have been preferred as interface materi-

als in many recent studies to modify the electrical proper-

ties of MS structures [13-16]. The most important reasons 

for choosing organic semiconductors are high cost, flexible 

and twistable structure, high loss ratio and high nonlinea-

rity. Beside MS structures, with these important properties 

organic semiconductors are widely used in electronic and 

optoelectronic applications such as organic field effect tran-

sistors (OFET), organic light emitting diodes (OLED), solar 

cells, etc., [16].

MFS and MFIS structures have been extensively in-

vestigated towards the end of the 1950s in order to acquire 

field-effect transistors (FETs) by directly growing a variety 

of ferroelectric materials on Si or by adding a dielectric la-

yer [17-19]. Due to their remarkable physical properties, re-

searches on ferroelectric materials have been increased in 

the last decade. FeRAM (ferroelectric random-access me-

mories) developed with ferroelectric thin films can store 

information without needing a stable memory unit [20]. A 

typical ferroelectric material, bismuth titanite (Bi4Ti3O12), 

is preferred over piezoelectric, optical memories, FeRAMs 

and electro-optical devices [21,22]. Due to the incompatibi-

lity in the formation of MFI structures, which are types of 

MOS structures, thin insulating layers are added to BTO / Si 

interfaces by natural or artificial oxidation method to form 

MFIS structures. It is known that the ferroelectric layer in 

the MFIS structure gains memory property to the MOS ca-

pacitor [23,24].

There are many reasons for researchers to make new 

researches on MS structures. For instance, it is possible to 

use a wide range of interlayers and doping materials, such as 

many metals with different percentages, which are able to 

increase the conductivity of interlayers. Thanks to this cha-

racteristic diversity, it is possible to develop a structure that 

ric-semiconducting or metal-ferroelectric / insulator-semi-

conducting (MFS/MFIS) are obtained when a polymer and 

ferroelectric material is used as an interface layer between 

the metal and the semiconductor. A thin layer of insulator, 

polymer, ferro-electric grown by different methods between 

the metal and the semiconductor isolates the metal from the 

semiconductor and regulates the load transitions between 

them. Solid-liquid phase separation, self-assembly, template 

synthesis and electrospinning are the most used methods to 

grow the thin interlayer between metal and semiconductor.

The first rectification with MS diodes was performed 

by Braun in 1874 using metal point contacts on lead sulphi-

de and ferrite sulphide semiconductors [2]. The developed 

shape of these contacts is Schottky barrier diodes (SBDs) 

which have a vacuum between the metal and the semicon-

ductor, and the contact potential and the current distribu-

tion is homogenous in the junction region. Afterwards, the 

calculation of the barrier between the metal and the semi-

conductor has been independently proved by Schottky and 

Mott [1]. The behaviour of the contacts formed in relation 

to the character of the MS interface occurs in two forms, 

Schottky or rectifier contact and ohmic contact. The mo-

tion of electrons in the created contacts also determines 

the contact states. In both MS and MIS type structures, 

the "rectifier contact" state occurs, if the electron motion 

in one direction is quite easy at low potential barrier height 

(forward biases), and it becomes very difficult by increasing 

potential barrier height (reverse biases) at reverse direction. 

The ohmic contact states occurs while the electrons can 

move freely in both directions.

Metal-Insulator-Semiconductor (MIS) structures are 

obtained by using natural methods or by forming an insu-

lating layer between metal and semiconductor layers by ar-

tificial oxidation method. If the thickness of this insulating 

layer is about 100-200 Å, it is called as MIS structures and 

above these values it is called as metal oxide semiconduc-

tors (MOS) structures or capacitors. Unlike MIS structures, 

MOS structures usually exhibit capacitor properties due to 

the thickness of the interface layer. In other words, instead 

of transmitting loads MOS structures store loads and this 

means they store huge amount of energy. Generally, compo-

unds such as silicon dioxide (SiO2) and tin-dioxide (SnO2) 

utilize as insulators between metal and semiconductors, 

isolating metal and semiconductors from each other and 

Figure 1. The I-V characteristics of Schottky structure and the 

structural view of the interfacial layered MS structure.



emerges to the ideal case and improves its performance. On 

the other side, new methods can be developed to control the 

growth and assembly of nanostructures to further improve 

the development of metal and semiconductor nanostructu-

res. At the same time, in addition to isolated metal or semi-

conductor nanostructures, they can also be combined with 

super or hetero structures, resulting in many new features 

that differ from the characteristics of the main components 

through interactions such as charge and energy transfer. 

Considering these significant properties, the area of metal-

semiconductor structures is open for improvement and the 

academic studies on these structures in Turkey are increa-

sing every year. Especially in recent years, many academic 

studies have been added to the literature on MS, MOS, MPS 

and MFS / MFIS structures with both MS and interface 

layers [25-29]. The aim of this study is to examine the MS 

structures and the statistical distribution of the data obtai-

ned from the academic studies on MS structures in Turkey 

for finding out the increasing rate of the studies, their pub-

lication years and the most focusing area of MS structures. 

Automatic data collection methods were used to obtain data 

from the Web of Science database and statistical analyses 

were performed with the SQL server management studio 

program. The increment of the academic studies on distinct 

types of MS structures every year indicates the interests of 

the researchers in Turkey to this area.

MATERIALS AND METHODS

Depending on the data in the Web of Science databa-

se, automatic retrieval of information is done by a data 

retrieval method that uses a data collection program to 

periodically read the table when any new data is placed. 

Through the program, each new data search is checked 

whether predetermined criteria are met. Here, the pre-

determined criterion is the existence of word sequences 

which are included in publications at Web of Science da-

tabase such as "Metal Semiconductor" or "MS Structu-

re", "MIS Structure" OR "Metal Insulator Semiconductor". 

In addition, if the program meets the criteria, it starts a 

data retrieval by performing a web-based search based on 

the data. If the criteria are not met, the program will not 

perform data retrieval [30]. Data retrieval from the Web 

of Science database and statistical analysis with the SQL 

server management studio are done through the logic of 

the study of Automatic Data Collection Method. The sta-

tistical distributions of the studies on the MS structures 

and the analysis values of the data were transferred to 

Excel Power Pivot and the analysis results were displayed.

Keywords focused on the study are entered in the Web of 

Science database as all possible word sequences for MS, 

interface layered MIS, MPS, MOS and MFS/MFIS struc-

tures in order to avoid bypass any publication in this area.

RESULTS AND DISCUSSION

Many electronic circuits and devices use the MS in-

terface as Schottky contacts or as ohmic contacts. MS 

structures, which have been developed in the past as 

microwave diodes and radar and radar detectors, are now 

widely used in many areas, such as solar cells, varactors 

and switching circuits, metal-semiconductor field effect 

transistors (MESFETs). The factors that lead the researc-

hers to study on MS structures can be explained as it is 

an open for improvement area by forming different ma-

terials and structures and the expansion of its application 

field is consistently increasing.

Many scientific researches and academic studies have 

been made in Turkey over the past decade. The distribution 

of the number of academic studies scanned in Web of Sci-

ence database on MS structures in Turkey by years is pre-

sented in Fig. 2.

Especially in the last decade, the increment rate of the 

number academic studies on MS structures in Turkey can 

clearly be seen in Fig. 2. The academic studies on MS struc-

tures in Turkey reaches the highest level in 2014 and 2015 

and it is expected to increase in the future as well when con-

sidering the interest given to this area. It can be predicted 

that, the increase in the number of researchers and their 

co-operations and the examinations of different types me-

tal and semiconductor structures due to various parameters, 

such as temperature, frequency and radiation, are the rea-

sons of this increment between 2014-2015. When an insula-

ting layer is added between the metal semiconductors, MIS 

structures are formed, and it is known as MPS and MFS / 

MFIS structures when organic polymers and ferroelectric 

materials are used as an interface layer. The distribution of 

the number of Web of Science database indexed academic 

studies in Turkey on MIS, MPS and MFS/MFIS structures 

by years is given in Fig. 3.

As clearly seen in Fig. 3, until the last five years there 

has not been any academic studies made in Turkey on MPS 

type structures. However, even if a small number of acade-

mic studies has been made in this area it was later unco-

vered that the polymer interface layer enhanced the quality 

Figure 2. Distribution of the number of Web of Science database 

indexed academic studies on MS structures in Turkey by years.
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and performance of the MS structures. The increment of 

the polymer materials usage at semiconductor technology 

in recent years indicates that the academic studies on these 

structures will increase in the following period. On the ot-

her hand, although ferroelectric materials are used as inter-

faces at MS structures earlier than polymer materials, it is 

observed that ferroelectric materials are less preferred than 

polymer materials as an interlayer. As mentioned earlier, the 

addition of an insulator interface layer between the metal 

and the semiconductors, such as natural or thermal oxida-

tion, forms MIS and MOS type structures. If the thickness 

of the insulator layer which isolates the metal and semicon-

ductor layers is less than 100 Å, MIS type structure are for-

med otherwise it will be MOS type structure. The statistical 

analyses of the academic studies in Turkey scanned at Web 

of Science database on MOS type structures is presented in 

Fig. 4.

