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ABSTRACT 

 

 

DYNAMIC MODELING OF HUMAN CARDIOVASCULAR 

SYSTEM AND AN AXIAL HEART PUMP 

 

 Engineering applications are widely used in modern medicine with the progress of 

technology. Heart pumps are an example to those engineering applications which is used 

for treatment of cardiovascular system diseases. In this thesis a numerical human 

cardiovascular system model that includes heart chambers, heart valves, systemic arteries, 

systemic veins, pulmonary arteries and pulmonary veins was developed. Diseased human 

cardiovascular system model was obtained by adjusting the parameters of the healthy 

cardiovascular system model. Numerical models were developed for two types of heart 

pumps (Heart Turcica axial and Heart Turcica centrifugal). Heart Turcica axial model 

includes the dc motor dynamics. These models were integrated to diseased human 

cardiovascular system. Simulations were performed to assess the boundary operating 

speeds of heart pumps which causes different physiologically significant pumping states. 

Also pulsatility indexes were defined for pressure difference across the pump, pump flow 

rate and motor current. These pulsatility indexes are calculated for increasing operating 

speeds. Studies on control of the pressure difference across the pump and control of pump 

flow rate were also done. 

 

 Based on the findings it has been concluded that Heart Turcica axial and Heart 

Turcica centrifugal may provide sufficient pressure and flow required for the perfusion 

blood for the tissues. 

 

 

 

 

 

 

 



ÖZET 

 

 

ĐNSAN DOLAŞIM SĐSTEMĐ ĐLE EKSENEL BĐR KALP  

POMPASININ DĐNAMĐK MODELLEMESĐ 

 

 Teknolojinin ilerlemesi modern tıpta mühendislik uygulamalarının önemli ölçüde 

kullanılmasına neden olmuştur. Yapay kalp pompaları da mühendislik konularının tıptaki 

uygulamalarından biridir. Bu tezde geliştirilmekte olan iki farklı tipte (Heart Turcica 

eksenel ve Heart Turcica merkezcil) yapay kalp pompasının simülasyonlarını yapmak için 

kalp odacıklarını, kalp kapakçıklarını, büyük dolaşım atardamarlarını, büyük dolaşım 

toplardamarlarını, küçük dolaşım atardamarlarını ve küçük dolaşım toplardamarlarını 

içeren sayısal bir insan dolaşım sistemi oluşturulmuştur. Bu modelin parametre değerleri 

kullanılarak hasta dolaşım sistemi modeli elde edilmiştir. Her iki yapay kalp pompası için 

de sayısal modeller geliştirilmiştir. Heart Turcica eksenel için geliştirilen model motor 

dinamiklerini de içermektedir. Hasta dolaşım sistemi modeli ve yapay kalp pompası 

modelleri kullanılarak insan vücudunda ortaya çıkacak fizyolojik durumlara bakılmış ve 

yapay kalp pompalarının hangi devir sayısı aralıklarında çalışmaları gerektiği 

belirlenmiştir. Ortaya çıkan sonuçlara göre pompa giriş ve çıkış arasındaki basınç farkı, 

pompa akışı ve motor akımı için pulsatilite indeksleri tanımlanmış ve devir sayısının 

değişimine göre pulsatilite indekslerinin değişimleri de hesaplanmıştır. Yapılan modelleme 

ve simülasyon çalışmalarına ek olarak Heart Turcica eksenel için pompa giriş ve çıkışında 

basınç farkı kontrolü ve pompa akış kontrolü çalışmaları yapılmış ve ortaya çıkan sonuçlar 

karşılaştırılmıştır. 

 

 Yapılan simülasyonlar sonucunda Heart Turcica eksenel ve Heart Turcica merkezcil 

pompalarının hastalık durumunda dokulara yeterli miktarda kan pompalayabileceği 

görülmektedir. 
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1.  INTRODUCTION 

 

 

 Congestive heart failure is a serious health problem that affects many people in the 

world [1]. For example in USA prevalence of the congestive heart failure is 4.8 million 

people every year. This is the 1.76 per cent of population. There are several 

pharmacological treatment methods to treat congestive heart failure. If these methods fail, 

mechanical devices called ventricular assist devices (heart pumps) are used to support heart 

[1, 2]. However, heart pumps cannot be used as a treatment method. Heart pumps support 

the diseased heart until a heart is transplanted to the patient. 

 

 Heart pumps can be classified as pulsatile pumps and rotary pumps [3]. Rotary blood 

pumps reduce the myocardial work by unloading the ventricle [2]. But rotary blood pumps 

can cause deleterious effects at high operating speeds in the ventricles such as suction 

effect. Also regurgitant pump flow may occur at low speeds, because rotary blood pumps 

are preload insensitive devices [4]. Suction effect can cause damage in ventricles, tissue 

damage and pain in the chest [3, 5]. 

 

 Various numerical cardiovascular models were developed for different purposes. The 

first numerical cardiovascular system model is Grodins’ model [6]. Generally, blood 

vessels are expressed as an electric circuit. Sungawa and Sagawa proposed a time varying 

capacitor numerical heart model and this approach has been used by many researches in 

the following years [6].  

 

 In simple models the atrial contraction and the dynamics of the heart valves are 

ignored and blood vessel compartments are lumped into one compartment. But more 

detailed numerical cardiovascular system models were also developed. For example, Muro 

Ursino modeled the carotid baroregulation in pulsating conditions [7, 8]. Lu et al. modeled 

the cardiopulmonary system with the analysis of the valsalava maneuver [9]. Heldt et al. 

modeled the cardiovascular response to the orthostatic stress [10].  

 

 Numerical cardiovascular system models are also used for simulating cardiovascular 

system disesases. For example Podnar et al. modeled the short term control mechanisms in 
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cardiovascular physiology and made simulations for different conditions such as exercise, 

hemorrhage etc. [11]. Smith et al. modeled the cardiovascular system diseases by including 

autonomic nervous system [12]. In Smith’s another study hemodynamic system was 

modeled by including ventricular interaction and valve dynamics [13]. 

 

 Danielsen and Ottesen modeled ventricular contraction for the different conditions 

and proposed a new model for pumping heart [14, 15].  

 

 Korakianitis and Shi modeled the cardiovascular system that includes atrioventricular 

interaction and heart valve dynamics [16]. Shi et al. made simulations with different types 

of heart pumps by using this model [17]. 

 

 Different heart pump models and control strategies were developed by many 

researchers. Li et al. developed an empirical model to simulate Hemopump that is a left 

ventricular assist device [18]. He et al. studied optimum control of the hemopump by using 

this empirical model [19]. 

  

 Nishida proposed a linear model that includes pressure difference, flow rate and 

rotation speed terms to simulate heart pumps [20].  

 

 Choi et al. used a dynamic pump model that includes difference, flow rate, derivative 

of flow rate with respect to time and rotation speed. In this study motor dynamics were 

also modeled [21].  

 

 By conducting experiments and using numerical models physiologically significant 

pumping states in implantable rotary blood pumps were indentified. For example Ayre et 

al. identified physiologically significant pumping states in implantable rotary blood pumps 

by using a mock up circulatory loop [22]. Karantonis et al. made studies to identify and 

classify the physiologically significant pumping states in implantable rotary blood pumps 

[23-26]. 

 

 Choi et al. used pulsatility index, diminishing returns index and harmonic index of 

current to detect suction which is a physiologically significant pumping state in 
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implantable rotary blood pumps [27]. In another study Choi used data fusion approach to 

detect suction [28]. In suction conditions flow rate of pump and pressure difference 

between outlet and inlet of the pump exhibit a unique property. By using this property Choi 

et al. presented a control index to detect suction [29]. Choi et al. used fuzzy logic control 

method based on pulsatility ratio to detect suction [30, 31].  