The number of academic studies made on MOS struc-

tures has lagged behind the number of academic studies 

made on the MIS structures in Turkey. This situation may 

be explained by the availability of compounds such as sili-

con dioxide (SiO
2
), tin-dioxide (SnO

2
) as an interface insu-

lating layer and by the fact that diode production capable of 

fast switching is more preferred than capacitor production. 

In order to see and compare clearly, the total number of aca-

demic studies indexed in Web of Science database for every 

type of MS structure are presented in Table 1. On the other 

hand, the number of academic studies on MS structures 

were comparatively analysed in the world and in Turkey in 

previous article [31]. According to this research, approxima-

tely 5% of the total publications in the world indexed in Web 

of Science database on MS structures are from Turkey. This 

rate was 4% for MIS structures, 29.4% for MPS structures, 

3% for MFS / MFIS structures and 1% for MOS structures 

[31]. The rates here indicate that MPS type structures have 

been considerably attracted in Turkey in recent years. This 

information is supported by the results which included 

some leading countries such as USA, China, Russia, India 

and Germany in addition to Turkey. The total number of 

academic studies on with and without interlayer MS struc-

tures by these leading countries and Turkey are given in 

Fig.5.

Referring to Fig.5 and Table 1, Turkey seems to be lag-

ging behind in almost all areas except the MPS structures 

between leading countries of the world. However, when we 

look at the studies on MS, MIS and MFS / MFIS structures, 

it is seen that it has almost the same number of studies with 

the countries except USA and China. The number of publi-

cations on the MPS structures in Turkey appears to be grea-

ter than the number of total publications in all other leading 

countries. This shows that MPS structures are attracted too 

Figure 3. Distribution of the number of Web of Science database 

indexed academic studies in Turkey on a) MIS b) MPS and MFS/MFIS 

structures by years.

Figure 4. Distribution of academic studies by years on MOS structures 

and indexed in Web of Science database in Turkey.

Figure 5. Distribution of the total number of academic studies indexed 

in Web of Science database in all years on with and without interlayer 

MS structures by countries.

Table 1. The number of academic studies indexed in Web of Science 

database on MS and interlayered MS structures in Turkey and some le-

ading countries.

SOME LEADING COUNTRIES ON WITH AND WITHOUT INTERFACIAL LAYER 
MS STRUCTURES

TYPES OF MS 
STRUCTURES USA CHINA RUSSIA INDIA GERMANY TURKEY

MS 9305 6003 1537 2661 3153 1402

MIS 744 530 252 324 242 230

MPS 16 12 1 1 6 38

MFS/MFIS 67 100 6 37 23 18

MOS 5256 2563 255 1094 1026 165



much interest in Turkey. Contrary to this, the studies on the 

MOS structures in Turkey left behind the other leading co-

untries.

CONCLUSION

In the light of the analysis results, it can obviously be seen 

that the academic studies on MS structures increased 

with the years of 2000s and the number of academic stu-

dies has increased almost every year. Comparing with the 

leading countries as USA, China, Russia, India and Ger-

many, the number of publications on MS, MIS and MFS / 

MFIS in Turkey are very close to the number of publica-

tions made in Russia, India and Germany. Meanwhile, in 

comparison with the academic studies on MS structures 

in Turkey, the number of academic studies on MIS, MPS 

and MFS / MFIS structures seem to be considerably less. 

This can be explained by the adverse effects of the in-

terlayer that reduces the MS structure's quality. Another 

reason for the smaller number of academic studies on in-

terfacial layered MS structures is the organic polymers 

usage as an interlayer on MS structures is almost a new 

area. Although polymers have been used as an interlayer 

for a few years, it is also a remarkable situation that the 

number of publications on the MPS structures in Turkey 

appears to be greater than he numbers of total publicati-

ons in all other leading countries. Moreover, the increase 

in the number of academic studies on organic polymers 

used as interfacial layers in MS structures over the last 

five years indicates that the studies on MPS structures 

will increase every year. On the other hand, it is certainly 

known that, as given for some leading countries, there 

are also a lot of researches and academic studies on MOS 

structures around the world. However, in Turkey, the 

number of academic studies scanned in Web of Science 

database on MIS structures are more than the academic 

studies on MOS structures.
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Intelligent hydrogels which are sensitive to an exter-

nal stimulus, such as temperature, pH, light, etc. ra-

pidly change their physical structure (size, shape, so-

lubility etc) in response to the stimulus [1-3]. Thermo-

sensitive hydrogels are among the most widely emp-

loyed intelligent hydrogels. They are characterized 

by their low critical solution temperature (LCST) [4], 

and exhibit a distinct and highly reversible tempera-

ture-triggered behaviour. Poly (N-vinylcaprolactam) 

(PNVCL) is a thermosensitive synthetic polymer with 

a LCST of ~32oC, which is near the range of physio-

logical temperature [5,6]. It is in a swollen state at a 

temperature below the LCST; however the polymer 

networks collapse at temperatures above the LCST. 

Unlike the well-known thermosensitive polymer 

PNIPAM, hydrolysis of PNVCL does not produce to-

xic amide compounds making it attractive for biome-

dical and pharmaceutical applications. 

Collagen as a biodegradable and biocompatible na-

tural polymer is the most abundant structural protein in 

the extracellular matrix (ECM) [7]. Due to its excellent 

properties, there is great interest in using collagen-ba-

sed biomaterials for tissue engineering and regenerati-
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ve applications. However, one of the problems of using 

collagen hydrogels is their poor mechanical properties. 

Collagen can be conjugated with other polymers using 

carbonyl moiety (-C=O), amine groups (-NH
2
/-CONH

2
 

amide bonds), and hydroxyl groups (-OH) as side groups.

The combination of a thermosensitive synthetic 

polymer and a natural polymer (such as, collagen, hyalu-

ronic acid, or fibrin) is defined as a hybrid polymer, and 

may have the potential to produce biomimetic scaffolds 

with desirable mechanical, biocompatibility, and other 

properties. Such hybrids could have potential applicati-

ons in the broad fields of biomedicine [8], biotechnology, 

and tissue engineering [9].

-

-

A B S T R A C T

In this study, a thermosensitive poly(N-vinylcaprolactam)-g-collagen (PNVCL-g-Col) 
hybrid hydrogel was synthesized by conjugation using the NHS/EDC cross-linking sys-

tem, and characterized. At first, the efficiency of in vitro sustained delivery of human vas-
cular endothelial growth factor (VEGF) from the thermosensitive PNVCL-g-Col hydrogel 
modified with heparin, was evaluated for duration of ten days under in vitro physiological 
conditions (37oC, pH 7.4). The results indicated that PNVCL-g-Col hydrogel preserved 
its stability and released ~90% of the loaded VEGF within this time period. In vitro study 
showed that PNVCL-g-Col was basically histocompatible. Then, the in vivo angiogenic 
activity of the VEGF-releasing PNVCL-g-Col was investigated using a subcutaneous rat 
model. In vivo study confirmed that angiogenic-factor-loaded PNVCL-g-Col had the ca-
pacity to induce neovascularization indicating that the in vivo bioactivity of the VEGF was 
preserved in the thermosensitive PNVCL-g-Col.

INTRODUCTION 

Keywords: 
Thermosensitive polymer; Sustained release; Conjugation; Angiogenesis; Hybrid hydrogel; VEGF.



Fabrication of PNVCL-g-Col Constructs

In order to obtain PNVCL-g-Col constructs, the PNVCL-

g-collagen solution was individually dropped onto the 

wells of a 24-well cell culture plate (1 mL/well each) and 

frozen overnight at -80oC. The solidified PNVCL-g-Col 

was then transferred into a freeze-drying vessel (Alp-

ha1-4 LD Plus, Christ, Osterode am Harz, Germany) 

under vacuum (<20 Pa) at -60oC temperature and freeze-

dried for 24 hours. Finally, PNVCL-g-Col hydrogel cons-

tructs were obtained.

ESEM Analysis

Morphology of the lyophilized PNVCL-g-Col construct 

was analyzed by environmental scanning electron mic-

roscopy (ESEM). The samples were coated with a thin la-

yer of gold and analyzed under a (FEI Quanta 200 F FEG) 

environmental scanning electron microscope.