 

 Chen et al. made physiological control of left ventricular assist devices based on 

gradient flow. In this study Chen et al. made comparison between extremum seeking 

algorithm and gradient method [32]. 

 

 Vollkron et al. made simulations with a refined computer model of human 

cardiovascular system and a left ventricular assist device [33]. In other studies they defined 

several criteria for suction detection from patient data and developed a multidimensional 

optimization process to prevent suction [34-36]. 

 

 Giridharan et al. developed physiological control strategies to maintain physiological 

perfusion and prevent suction. They proposed that control of the pressure difference 

between outlet and inlet of the pump or pressure difference between aorta and pulmonary 

veins maintain physiological perfusion and prevent suction [37-39]. Unfortunately sensor 

technology has not been improved yet to measure directly pressures in the blood vessels 

and heart chambers. 

 

 Oshikawa et al. examined by acute animal experiments to change the left ventricular 

contractility or left ventricular end diastolic pressure [40]. Index of motor current 

amplitude and motor current waveform was used to estimate pulsatility of pump without 

any sensor in this study.  

 

 Motor current waveform was used by Ohuchi et al. to determine the optimum pump 

rotation speed [41]. Power spectral density of motor current waveform was calculated and 

amplitude of motor current waveform used to detect suction. 

 

 Iijima et al. used fast Fourier transform and power spectral density of motor current 

was used to detect suction in another study [42]. 
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 Kikugawa suggested that there is fairly good correlation between left ventricular 

pressure and motor current [43]. Therefore left ventricular pressure can be estimated by 

using motor current. 

 

 Arndt et al. made physiological control of a rotary pump. They used gradient of 

pulsatility index with respect to pump speed. In this study regurgitant pump flow and 

ventricular suction were detected by using gradient of pulsatility index [44]. 

 

 Fu et al. made computer simulations for a sensorless fuzzy control to assure normal 

physiology by using electric motor current and speed [45].  

 

 Casas et al. made a physiological fuzzy logic control by using empirical relation 

between pump flow rate, pressure difference outlet and inlet of the heart pump and pump 

rotation speed [46, 47]. 

 

 The studies in this dissertation were done in the scope of a TÜBĐTAK funded project 

entitled ‘Design, Analysis and Prototype Production of a Miniature Implantable Rotary 

Blood Pump.’ An axial heart pump called Heart Turcica axial is developed by Yeditepe 

University Mechanical Engineering Department and a centrifugal heart pump called Heart 

Turcica centrifugal is developed by Koç University Mechanical Engineering Department in 

the scope of this project. 

 

 This dissertation is organized as follows. In chapter two, short background 

information on human cardiovascular system and heart failure are reviewed. The 

developed numerical models of human cardiovascular system and diseased human 

cardiovascular system are explained. Also simulation results of the numerical models are 

shown and discussed in chapter two. 

 

 In chapter three, the procedure for derivation of a pump model is explained for Heart 

Turcica axial and Heart Turcica centrifugal.  

 

 In chapter four, physiologically significant pumping states in implantable rotary 

blood pumps were reviewed. The combined model of left ventricular assist devices and 
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human cardiovascular system are explained. The boundary operating speeds of heart 

pumps, which cause different physiologically significant pumping states are determined. 

 

 In chapter five different control strategies for Heart Turcica axial including variable 

pump operating speeds were proposed. The proposed control strategies in this section are 

control of pressure difference control across the pump and control of pump flow. 

 

 In chapter six conclusions are drawn and future works are discussed. 
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2.  MODELING OF THE HUMAN CARDIOVASCULAR SYSTEM 

 

 

2.1.  THE HUMAN CARDIOVASCULAR SYSTEM 

 

 The human cardiovascular system delivers nutrients, oxygen, to tissues and removes 

wastes and carbon dioxide from tissues. The cardiovascular system consists of two primary 

components: heart and blood vessels [48]. 