Angiogenic Factor Loading and in Vitro Release 

Study

PNVCL-g-Col hydrogel constructs were incorporated 

with the angiogenic factor, VEGF (from Sigma). Loading 

of VEGF on PNVCL-g-Col was carried out as follows: 

200 μL of heparin (0.5 %) was slowly dropped onto each 

dry PNVCL-g-Col construct and incubated for 2 hours 

at 4oC and then 400 ng of VEGF in 200 μL of PBS with 

1 mg/mL BSA was added dropwise onto each construct 

and incubated overnight at 4oC. Heparin was immobili-

zed by the free carboxyl groups of PNVCL-g-Col copoly-

mer, and then VEGF was bound to heparin, since it is a 

heparin-binding growth factor. All the procedures were 

conducted under aseptic conditions. 

In vitro release of VEGF from thermosensitive PNVCL-

g-Col was performed under static conditions. Briefly, the 

VEGF-loaded PNVCL-g-Col was immersed in 1 mL of 0.1 

M PBS (pH 7.2) and incubated at 37oC. The release medium 

was removed (400 μL) and replaced with fresh buffer at 3, 6, 

9, 12 and 24 h, and at days 2, 3, 7, 10, 14 and 21. The amount 

of released VEGF throughout of the PNVCL-g-Col hydrogel 

construct (n=3) was quantified by an VEGF enzyme-linked 

immunosorbent assay (Thermo-Fisher) using a spectrop-

hotometer at 450 nm. The experiments were performed in 

triplicates.

In Vivo Study

A total of 4 adult male Wistar rats (200-250 grams in 

weight) were used in this study. The animals were expo-

sed to 12 h of light followed by 12 h of dark, temperature 

(24°C) and humidity (50%), were supplied with unlimi-

-

In this study, a novel thermosensitive PNVCL-g-Col 

copolymer was synthesized, and evaluated for its potential 

as a carrier for the sustained release of an angiogenic growth 

factor. The thermosensitive growth factor release was inves-

tigated in terms of the change in the hydrophilic-hydropho-

bic character, gel-forming and swelling properties of the 

hybrid biopolymer. The thermosensitive PNVCL-g-Col 

hydrogel underwent reversible structural transitions from 

a closed state to an open state with the help of external tem-

perature stimuli, giving on-off switches to modulate growth 

factor delivery.

MATERIALS AND METHODS

Chemicals

N-Vinylcaprolactam (NVCL), EDC, NHS, and 3-mer-

captopropionic acid (MPA) were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO, USA). 2,2’-Azoiso-

butyronitrile (AIBN) was supplied from Acros Organics 

(Thermo Fisher Scientific, Geel, Belgium). All other che-

micals and solvents were supplied from either Sigma or 

Merck (Darmstadt, Germany).

Synthesis of PNVCL with Carboxyl End Group

Thermosensitive PNVCL-COOH was synthesized by 

radical polymerization in solution [12]. The mixture of 

monomer NVCL (37.35 mmol), MPA (3.278 mmol) in 50 

mL of pure ethanol was added to a sealed flask. The oxy-

gen was removed from the reaction solution through dri-

ed nitrogen for 20 min. Then, the initiator AIBN (0.304 

mmol) was added to the reaction mixture. Polymeriza-

tion was performed under nitrogen atmosphere at 75oC 

for 8 h. Samples were precipitated in diethyl ether. Upon 

drying in vacuum, the solid was re-suspended in ultrapu-

re water. Then, the solution was dialyzed for 3 days aga-

inst ultrapure water in cellulose membrane tubing (MW 

cutoff 1000 Da), followed by lyophilization.

Synthesis of the copolymer

Collagen (isolated from rat-tail tendon; Sigma) solution 

was prepared in 0.1% acetic acid. Ten milliliter collagen 

solution (1% w/v) was mixed with aqueous PNVCL-

COOH solution. Later, 0.1 mL solution of NHS (0.023 g) 

and EDC (0.0384 g) in ultrapure water was introduced 

(PNVCL-COOH/Collagen; 5:1). The reaction was perfor-

med under constant stirring for 4 h at room temperature.



ted drinking water and food on daily basis for 14 days. 

At implantation, the rats were anaesthetized by Avertin 

(Sigma), their abdominal regions were shaved, swabbed 

with 70% isopropanol and then Wescodyn. Using a sterile 

surgical set-up, the animals were draped and an incisi-

on of ca. 3 cm in length was made on the skin and the 

PNVCL-g-Col constructs (ca. 0.5 g) loaded with 200 μL 

of heparin (0.5 %) and 200 μL of VEGF (200 ng for each 

construct) were placed in the right and left groin fascia. 

The skin was sutured after the addition of 0.1 mL sodi-

um cefazolin antibiotic, and closed using 9 mm wound 

clips (Becton Dickinson, Sparks, MD). The implants were 

carefully explanted with some of the surrounding tissue 

after 14 days, fixed, embedded in paraffin, and analyzed 

by histochemistry.

Statistical Analysis

All quantitative experiments were performed in triplica-

tes. Results were expressed as mean ± standard deviation, 

and evaluated with one-way analysis of variance. Statisti-

cal significance value was set at P < 0.05.

RESULTS AND DISCUSSION

The grafting reaction of the PNVCL-g-Col (Fig. 1(A)) was 

carried out by amidation of the collagen amine groups 

with the acid groups of the PNVCL-COOH, using cross-

linking agents (EDC/NHS) at room temperature. The 

PNVCL-g-Collagen hydrogel constructs with approxi-

mately 15-mm diameter (h=5 mm) were formed using 

the PNVCL-g-Collagen solution in 24 well culture plates 

by the lyophilization method, and stored at room tempe-

rature until further use (Fig.s 1(B) and 1(C)).

PNVCL-g-Col exhibited a phase transition at around 

38oC. The PNVCL-g-Col was transparent below the LCST, 

and became white and opaque due to a higher temperature 

than the LCST (Fig. 2).

The higher thermal transition temperature of PNVCL-

g-Col copolymer when compared with PNVCL-COOH was 

attributed to the increase in hydrophilic groups of the colla-

gen. In connection with the new hydrogen bond formation 

between water molecules and the polar functional groups 

in the collagen, it is necessary to reach higher temperatures 

to remove water from the polymer network. The chemical 

structure and grafting level of the newly-formed copolymer 

directly influence the LCST of the thermosensitive hydrogel 

[13]. Other studies with thermosensitive PNIPAAm have 

shown that the presence of proteins increase the hydrophili-

city of the polymer-protein complex [14].

In vitro VEGF Release

PNVCL-g-Col constructs exhibited repeated and rever-

sible swelling-shrinking behavior in aqueous solution 

depending on environmental temperature. Findings in-

dicate that below the LCST, PNVCL-g-Col copolymer 

was in a swollen state, while above the LCST an insoluble 

white-colored form was generated due to the collapse and 

shrinkage of the PNVCL-g-Col network. Previous studies 

based on the controlled release of bovine serum albumin 

and lidocain from PNVCL-g-Col have shown a release 

behavior in relation to the change in the LCST [15].

The time course of cumulative and daily VEGF relea-

se from PNVCL-g-Col hydrogel was invezstigated at 37oC 

and the results are presented in Fig.s 3(A) and (B), respec-

tively. According to the in vitro cumulative release results, 

an initial burst VEGF release was observed at the first 24 

hours. The release rate slowed down gradually till the end 

of 72 hours. A daily in vitro release rate of ~1000-200 pg/

ml VEGF was obtained; thus this daily dose was later found 

to be sufficient to support neovascularization in vivo. From 

Figure 1. (A) Chemical structure of crosslinked PNVCL-g-Col. (B) Fab-

rication of PNVCL-g-Col scaffold by lyophilization. (C) The fabricated 

scaffolds had dimensions of ~15 mm in diameter and 5 mm in thickness.

Figure 2. Phase-transition behavior of thermosensitive PNVCL-g-Col: 

(A) soluble form below LCST. (B) insoluble form above LCST.



day 4 to 7, VEGF release had at a slow steady-state phase. 

After seven days, release of VEGF from PNVCL-g-Col had 

significantly decreased.

In a study, the VEGF release from a combination of 

poly(lactide-co-glycolide) (PLGA) microspheres embedded 

in PLGA matrix was investigated during one month [16]. 

VEGF release from embedded microspheres was found to 

be 197 ng/ml which was an initial burs,t followed by release 

at a significantly lower amount (1.1 ng/ml) [16]. In another 

study, it was reported that VEGF (2.5 and 5.0 μg) released 

from activated PLGA sponges displayed a burst like release 

(~48% first day) profile at the first 3 days (~72%) and obser-

ved a relatively slower VEGF release later [17].