 

 The heart can be thought as two working pumps. Left heart pumps blood into the 

systemic circulation and right heart pumps blood into the pulmonary circulation [48]. The 

heart mainly consists of four chambers and four valves. Left heart includes left atrium, 

mitral valve, left ventricle, aortic valve. The oxygenated blood that comes from pulmonary 

veins flows into the left atrium. Left ventricular blood pressure decreases with left ventricle 

relaxation and oxygenated blood passes through the mitral valve and flows into the left 

ventricle. Left ventricular blood pressure increases with left ventricle contraction and aortic 

valve opens. Blood passes through the aortic valve and flows into the systemic arteries 

[48]. 

 

 Right heart includes right atrium, tricuspid valve, right ventricle and pulmonary 

valve. The de-oxygenated blood that comes from systemic veins flows into the right 

atrium. Right ventricular blood pressure decreases with right ventricle relaxation and de-

oxygenated blood passes through the tricuspid valve and flows into the right ventricle. 

Right ventricular blood pressure increases with right ventricle contraction and pulmonary 

valve opens. Blood passes through the pulmonary valve and flows into the pulmonary 

arteries [48].  

 

 The circulatory system includes systemic circulation that carries oxygenated blood to 

the tissues and pulmonary circulation carries de-oxygenated blood to the lungs to be 

oxygenated. Both systemic and pulmonary circulation include three main kinds of blood 

vessels: arteries, veins and capillaries [48]. 

 

 Systemic arteries take blood from the left heart and bring the oxygenated blood from 
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the left heart and to the tissues. Oxygen and nutrients diffuse to the cells from the systemic 

capillaries and carbon dioxide diffuses into the blood. The de – oxygenated blood flows 

into the right heart from the systemic veins [48]. 

 

 Pulmonary arteries take the de – oxygenated blood from the right heart and bring to 

the lungs. Blood is oxygenated in the lungs and pulmonary veins bring blood back to the 

left heart. Carbon dioxide diffuses in the alveoli from the pulmonary capillaries and 

oxygen diffuses into the pulmonary capillaries from the alveoli [48]. The heart and 

circulatory system are shown in Figure 2.1. 

 

 

 

Figure 2.1. The heart and circulatory system [49] 

 

2.1.1.  Cardiac Cycle 

 

 Cardiac cycle is the events that occur in a heartbeat period. The cardiac cycle consist 

of two phases which are called diastole (a period of relaxation) and systole (a period of 

contraction) [49]. 
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pressure and volume change in the left 

Figure 2.2. 

 

Figure 2.2. The pressure and volume change in the 
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As shown in Figure 2.2 in normal conditions end diastolic left ventricular volume

120 ml and end systolic left ventricular volume (ESV) is about 50 ml

difference between the end diastolic left ventricular volume and end systolic left 

ventricular volume is called the “stroke volume”. In normal conditions stroke vol

the left ventricle is 70 ml [48]. 

SV = EDV – ESV 
volume loop of the ventricles are useful to understand the pumping 

ventricles [49]. As shown in Figure 2.3 filling period and ejection period 

first and third phases respectively. Figure 2.3 shows that

contraction and isovolumic relaxation occur at the second and fourth phases of pressure

of the left ventricle respectively. ESPVR and EDPVR represent the end 

systolic pressure volume relationship and end diastolic pressure volume relationship in 

pening and closing phases of aortic and mitral valve

 

 

Figure 2.3. Pressure – volume diagram of the left ventricle
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 Another important concept is the “heart rate (HR)”. Heart rate is the number of heart 

beats per unit of time [48]. Generally heart rate is expressed in beats per minute. Also in 

this thesis heart rate was expressed in beats per minute.  

 

 Cardiac output (CO) is the blood volume that is pumped by the heart to the 

circulation system [48]. In normal conditions average cardiac output is five or six liters per 

minute. Cardiac output is calculated by multiplying stroke volume and heart rate as shown 

below. 

 

 �	 = 
� � 
� (2.2)

 

 The stroke volume divided by the end diastolic volume is called the “ejection 

fraction” (Ef). Normally ejection fraction is greater than 55 per cent. Ejection fraction is 

calculated as shown below. 