We used heparin modification, in order to provide a 

suitable binding site for the growth factor; as known, VEGF 

is a heparin-binding growth factor. In another study, hydro-

gels composed of chemically-modified hyaluronan (HA) 

and gelatin were used as for the sustained release of human 

VEGF, in vitro and in vivo [18]. In this particular study, he-

parin was incorporated similarly with the hydrogel for obta-

ining a prolonged and greater angiogenic response.

Apparently, the major factor responsible for the decre-

ase in the diffusion of bioactive agents from a hydrogel is its 

phase transition from the swollen state at low temperatures, 

to the compact state at high temperatures. The morphology 

of the collapsed of PNVCL-g-Col shows a reduced pore size, 

and as a result of this condition free diffusion is prevented 

leading to the slow release of the growth factors at physiolo-

gical temperature. VEGF was not completely released from 

the PNVCL-g-Col hydrogels after 21 days duration. One 

possible reason for this could be the presence of interactions 

between the proteins and the PNVCL-g-Col membranes.

ESEM Analysis

The PNVCL-g-Col demonstrated a distinctly different 

appearance with physical changes evident even at the 

macroscopic level, including the color and rigidity depen-

ding on temperature. The surface and internal morpho-

logy of the PNVCL-g-Col had different microstructure. 

PNVCL-g-Col constructs had a smoother structure with 

lesser pores. (Fig. 4). ESEM of the lyophilized PNVCL-

g-Col construct exhibited a relatively homogeneous and 

ordered structure, highly porous and pores connected 

with each other. Pore structure, size and distribution of 

the hydrogel constructs are known to influence the equ-

ilibrium swelling ratio, the release profile, mobility and 

mass transfer.

In Vivo Study

The in vivo angiogenic effect of the VEGF-loaded 

PNVCL-g-Col construct was evaluated in the Wistar 

rat subcutameous model for control and experimental 

treatment cases, including (i) HA-loaded PNVCL-g-Col, 

and (ii) HA-VEGF loaded PNVCL-g-Col (Fig. 5). In brief, 

signs of significant inflammation were not observed, and 

the polymer conjugates were quite well-tolerated by the 

subjects. Histology showed that the hydrogel was well to-

lerated and could be defined as histocompatible, as also 

Figure 3. (A) Cumulative in vitro release, and (B) daily in vitro release 

of VEGF from PNVCL-g-Col.

Figure 4. SEM micrographs of freeze-dried PNVCL-g-Col: (A) surface, 

(B) cross-section (scale bars= 500 μm).



shown previously [15].

H&E stainings indicated that HA-VEGF loaded 

PNVCL-g-Col scaffold induced in vivo neovascularization. 

The newly-formed vessels could be observed in the H&E 

histology sections retrieved at 2 weeks. This findings sup-

port that the released VEGF from the PNVCL-g-Col had 

preserved its angiogenic activity, which is mandatory for 

neovascularization [19].

CONCLUSION

A thermosensitive PNVCL-g-Col hybrid construct was 

fabricated by chemical copolymerization, and lyophili-

zation. Incorporation of the angiogenic growth factor 

VEGF was successfully achieved. The hybrid hydrogel 

supported in vitro sustained release of VEGF. PNVCL-

g-Col exhibited a sustained release depending on tempe-

rature. The in vivo angiogenic effect was achieved by the 

VEGF-releasing thermosensitive hydrogel as well. This 

hybrid thermosensitive hydrogel may have potential for 

n neovascularization therapies and tissue engineering, in 

the future.
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Co-crystals are made up of two or more molecu-

lar or ionic compounds combining at a cytochi-

ometric rate, having a different crystallographic pat-

tern than the precursor compounds, and being two 

or multi-component molecular crystals [1–3]. Mole-

cules forming them are connected to each other by 

intermolecular interactions such as hydrogen bonds, 

π-π stacking interactions, C-H…π and Van der Wa-

als forces [4,5]. The most preferred methods used in 

the preparation of the co-crystals are precipitation, 

slurry formation, cooling crystallization, grinding, as 

well as the evaporation that is the most common met-

hod. These methods can be applied differently wit-

hin themselves [6–10]. Co-crystals have been widely 

used in the field of pharmacology, cosmetics, agricul-

ture, paint, food, optoelectronic and photonic device 

industries in recent years. A co-crystal usually has 

some different properties than its constituent com-

pounds, such as resolution, crystallization, melting 

point, optical properties, biocompatibility and ther-

modynamic stability [4, 11–14]. In previous studies, 

two new co-crystals composed of benzoic acid deri-

vatives and pyridine derivatives have been reported. 

Many different biological activities of these organic 

ligands and their metal complexes have been inves-

tigated, and these complexes have been proven to be 

more biologically active compounds than free ligands. 

This phenomenon is not only for metal complexes but 
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also for the co-crystals [15, 16].

p-Aminobenzoic acid is one of the B group vita-

mins, having drug property. In addition to vitamin pro-

perties, its antiviral, antioxidant, anticoagulant, fibri-

nolytic, antifungal, sunscreen protective properties are 

known, and it is used in diagnostic tests of gastrointes-

tinal diseases. p-Aminobenzoic acid, one of the anthra-

nilic acid derivatives, is a compound having a group of 

amine and a carboxylate groups attached to the benze-

ne ring. These groups that are involved in its structure 

provide the formation of supramolecular structures by 

non-covalent interactions with heterocyclic rings which 

has aromatic ring nitrogen atoms and amide groups 

[17–19]. The isonicotinamide and pyrazine, which are 

used as co-formers in the formation of the co-crystals, 

have aromatic ring nitrogen atom that can form hete-

rosynthon bonds with p-aminobenzoic acid. In additi-

on, isonicotinamide is an antibacterial, antituberculosis 

compound capable of forming hydrogen bonds with 

oxygen and nitrogen atoms by means of potential donor 

atoms in amide group [20–25]. Pharmacological proper-

ties of pyrazine and its derivatives are also known. The 

increase in pharmacological and pharmacokinetic pro-

perties of co-crystals, in comparison to its constituent 

compounds, leads to an enhancement in the potential 

of its use as a drug. If at least one of the compounds 

forming the co-crystals is an active pharmaceutical 

A B S T R A C T

Two co-crystals of p-aminobenzoic acid with isonicotinamide and pyrazine were prepared
in acetone-ethanol solution by solvent evaporation method in the 1:1 cytochiometric ra-

tio. Their structures were characterized by FT-IR, 1H NMR and 13C NMR spectroscopies, 
powder X-Ray diffraction and differential scanning calorimetry (DSC) method. Both of the 
structures have shown the COOH/N heterosynthon. The thermal stability of the co-crystals 
was investigated by using DSC and it was determinated that the melting points of the co-
crystals 1 and 2 were lower and in-between from those of their coformers, respectively.

INTRODUCTION

Keywords: 
P-aminobenzoic acid; Isonicotinamide; Pyrazine; Co-crystal



To prepare Co-crystal 2, p-aminobenzoic acid (20 

mmol 2.74 g) and pyrazine (10 mmol, 0.80 g) were stirring 

and heating at about 60 °C for thirty minutes in beakers in 

acetone:ethanol (1:1) solution. Prepared solution was kept to 

evaporate for two days and obtained crystals were filtered 

and washed with acetone:ethanol (1:1) solution.

RESULTS AND DISCUSSION

Evaluation of Structures

The structures of co-crystal 1 and 2 are given in Fig. 1 

and 2, respectively. The co-formers are connected by 

O—H…N hydrogen bonds.

NMR Spectroscopy

4ABA-INA
1H NMR (400MHz, DMSO-d6) δ 5.85 (s, 2H, NH2), 6.61 

(d, 2H, ArH; J=8.80 Hz), 7.69 (d, 2H, ArH; J=8.80 Hz), 7.78 

(s, 1H, NH), 7.80 (d, 2H, ArH; J=6.00 Hz), 8.30 (s, 1H, NH), 

8.71 (d, 2H, ArH; J=6.00 Hz), 12.04 (s, 1H, OH); 13C NMR 

(100MHz, DMSO-d6) δ 112.78 (2C), 117.43, 121.44 (2C), 

131.30 (2C), 141.34, 150.09 (2C), 153.04 (Ar-C), 166.62, 

167.66 (C=O) (Fig. 3).

4ABA-py

1H NMR (400MHz, DMSO-d6) δ 5.88 (s, 2H, NH2), 6.61 

(d, 2H, ArH; J=6.00 Hz), 7.70 (d, 2H, ArH; J=8.80 Hz), 8.63 

ingredient (API) and the other compound has a pharma-

cological use, it is regarded as a pharmaceutical crystal [2, 

26–28]. In this context, we synthesized two new co-crystals 

of p-aminobenzoic acid that is an active pharmacological 

compound (API), with isonicotinamide and pyrazine in the 

1:1 cytochiometric ratio, through solvent evaporation met-

hod. We examined the structures of these synthesized co-

crystals with the method of 1H NMR, 13C NMR and FT-IR 

Spectroscopy, Differential Scanning Calorimetry (DSC) and 

Powder X-Ray Diffraction Analysis (XRPD).

MATERIALS AND INSTRUMENTS

p-Aminobenzoic acid, pyrazine, ethanol and acetone 

(Sigma Aldrich, Germany) and isonicotinamide (Aldrich, 

Germany) were purchased commercially available and 

used as received without purification. IR spectra (from 

solid samples) were recorded in the range of 600–4000 

cm-1 with a Perkin Elmer FrontierTM FT-IR Spectrometer 

using a Diamond ATR accessory. Resolution was set up 

to 4 cm-1, signal/noise ratio was estabilished by 16 scans. 
1H and 13C NMR spectra were obtained with help of Bru-

ker 400 Mhz spectrometer at ambient temperature using 

DMSO-d
6
 as solvent. Powder X-Ray Analysis were car-

ried out Philips X'Pert Pro diffractometer with Cu, Kα 

radiations, 40 kV of voltage and a current of 35 mA. The 

samples were analyzed from 5° to 75° (2°θ) with 0.2° min−1 

and a step size of 0.02°. The DSC analyses were carried 

out a Perkin Elmer Diamond DSC analyzer at heating 

rates of 10 °C min−1, using a nitrogen atmosphere and a 

scanning range of 60–400 °C.

Preparation of Co-crystals

To obtain Co-crystal 1, p-aminobenzoic acid (10 mmol, 

1.37 g) and isonicotinamide (10 mmol, 1.22 g) were stirring 

and heating at about 60 °C for thirty minutes in beakers in 

acetone:ethanol (1:1) solution. Prepared solution was kept to 

evaporate for three days and obtained crystals were filtered 

and washed with acetone:ethanol (1:1) solution.

Figure 1. The molecular structure of Co-crystal 1.

Figure 2. The molecular structure of Co-crystal 2.

Figure 3. 1H (a) and 13C NMR (b) NMR Spectra of of Co-crystal 1.



(s, 4H, pirazin-H), 11.98 (s, 1H, OH); 13C NMR (100MHz, 

DMSO-d6) δ 112.67 (2C), 117.07, 131.28 (2C), 145.08 (4C), 

153.06 (Ar-C), 167.60 (C=O) (Fig. 4).

FT-IR Spectroscopy

The formation of co-crystals 1 and 2 were determined by 

evaluating the changes in the vibration modes of the func-

tional groups of the their co-formers (Fig. 5 and 6). The 

co-formers of synthesized co-crystals contains an aroma-

tic amine (from the p-aminobenzoic acid) and a hetero-

amide (from the isonicotinamide)  group. The vibration 

bands of these are observed at 3363 cm-1 and 3227 cm-1; 

3363 cm-1 and 3177 cm-1, respectively [29]. In co-crystals, 

these streching frequences cocrystal 1 an co-crystal 2 

were appeared at 3355 cm-1 and 3177 cm-1; 3331 cm-1 and 

3210 cm-1, respectively. The p-aminobenzoic acid and iso-

nicotinamide display to characteristic absorption bands 

at 1660 cm-1 and 1658 cm-1 related to carboxyl and car-

bonyl streches, respectively [29]. These bands were ob-

served at 1688 cm-1 and 1651 cm-1 in co-crystal’s spectra, 

while in the spectra of co-crystal 2, a single peak related 

to the carboxyl strech was observed at 1662 cm-1. The-

Figure 5. FT-IR Spectra of Co-Crystal 1 and its co-formers.

Figure 6. FT-IR Spectra of Co-Crystal 2 and its co-formers.

Figure 4. 1H  (a) and 13C NMR (b) Spectra of of Co-crystal 2.



se vibrational shifts can be attributed to the presence of 

hydrogen bonds in the co-crystals. C-N strech and N-H 

bends were shown at 1410 cm-1 and 1310 cm-1 (co-crystal 

1) and 1411 cm-1 and 1315 cm-1 (co-crystal 2), respectively.

DIFFERENTIAL SCANNING CALORIMETRY 

AND POWDER X-RAY DIFFRACTION

Melting points of co-crystals and starting materials were 

measured with a melting point determination device 

(Fig. 7 a-b). These values for co-crystal 1, co-crystal 2, 

p-aminobenzoic acid, isonicotinamide and pyrazine are

145-157 °C, 169-170 °C, 187-189 °C, 155-156 °C and 52-53

°C, respectively. DSC analysis were performed to deter-

mine the melting points of the co-crystals. According to

the results of the DSC analysis, co-crystal 1 is thermally

stable up to 143 °C. The melting point of crystal 1 is lower 

(146 °C) than the melting points of the starting compo-

nents p-aminobenzoic acid and isonicotinamide. This

proves that the thermal stability of the crystal is less than 

that of the co-formers. The melting point of co-crystal 2

at 168 °C is higher than the melting point of pyrazine and 

lower than the melting point of p-aminobenzic acid. It

can be said that thermal stability is higher than pyrazine 

and less than p-aminobenzoic acid depending on these 

values [30,31].

The diffractograms of the co-crystals and their co-

formers are shown in Fig. 8-9. Significant differences were 

observed between the diffractograms of the crystals and 

the initial substrates. The characteristic diffraction peaks 

of p-aminobenzoic acid are 9.37, 6.40, 5.79, 4.07 and 2.51 at 

2°θ. For the isonicotinamide, these peaks are 4.99, 4.72, 4.56, 

4.26, 3.85, 3.81, 3.44, 3.36 and 2.89 2°θ. pyrazine presents 

diffraction peaks at 4.99, 4.66, 3.54, 3.21, 3.04, 2.75 2°θ. Sig-

nificant differences were observed between the diffractog-

rams of the crystals and the initial substrates. Co-crystal 1 

indicates different peaks from p-aminobenzoic acid and iso-

nicotinamide in: 10.99, 7.09, 5.77, 5.12, 4.82, 3.92, 3.53, 3.49, 

3.17 and 3.10 2°θ. Co-crystal 2 presents different peaks from 

p-aminobenzoic acid and pyrazine in: 8.87, 6.30, 5.61, 4.43, 

3.96, 3.33, 3.22, 2.66 and 2.50 2°θ. The diffraction peaks of 

5.12, 3.92 and 3.49 2°θ (for co-crystal 1) and 5.61 and 4.43 

2°θ (for co-crystal 2) are evidence of the formation of new 

crystallographic structures.

Figure 8. XRD Patterns of Co-crystal 1 and its coformers

Figure 7. DSC curves of Co-crystal 1 and Co-crystal 2



CONCLUSION
Co-crystals of 4-aminobenzoic acid with isonicotinami-

de and pyrazine have been successfully synthesized and 

characterized by powder X-ray diffraction, FTIR spect-

roscopy, DSC analysis. The cocrystal 1 and 2 exhibited 

the carboxylic acid/heterocyclic ring’s nitrogen atom 

heterosynthon. In the synthesized co-crystals, there 

are hydrogen bonds between the isonicotinamide/pyra-

zine ring nitrogen atom and the COOH group of the 

p-aminobenzoic acid. The co-crystals demonstrate same

stoichiometry with 1:1 ratio. Because the p-aminobenzoic 

acid, isonicotinamide and pyrazine which are the co-

formers of our co-crystals, show pharmacologically pro-

perties, the synthesized compounds are likely to have

pharmacological potential.
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Permanent magnet direct drive motor has become 

the most promising solution for wind generation 

because of its advantages of high power density, high 

efficiency, high reliability and low maintenance cost. 

However, with the increase of the motor power gra-

de, the excessive volume and weight of the motor are 

obstacles to its manufacture, assembly, transportati-

on and installation [1]. The large permanent magnet 

direct drive wind generators are large in volume and 

mass. The main reason is that they not only include 

effective materials that produce electromagnetic tor-

que, but also include structural materials that trans-

mit torque. In order to overcome the torque load wit-

hout plastic deformation or fracture, and ensure that 

the deformation at the air gap of the generator does 

not exceed the allowable value. The size and mass of 

structural are greatly increased for its Stiffness and 

strength requirements.

Rotor supporting is one of the key factors to deter-

mine the weight of generator [2]. In the specific cons-

truction design stage of wind generator, when it comes 

to the design of every component, the designers often 

depend on their experiences, lack theoretical guidance, 

and often for safety reasons to choose some structural 

dimensions. Therefore, the design is conservative. This 
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design method based on subjective experience directly 

leads to the increase of rotor supporting. Aiming at the 

optimization of rotor supporting of 7MW prototype. 