 

 �� =  
���� (2.3)

 

 The heart performance to size of the body is called the “cardiac index (CI)”. To 

calculate the cardiac index the body surface area (BSA) must be determined. For men 

average body surface area is nearly 1.9 m2 and for women average body surface area is 

nearly 1.6 m2. Normally cardiac index varies between 2.6 l/min/m2 and 4.2 l/min/m2. 

Cardiac index can be calculated as shown below. 

 

 �� =  �	�
� (2.4)

 

2.1.2.  Vascular System 

 

 The vascular system mainly consists of aorta, arteries, arterioles, capillaries, venules, 

veins and vena cava [48, 49]. The left ventricle ejects the blood into the aorta and blood 

passes through the circulation system and flows back to the heart. Before the left 

ventricular contraction aortic pressure falls nearly 80 mmHg that is the lowest pressure 

value in the aorta. This value is called the “diastolic pressure (DP)”. During the left 
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ventricular contraction the pressure in the aorta reaches its maximum value that is nearly 

120 mmHg. This value is called the “systolic pressure (SP)” The mean arterial blood 

pressure (MAP) is the average pressure in the arteries. Mean arterial blood pressure is 

summation of 60 per cent of diastolic pressure and 40 per cent of systolic pressure as 

shown below [49]. 

 

 ��� = 0.6 �� � 0.4 
�   (2.5)

 

 The blood flows through the blood vessels with pressure difference (∆P) that pushes 

the blood.  Blood flow (Q) is also depends on the resistance effects of the blood vessels. 

Vascular resistance is the resistance flow must overcome to eject the blood through the 

circulation system. According to the Ohm’s Law blood flow is calculated as below [49]. 

 

 � =  ∆��           (2.6)

 

 Blood vessels also have an elastic property that is called “compliance”. Compliance 

describes the change of change of volume (∆V) divided by change of pressure (∆P) [49]. 

 

 � =  ∆�∆� (2.7)

 

2.1.3.  Heart Failure 

 

 Heart failure is a condition that occurs when the heart cannot pump enough blood 

through the body. In other words cardiac output decreases and strain in heart increases. 

Heart failure is a serious health problem which causes to death or disabling. 

 

 In a heart failure condition a certain number of changes occur in cardiovascular 

system. Some of the changes are listed below 

. 

• Contractility reduces 

• Stroke volume reduces 

• Ventricles get enlarged  
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• Heart rate increases to pump more blood through the body 

• Blood pressure in the arteries falls 

 

 Heart failure affects many organs of the body. As a result heart continues to work but 

efficiency of the heart reduces. Therefore people with heart failure feel tired and breathe 

frequently. 

 

 In a heart failure condition left ventricular assist devices can be used to support 

partially or completely the failing heart. Ventricular assist devices can support left 

ventricle, right ventricle or both of them. Ventricular assist devices reduce myocardial 

work and maintain the output of the ventricles. Ventricular assist devices are used if the 

patient’s cardiac index is less than two l/min/m2, systolic blood pressure is less than 90 

mmHg, atrial pressure is greater than 20 mmHg and systemic vascular resistance greater 

than 1.57 mmHg·s2/ml [2].  

 

2.2.  MODELING OF THE HUMAN CARDIOVASCULAR SYSTEM 

 

 There are similarities between the electrical and fluid systems. In other words fluid 

systems can be represented as electrical circuits. Therefore human cardiovascular system 

was modeled as an electrical system that includes resistance, capacitance and inductance 

elements. The analogy between electrical systems and fluid systems is shown below. 