Firstly, the optimization model is established in this pa-

per. The minimum mass of the rotor supporting is selec-

ted as the optimization objective. And the deformation 

of the rotor yoke satisfying the design standard is taken 

as the constraint condition, when the rotor supporting 

is under the action of electromagnetic force, mechanical 

force and gravity. Then, the finite element model is pa-

rameterized and the analytical solution is transformed 

into numerical solution. At last, the optimal solution is 

obtained through the data exchange between the gene-

tic algorithm and finite element method. This method 

also provides reference for the optimization design of 

other large structures in large permanent magnet direct 

drive wind generator.

STRUCTURE OF 7MW PMDD 

GENERATOR

The rotor supporting of the 7MW prototype is a lar-

ge structure which is used to install electromagnetic 

materials. In addition to ensure that materials sho-

uld have sufficient strength to overcome the effect of 

torque load without plastic deformation or fracture. 

A B S T R A C T

Under the action of electromagnetic force, mechanical force and gravity, the radial de-
formation of rotor supporting must meet the design standard while ensuring the light-

est mass. At first, the mathematical model of single objective optimization is established. 
Then, the objective function is optimized by the combination of genetic algorithm and fi-
nite element method (GA-FEM). With the help of this method, the optimal design param-
eters of the rotor supporting are obtained. This paper takes the actual rotor supporting of 
7MW prototype as the optimization object. The optimal solution of this structure without 
the lightweight holes can be obtained by first optimization. And then, the optimal solution 
of the final structure with the lightweight holes is obtained by the second optimization. 
The final simulation shows that the stiffness can be met while reducing the mass by 40%.

INTRODUCTION 
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as the constraint condition when the rotor supporting 

under the action of electromagnetic force, mechanical 

force and gravity. Radical deformation is usually set to 

5% of the gap length. Taking the structural dimension in 

Fig. 1 as design variables, the optimization mathematical 

model can be established [3,4]:

1 2 3 4 1 2 3 4 1 2 1 2min , , , , , , , , , , ,
s.t.   RMS 5%

M f l l l l t t t t D D n n
         (1)

Where:

Mmin = Mass of the rotor supporting

 RMS = Air gap deformation quantity of the rotor 

yoke under the action of electromagnetic force and gravity

ξ = Air gap length, which is equal to 7mm through 

the electromagnetic scheme. 

The value range of each design variable is as follows.

10.2835 0.347m l m              20.1395 0.171m l m

30.0981 0.1296m l m           40.09 0.121m l m

10.1125 0.144m t m              20.0405 0.048m t m

30.045 0.0605m t m              40.018 0.0215m t m

16.025 7.3m D m 23.2 3.825m D m

1 6,8,10,12n 2 3,6n

Parameterized finite element model

The biggest difference between the study of this paper 

and the traditional optimal design method is to estab-

lish the mathematical model of constraint conditions by 

using finite element instead of analytical method. The air 

gap deformation of the rotor yoke is taken as the cons-

traint condition in this paper. If the traditional optimiza-

tion method is used, the analytical expression of the air 

gap deformation of the rotor supporting under the action 

of electromagnetic force, mechanical force and gravity 

must be established according to the theory of material 

mechanics and elastic mechanics, which is very difficult 

for complex geometry. Therefore, the radial deformation 

of the rotor yoke is calculated by finite element method.

For any optimization problem, it is necessary to find 

the optimal solution from many groups of feasible soluti-

ons. Therefore, the established finite element model is not 

a finite element model with a set of design variable, but can 

be modified according to the assignment of design variables 

which is based on the ANSYS Parametric Design Language 

(APDL) of the finite element model [5]. The design variab-

le is parameterized. Consequently, the value of the design 

The rotor supporting should have enough stiffness to en-

sure that the deformation amount of the Generator air 

gap does not exceed a certain value. The rotor supporting 

adapts disc structure which is welded to the steel shaft 

as a whole. There are several lightweight holes in the ro-

tor disc for reducing the weight. And there are stiffeners 

on the back of the supporting plate for strengthening the 

support stiffness.

As shown in Fig. 1. Where:

D1 = Outside diameter of the lightweight hole 

D2 = Inner diameter of the lightweight hole 

l1 = Distance between the supporting plate and the ste

l2 = Upper side length of the stiffener

l3 = Lower side length of the stiffener

l4 = Distance between the stiffener and the lightweight 

t1 = Thickness of the steel shaft 

t2 = Thickness of the rotor yoke

t3 = Thickness of the supporting plate 

t4 = Thickness of the stiffener 

n1 = Number of the stiffener 

n2 = Number of the lightweight hole 

The selection of these parameters directly affects the 

weight of rotor supporting and mechanical stiffness and 

strength. Therefore, the purpose of this paper is to determi-

ne the most reasonable dimensions of the parameters shown 

in Figure 1 under the premise of ensuring that the stiffness 

and strength of the rotor supporting is adequate and the 

mass is minimum. The rotor supporting determined by this 

design method can meet the requirements of stiffness and 

strength under the condition of the lightest weight. Compa-

red with the traditional design method based on experience 

and conservatism, this method is more scientific and is a 

lightweight design method for large structural which can be 

applied in engineering.

OPTIMIZATION PROCEDURE

Optimization model

The least weight of rotor supporting is selected as the 

optimal objective. And then the radical deformation of 

the rotor yoke which meet the design criterion is taken 

Figure 1. Rotor supporting structure



Step 3: The new population is generated and decoded 

through genetic operators such as selection, crossover and 

mutation. And the fitness calculations and statistics of it are 

also performed through this method.

Step 4: The individuals of the new and old populations 

are compared and survival of the fittest.

Step 5: The population periodically update and evolve. 

If the new population meets the optimization termination 

condition, the step 6 is executed. Else, the procedure returns 

to step 3.

Step 6: The optimal scheme is obtained, the iteration 

optimization is terminated, the parameter optimization is 

finished, and the optimization results are output.

OPTIMIZATION RESULT

The number and size of the lightweight holes changes 

with the quantity and rigidity of the stiffener. Therefore, 

the rotor supporting with no lightweight holes but with 

stiffeners is optimized first in the process of optimizing 

the rotor supporting. After determining the optimal 

rotor supporting with no lightweight holes, based on 

which, the structure with lightweight holes is optimized. 

Because the axial direction of the rotor supporting after 

variable can be changed by reading the external data file. 

Therefore, in this paper, the finite element analysis model of 

rotor supporting parameterization which include modelling, 

solving and post - processing should be established by using 

APDL at first. The parameterized finite element analysis 

flow is as follows.

Step 1: The design variable data file is read.

Step 2: The finite element model is established.

Step 3: Air gap deformation and rotor supporting volu-

me are calculated.

Step 4: The calculation result of the air gap deformation 

and rotor supporting volume are saved as data file.

Process of GA-FEM

Fig. 2 is used to explain the optimization process of GA-

FEM. Genetic algorithm is written in MATLAB language, 

and finite element calculation is written in APDL [6,9]. 

The optimization process is as follows.

Step 1: The value range of the design variables are input 

according to the design requirement.

Step 2: The initial population is generated, and fitness 

calculations and statistics of it are performed.

Figure 2. GA-FEM flow chart



installation is parallel to the ground and the structure 

is nonlinear, the deformation of the rotor supporting is 

non-uniform under the electromagnetic force, mecha-

nical force and gravity, and the maximum deformation 

position is changeable according to the structure of the 

rotor supporting. The deformation of initial structure 

with no lightweight holes under the action of electromag-

netic force, mechanical force and gravity is shown in Fig. 

3. The maximum deformation is at the rotor yoke which

is 0.101mm, and the allowable deformation is 0.35mm.

Therefore, the initial structure can be further optimized.

The rotor supporting is optimized on the bases of initi-

al structure through GA-FEM. And the deformation result 

of first optimization is shown in Fig. 4. The maximum de-

formation is 0.132mm which is still less than the allowable 

value. This indicates that the material of the rotor suppor-

ting has not been effectively utilized. So the rotor suppor-

ting should be further optimized through machining ligh-

tweight holes.

As shown in Table 1, the mass of the rotor supporting 

decreases from 32000kg to 28600kg after first optimization. 

The evolutionary process of genetic algorithm during first 

optimization is shown in Fig. 5.

When the population evolves to the 8th generation, the 

optimization results have become stable, which indicates 

that the selection of the genetic generation for 10 can meet 

the requirements of convergence of the optimization results.