 

Table 2.1. The analogy between electrical systems and fluid systems 

 

Electrical Systems Fluid Systems 

Electrical charge (q) Fluid volume (V) 

Current (I) Flow rate (Q) 

Potential difference (V) Pressure Difference (∆P) 

Electrical Resistance (R) Fluid resistance (R) 

Capacitance (C) Compliance (C) 

Inductance (L) Fluid inertance (L) 

 

 The numerical model of human cardiovascular system includes heart chambers, heart 
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valves, systemic arteries, systemic veins, pulmonary arteries, pulmonary veins. The human 

cardiovascular system model does not include capillary blood vessels for the sake of 

simplicity. Systemic arteries and aorta are combined into one segment. Also systemic veins 

and vena cava are combined into one segment for the sake of simplicity. Block diagram of 

the human cardiovascular system model is shown in Figure 2.4. 

 

 

 

Figure 2.4. Block diagram of the human cardiovascular system model 

 

2.2.1.  Ventricles 

 

 Ventricles in the cardiovascular system model are described as time varying 

elastance. To define elastance a commonly used activation function is adopted to the 

cardiovascular system model [10].  

 

 � =  
� !
 " 1 $ %&' ( )*+ ,-           0 . ) . *+

1 � %&' ( ) $ *+*/ $  *+ ,-  *+ . ) . */0                                       */ . ) . ��
0 (2.8)

 

 Activation function defines the changes in the ventricle during the systole and 

diastole. Elastance change is defined by using the activation function. Elastance change is 

shown below. 
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 � = �1234 � �454 $  �12342 � (2.9)

 

 Elastance function describes the relation between ventricular volume and pressure. 

Models of both ventricle elastance functions are identical but the parameter values are 

different. The change of elastance function in a cardiac cycle is shown in Figure 2.5. 

 

 

 

Figure 2.5. Elastance function of left ventricle (continuous line) and right ventricle (dashed 

line) in a cardiac cycle duration 

 

 Volume changes of the ventricles are described as the difference between 

instantaneous inflow and outflow of the ventricles. The volume change of the left ventricle 

and right ventricle is shown below. 

 

 
7�897) = �89,2 $  �89,; (2.10)

 

 
7�<97) = �<9,2 $  �<9,; (2.11)
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 Vlv, Vrv, Qlv,i, Qlv,o, Qrv,i, Qrv,o are left ventricular and right ventricular volume, left 

ventricular inlet and outlet flow rates, right ventricular inlet and outlet flow rates 

respectively in the equations shown above. The ventricular pressures are defined as the 

product of instantaneous ventricular volumes and elastances. The left and right ventricular 

pressure changes are shown below. 

 

 �89 =  �89  =�89 $  �89,>? (2.12)

 

 �<9 =  �<9  =�<9 $  �<9,>? (2.13)

 

 Plv, Prv, Vlv,0 and Vrv,0 are left and right ventricular pressure and left and right 

ventricular zero pressure filling volume respectively in the equations shown above. 

 

2.2.2.  Atria 

 

 Atrial contraction is very low in comparison to ventricular contraction. In normal 

conditions atrial contraction contributes 20 per cent to ventricular filling [49]. Blood 

passively flows from veins into the atria and then into the ventricles through the mitral 

valve and tricuspid valve. Therefore atria are described with constant elastance values [16]. 

The change of blood volume in the atria is very similar to ventricles. Therefore atrial 

volume change is described as difference between flow rate of veins and inflow of 

ventricles. The change of blood volume in the atria is defined below. 

 

 
7�837) = �@9 $ �89,2 (2.14)

 

 
7�<37) = �49 $ �<9,2 (2.15)

 

 Vla, Vra, Qpv, Qsv are left and right atrial volume, flow rate of pulmonary veins and 

flow rate of systemic veins respectively in the equations shown above. 

 

 



16 
 

2.2.3.  Heart Valves 

 

 In the developed cardiovascular system model heart valves are described as diodes 

[50]. Blood flow in the heart valves are assumed to be only one way. Regurgitant blood 

flow is ignored. Governing blood flow equations of heart valves are shown below. Model 

of the blood flow through the heart valves is the same but the parameter values are 

different. 

 

 �A2 =  �83 $  �89�A2  (2.16)

 

 �3; =  �89 $  �43�3;  (2.17)

 

 �B2 =  �<3 $  �<9�B2  (2.18)

 

 �@C =  �<9 $  �@3�@;  (2.19)

 

 Qmi, Qao, Qti, Qpu are flow rates that flows through the mitral, aortic, tricuspid and 

pulmonary valves respectively. Pla, Plv, Psa, Pra, Prv, Ppa denote left atrial pressure, left 

ventricular pressure, systemic arterial pressure, right atrial pressure, right ventricular 

pressure, pulmonary arterial pressure respectively. Rmi, Rao, Rti, Rpo denote flow resistance 

of mitral, aortic, tricuspid and pulmonary valves respectively. 

 

2.2.4.  Vascular System 

 

 In the cardiovascular system model resistance effects, compliance effects and 

inertance effects are considered. In modeling of systemic arteries and pulmonary arteries 

these three elements are included. Change of pressure and flow rate of the arteries are 

defined below. 
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7�437) =  �3; $ �43�43  (2.20)

  

 
7�437) =  �43 $  �49 $  �43�43D43  (2.21)

 

 
7�@37) =  �@C $  �@3�@3  (2.22)

 

 
7�@37) =  �@3 $  �@9 $  �@3�@3D@3  (2.23)

 

 Qsa, Qpa, Psv, Ppv denote flow rate of systemic arteries, flow rate of pulmonary 

arteries, pressure of systemic veins, pressure of pulmonary veins respectively. Csa, Rsa, Lsa, 

Cpa, Rpa, Lpa denote systemic arteries compliance, flow resistance, inertance and pulmonary 

arteries compliance, flow resistance, inertance respectively in the equations shown above. 

 

 Systemic veins and pulmonary veins do not include the inertance effect. Therefore 

flow rates through the veins are expressed as algebraic equations. Flow rates and the 

pressures of the veins are defined below. 

 

 
7�497) =  �43 $  �49�49  (2.24)

 

 �49 =  �49 $  �<3�49  (2.25)

 

 �@9 = 1�@9 =�B;B $ �43�43 $ �49�49 $  �@3�@3 $ �83 $ �89 $  �<3 $ �<9 $ �C? (2.26)

 

 �@9 =  �@9 $ �83�@9  (2.27)

 

 Csv, Cpv, Rsv, Rpv denote compliance of systemic veins, compliance of pulmonary 

veins, flow resistance of systemic veins, flow resistance of pulmonary veins respectively in 
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the equations shown above. Vtot and Vu denote total blood volume and unstressed blood 

volume in the human body respectively in the equations shown above. 

 

 The parameters used in numerical human cardiovascular system model are taken 

from the literature. Compliance of the left and right atrium, systemic arterial resistance, 

pulmonary arterial resistance, compliance of systemic veins, compliance of pulmonary 

arteries and veins, inertance of systemic arteries and pulmonary arteries are taken from 

[51]. The resistances of heart valves and systemic arterial compliance values are taken 

from [52]. Resistance of systemic veins value is taken from [16]. Resistance of pulmonary 

veins value is taken from [53]. The parameters used in numerical human cardiovascular 

system model are shown in Table 2.2. 

 

Table 2.2. The parameters used in numerical human cardiovascular system model 

 

 R (mmHg s / ml) C (ml / mmHg) L (mmHg s2 / ml) 

Left Atrium 

Right Atrium 

Mitral Valve 

Aortic Valve 

Tricuspid Valve 

Pulmonary Valve 

Systemic Arteries 

Systemic Veins 

Pulmonary Arteries 

Pulmonary Veins 

- 

- 

0.005 

0.001 

0.005 

0.001 

0.97 

0.075 

0.106 

0.005 

5 

5 

- 

- 

- 

- 

1.3 

82.5 

4.8 

5 

- 

- 

- 

- 

- 

- 

0.00001 

- 

0.00001 

- 

 

 The parameters used for modeling activation function and elastance function are 

taken from [16]. The value of zero pressure filling volume of the left ventricle is taken 

from [5]. The value of zero pressure filling volume of the right ventricle is taken from [54]. 