Table 1. Comparison of results before and after optimization 

Design variables Initial structure First 
optimization Maximum

l1
315mm 343mm 343mm

l2 155mm 154mm 154mm

l3 109mm 109mm 109mm

l4 107mm

t1 125mm 115m 115mm

t2 42mm 41mm 41mm

t3 50mm 45mm 45mm

t4 20mm 19mm 19mm

D1 6900mm

D2 3235mm

n1 8 6 6

n2 6

Deformation 0.101mm 0.132mm 0.305mm

Mass 32000kg 28600kg 19000kg

Figure 3. Initial structure deformation

Figure 4. First optimization deformation

Figure 5. Evolutionary process of first optimization

Figure 6. Deformation after second optimization



On the bases of first optimization, the rotor supporting 

is further optimized to reduce the mass by machining ligh-

tweight holes. The number and size of the lightweight holes 

is optimized during second optimization. The deformation 

of second optimization is shown in Fig. 6. The maximum 

deformation value is 0.305mm, which is less than 0.35mm, 

but very close to the allowable value. Therefore, the design 

of rotor supporting structure is reasonable. And the mass of 

the rotor supporting is reduced from 32000kg to 19000kg 

after two optimization, with the weight loss 40%.

CONCLUSION

The optimization method of combining the genetic algo-

rithm with finite element method which is used to deter-

mine the dimension parameters of the structure can be 

applied to the design of the actual rotor supporting, and 

it can ensure that the designed rotor supporting satisfi-

es the rigidity and strength with the lightest weight and 

smallest volume. Because of the more efficient data exc-

hange between the MATLAB and ANSYS, the analysis 

result is more accurate than the traditional method.
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Nowadays electricity has become the most de-

manded energy source for household consu-

mers because it has practical conversion ability to 

other needs in a dwelling. It is not only used for every-

day home appliances but is also required for heating, 

cooling, ventilating systems and in some countries, it 

is also used for purification of drinking water. Howe-

ver, this electricity demand differs from country to 

country, month to month and is not same during the 

day. The results of a study about UK households gi-

ven in Fig. 1 [1], reveals that electricity demand peaks 

in December and the lowest demand is noted in May. 

However, peak demand occurs between 6 -7 pm for 

all months. Fig.1 gives the results for the UK, though 

the trend is quite similar for all European countri-

es [2]. It should be noted that this trend may differ 

according to geographical locations which receive 
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higher solar irradiance with higher ambient tempe-

ratures; the demand will be affected because of air 

conditioning needs. In Cyprus, for example, winter 

demand is similar to that of the UK but summer de-

mand is generally flatter with high overnight and day 

time consumption by the air conditioners [3].

To meet the electricity demand, production using 

sustainable sources is encouraged by governments and 

societies. However, there is the need for significantly 

more development in this field in order to fully satisfy 

the demand. Photovoltaics have been preferred for years 

and have an important percentage in future electricity 

production systems, but generation is intermitted by 

environmental factors. Moreover, peak demand occurs 

when there is no, or significantly less residual solar ir-

radiance and residents still demand electricity at night-

A B S T R A C T

In this paper, a solar-driven power system as a means of meeting electricity demand in 
a small community has been investigated in terms of its transient performance on an 

annual basis. Using a sensible heat storage unit, the heat collected by evacuated f lat plate 
collectors (EFP) can be stored and used at other times to feed an organic Rankine cycle 
(ORC). The storage unit is analysed using a one-dimensional temperature distribution 
model including heat loss to the ambient. The stored heat in the unit makes it possible to 
produce electricity at night. In order to meet the electricity demand in all seasons, evapora-
tion temperature is controlled by the present model via adjusting the water mass f low rate 
of the heat source. Solar ORC using EFP collectors is a promising technology but dynamic 
simulation on its annual performance has not been conducted yet. Investigation of the 
daily performance with consideration of transient behaviour of the components is the main 
aim of the study. The system performance is evaluated for different seasonal weather condi-
tions. An 8-kW expander output is desired for the peak period which is in the evening for a 
small community, when sufficient solar irradiance is available. The system also operates in 
combined heat and power mode during the winter period to supply heat for space heating 
purpose. Results show that 23296.8 kWh electricity is produced considering the demand 
pattern during the year and 19344.7 kWh heat can be used for heating for the selected 
four months.

Keywords: 
Solar ORC; Cogeneration; Heat storage; Annual transient simulation. 
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have promising performance under low ambient tempera-

ture and radiation conditions in regard to standard flat plate 

collectors. Freeman et al. [3] used evacuated flat plate collec-

tors and studied a domestic-scale solar combined heat and 

power system with a thermal storage unit for matching end-

user demands. They suggested that using PCM as a heat 

storage gives a better output for a smaller equivalent storage 

volume than water. Finally, Kutlu et al. [6] prepared an off-

design modelling of a solar ORC system with considering to 

match user demand during the day. For a given typical day’s 

conditions, they showed that power output can be adjusted 

by controlling the flow rate of the circulation water and it is 

possible to meet electricity demand even at night.

Solar ORC using EFP collectors is a promising techno-

logy but dynamic simulation on its annual performance has 

not been conducted yet. According to the literature review, 

previous studies have used average monthly weather data 

to analyse the annual performance of systems in general. 

However, in this study, real daily weather data have been 

used and simulations have been conducted according to a 

transient model and considering hourly electricity demand. 

This study also focuses on controlling the ORC operations 

related to weather conditions and output requirements such 

as supporting heat during the winter months.

SYSTEM DESCRIPTION AND 

METHODOLOGY

The proposed system as given in Fig. 2 consists of three 

subsystems. The first one is solar field. TVP SOLAR HT-

Power EFP collectors are used for heating water which co-

mes from the bottom of the tank, which is then dischar-

ged into the top of the water tank. The second subsystem 

is a sensible thermal storage unit. A water tank is used as 

a heat storage unit to provide heat for the ORC. Moreover, 

it facilitates operation of the ORC when solar radiation 

time. Therefore, solar ORC systems coupled with heat sto-

rage units offer an appropriate sustainable solution to this 

demand problem.

Since parabolic through collectors (PTC) offer high 

temperature output, they have been commonly preferred 

for Solar ORC systems. Chacartegui et al. [4] analyzed an 

ORC system coupled with a thermal storage unit. They 

conducted an off-design analysis and observed that the in-

vestment cost of direct thermal energy storage systems is 

lower than indirect storage systems. Li et al. [5] designed 

and investigated a solar thermal electricity system with wa-

ter as the heat transfer and storage fluid in thermodynamic 

and economic considerations. They reported that the direct 

steam generation system offers both thermodynamic and 

economic advantages compared to thermal oil used systems. 

Although PTCs are preferred in solar power plants, these 

kinds of systems are not easily implemented for domestic 

use. They require a sun tracking system to use direct beam 

radiations to concentrate on the receiver. In contrast, evacu-

ated collectors are quite good candidates for heat and power 

production as they do not need direct beam radiations and 

Figure 1. Monthly average electricity demand from the household in 

UK [1]

Figure 2. Schematic of the Solar ORC system



is insufficient or unavailable. The last subsystem is the 

ORC unit. There are four main components in the ORC 

namely pump, evaporator, expander and condenser.

Regarding mathematical models, the equations for the 

collectors were adapted from  reference [7] and [8]. Thermal 

efficiency of the collector is given in Eq. (1):

2

0 1 2
amam

col

T TT Tc c
G G

(1)

Parameters are taken as 0 1 20.76, 0.399, 0.0067.c c , 

Absorbed heat by the collector increases the water tempera-

ture, the related equation is given in Eq.(2):

10. . . .col col col cw pcw col stQ A G m c T T (2)

colQ  is absorbed heat rate by the collectors, colA  is total 

collector area, G  is solar irradiance, colT  and 10stT  are col-

lector outlet and collector inlet temperatures, respectively.

The transient heat storage unit model considers ther-

mal stratification of the water tank. It is analyzed by using 

multi node tank model which refers one-dimensional tem-

perature distribution model [9]. The cylinder volume has 

been divided into 10 equal nodes to obtain temperature 

distribution throughout tank height. Energy balance equa-

tion can be written considering the heat loss to the environ-

ment in every control volume. Eq. (3) and Eq. (5) show the 

energy balance equations for the first and last nodes.  Eq. (4) 

shows internal nodes:

1
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cwm  and wm  are mass flow rates of collector and evapo-

rator sides,  woT  is the water temperature coming from 

the evaporator to the tank bottom node. tU  indicates the 

thermal loss coefficient of the well-insulated tank.

It was decided that a scroll type expander would be 

used in the analysis as this is particularly well-adapted to 

small-scale Rankine cycle applications. An empirical model 

was adapted from [10]. The evaporator is the most important 

component of the system given that control strategies would 

be possible by controlling the evaporation temperature in 

this study. The evaporator is designed according to NTU 

method. Firstly, evaporator heat transfer area is determined 

after that the analysis is conducted for different operating 

conditions by using the same evaporator. To find the effecti-

veness for given conditions, the effectiveness-NTU method 

is implemented in the analysis. Related equations and detai-

led investigation about the effects of circulation water mass 

flow rate on system performance is given in Reference [6].

The paper follows the order given in Fig. 3. EnergyPlus 

weather data is collected, as it is known that ambient tem-

perature has an influence on condensing temperature and 

monthly control strategies are developed according to we-

ather conditions. Moreover, daily control strategies are de-

veloped considering the demands. Controlled parameters 

are explained in Section 4. Daily simulations are conducted, 

results and discussions are presented in Section 5. Finally, 

the last section introduces the results

WEATHER DATA

The weather data in this paper relates to the climate con-

ditions of Istanbul, Turkey. Relevant parameters such as 

solar irradiance and ambient temperature profiles are 

obtained by using the software EnergyPlus [11]. Fig. 4 and 

Fig. 5 show solar irradiance and environment tempera-

ture variations during the year, respectively. Istanbul is 

chosen for the analysis given that its irradiance profile is 

similar to some Mediterranean cities in summer but in 

winter, it is colder than in most other cities around the 

Mediterranean Basin. As seen in Fig. 4, solar irradiance 

profile is intermitted during the summer period, which 

contributes to testing the performance of the system 

Figure 3. Procedure of the system simulation



under variable operating conditions. Moreover, average 

solar irradiance is quite low in the winter period, being 

around 200 W/m2. The system is not able to produce sa-

tisfactory electricity under this irradiance values. There-

fore, winter mode (CHP mode) can be activated to pro-

duce useful condensing heat for space heating purposes.

CONTROL STRATEGIES

The main aim of this paper focuses on application of the 

control strategies. To maintain the demand profile which 

is given in Fig. 1, 24hrs of a day is analyzed in three diffe-

rent periods then heat source water circulation mass flow 

rate is adjusted for every period. Adjusted mass flow ra-

tes contribute to controlling the evaporating temperature, 

that is to say, controlling the electricity output [6]. The-

refore, regarding the expander model, mass flowrate of 

the refrigerant R245fa is determined by the evaporating 

temperature. Collector mass flow rate is also adjusted ac-

cording to weather conditions. In order to reach a higher 

temperature in the top part of the water tank, collector 

mass flow rates are reduced in winter months. To main-

tain similar operation for next days, a stop criterion must 

be defined. The fifth water element in the tank is chosen 

as stop consideration; this activates to refrigerant pump 

is shut off and the tank is switched to static mode until 

08:00 the next day. Condensing temperature is depen-

dent upon the ambient temperature except CHP mode.

In CHP mode, the target is to produce electricity only 

for collector pumps due to weak solar radiation. The con-

densing temperature is increased, and condensing heat 

can be used for space heating purposes. A summary of the 

monthly control strategies is given in Table 1.

SIMULATIONS

The presented system is analyzed for a small community; 

ten houses are selected, so the total collector area of the 

system is selected as 550 m2 and water storage tank as 

88 m3. Heat exchangers are dimensioned according to 

NTU methods so off-design operation is considered for 

the whole year. Although the main aim is conducting the 

yearly simulation considering the transient behaviour, 

application of the control strategies are necessary for me-

eting the user electricity demand. The operation follows 

the given strategy; the collector pump runs, and solar 

energy is stored in the tank, meanwhile the ORC produ-

Figure 4. Solar irradiance variation during the year

Figure 5. Ambient temperature variation during the year

Table 1. Summary of the control strategies in monthly basis

Months
colm  (kg/s) condT Stop Temp. 08:00-18:00 18:00-24:00 24:00-08:00

1 0.01 45 80 2 2 -

2 0.01 45 80 2 2 -

3 0.01 20 80 1 2 0.5

4 0.015 25 85 1 2 0.5

5 0.02 30 85 1 2 0.5

6 0.02 35 95 1 2 0.5

7 0.02 35 95 1 2 0.5

8 0.02 35 95 1 2 0.5

9 0.015 35 85 1 2 0.5

10 0.01 30 85 1 2 0.5

11 0.01 45 80 2 2 -

12 0.01 45 80 2 2 -



ces electricity between 08:00 and 18:00.  When sun sets, 

peak demand period starts, water flow rate is adjusted to 

provide higher output until 24:00. The last period is from 

24:00 to 08:00. During the last period, the circulation wa-

ter mass flow rate is switched to 0.5 kg/s, as generation of 

a high amount of electricity is not required. Simulations 

are conducted considering both aforementioned strategi-

es and also every per day’s irradiance profile.

Fig. 6 shows daily produced electricity as kWh. Four 

months (namely November, December, January and Febru-

ary) are adjusted for CHP mode so output is quite low. Ad-

ditionally, large fluctuations are observed throughout the 

year regarding electricity outputs. These fluctuations occur 

as the solar irradiance does not follow a stable trend natu-

rally. The control strategy allows these sharp decrements for 

conserving the thermal energy in the tank for following day. 

Stop criterion is activated when condition is provided thus, 

the ORC pump is turned off and electricity production ends 

for this certain day.

To understand the specifications of CHP operation, Fig 

7a is given to compare CHP and sole power generation mo-

des. It is clearly seen from the figure that electricity output is 

lower in CHP mode. The main reason is a higher condensing 

temperature which causes a lower expansion ratio in the ex-

pander. However, high condensing temperature allows the 

use of condensing heat for other purposes for example space 

heating. Fig 7b shows produced condensing heat on a daily 

basis. The trend is quite similar with electricity generation 

as heat can only be obtained while the ORC is working. CHP 

mode is active for four months and received useful heat is 

recorded as 19344.7kWh.

One of the aims of this study is matching the electri-

city output with demand during the operation. Therefore, 

electricity yield is given in Fig. 8. The figure shows the effect 

Figure 6. Daily produced electricity

Figure 7. Comparison of outputs of the CHP and sole power generation 

modes and condensing heat for space heating

Figure 8. Hourly produced electricity

Figure 9. April hourly production



of the CHP mode on production in the winter period and 

as expected, higher output in summer period. In order to 

clearly observe the output trend and continuous production 

profile, there should be zoomed on a specified month. Fig. 9 

presents the electricity production profile during April. Sin-

ce April is a transition month, the output profile is also of 

a similar nature. From April, continuous (24h) production 

begins to form. Fig.9 shows that the 24hr production is ob-

served for 11 days.  When focusing on the last 8 days, conti-

nuous production and controlling hours can be seen clearly.

The last figure is plotted to offer an explanation of dif-

ferent outputs. June and September electricity generations 

and water tank top temperatures are compared in Fig. 10. 

Since these two months have the same condensing tempe-

rature, the only effecting parameter on output is the evapo-

rating temperature which is directly related with top tem-

perature. Thus, it is obvious that three days have almost the 

same output and top temperature in Fig.10.

Heat losses to the environment from the tank are also 

considered, compared and calculated as 5251 kWh during 

June and 4451 kWh during September. The difference is 

approximately 15% but produced electricity difference falls 

by almost 40%. This figure shows wasted heat from heat loss 

is a serious problem which cannot be neglected as even the 

ORC stops, heat loss from tank to environment never ends 

until to be same temperature with ambient.

CONCLUSION

In this study, a solar-driven Organic Rankine Cycle was 

investigated for a year with consideration given to mee-

ting electricity demand. Components were modelled and 

analyzed in a transient state for the whole year. When 

weak solar irradiance was available in the winter period, 

operation was switched into CHP mode and the system 

produced heat and power simultaneously. Weather con-

ditions were used as real data and performance was pre-

dicted under real conditions. The system also focused on 

control strategies.  On the basis of the presented study, 

the following conclusions can be written:

• EFP collectors have been successfully implemen-

ted in the ORC system even for low irradiance periods for 

CHP operation. 

• Although solar ORC performance totally de-

pends on an irradiance profile, by controlling the system 

operation, it is possible to conserve the stored heat for next 

day with dispensable late-night production. However, this 

intermitted generation causes sharp falls in daily electricity 

production.

• 24hrs production needs sufficient solar irradiance. 

According to simulation 24hrs production occurs by April, 

but it depends on weather conditions.

• Electricity output depends on control strategies.

Stop criteria assignment is one of the main parameters to 

obtain magnitude of output and production time in daily 

basis.

• Using 550m2 collector area, 23296.8 kWh electri-

city has been produced considering the demand pattern for 

ten dwellings in year.
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