The parameters used in ventricular modeling are shown in Table 2.3. 
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Table 2.3. The parameters used in ventricular modeling 

 

 Esys (mmHg/ml) Edias (mmHg/ml) V0 (ml) 

Left Ventricle 2.5 0.1 5 

Right Ventricle 1.15 0.1 5 

 

 For simulations total blood volume was set to 5700 ml [10] and unstressed blood 

volume for vascular compartments of the human cardiovascular system model was set to 

3800 ml [55].  

 

2.2.5.  Simulation Results 

 

 The cardiovascular system model was built in Matlab and Simulink. Simulations 

were performed by using ode15s solver and maximum step size was adjusted to 0.0001 s. 

Heart rate was adjusted to 75 beat/min thus one heart beat period is 0.8 s. 

 

 According to the simulation results the maximum and minimum left ventricular 

pressure is nearly 121 mmHg and 7 mmHg respectively. Left atrial maximum pressure is 

nearly 15 mmHg and the minimum pressure is nearly 10 mmHg. Systolic pressure of the 

systemic arteries is nearly 121 mmHg and diastolic pressure is 79 mmHg. The pressure of 

systemic veins is nearly 16 mmHg. The pressure of the left heart chambers and the 

systemic circulation are shown in Figure 2.6. 
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Figure 2.6. Simulation results for left ventricular pressure (continuous line), left atrial 

pressure (chain line), the pressure of the systemic arteries (dashed line) and the pressure of 

the systemic veins (dotted line) 

 

 Right ventricular maximum and minimum pressure is nearly 27 mmHg and 5 mmHg 

respectively. Right atrial maximum pressure is nearly 13 mmHg and minimum pressure is 

7 mmHg. Maximum pressure of the pulmonary arteries is nearly 27 mmHg and minimum 

pressure of the pulmonary arteries is 17 mmHg. Maximum pressure of the pulmonary veins 

is nearly 15 mmHg and minimum pressure of the pulmonary veins is 11 mmHg. The 

pressure of the right heart chambers and the pulmonary circulation are shown in Figure 2.7. 
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Figure 2.7. Simulation results for right ventricular pressure (continuous line), right atrial 

pressure (chain line), the pressure of the pulmonary arteries (dashed line) and the pressure 

of the pulmonary veins (dotted line) 

 

 Maximum left ventricular volume is nearly 122.2 ml and minimum left ventricular 

volume is nearly 52.9 ml. According to these results stroke volume of the left ventricle is 

69.3 ml. Maximum right ventricular volume is nearly 97.3 ml and minimum right 

ventricular volume is nearly28 ml. Stroke volume of the right ventricle is calculated as 

69.3 ml according to these results. The left atrial maximum volume is nearly 76 ml and 

minimum volume is nearly 53 ml. The right atrial maximum volume is nearly 66 ml and 

minimum volume is nearly 34 ml. The volume of the heart chambers are shown in Figure 

2.8. 
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Figure 2.8. Volume of the heart chambers, left ventricular volume (continuous line), right 

ventricular volume (chain line), left atrial volume (dotted line), right atrial volume (dashed 

line) 

 

 Periodic peak flow occurs in the mitral valve and aortic valve flow rates. Average 

blood flow is nearly 5.2 l/min. The flow rates of the left heart valves and systemic blood 

vessels are shown in Figure 2.9. 

 

 

 

Figure 2.9. Flow rate of the mitral valve (dashed line), flow rate of the aortic valve 

(continuous line), flow rate of the systemic arteries (chain line), flow rate of the systemic 

veins (dotted line) 
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 Periodic peak flow occurs in the tricuspid valve, pulmonary valve and pulmonary 

vein flow rates. The flow rates of the right heart valves and pulmonary blood vessels are 

shown in Figure 2.10. 

 

 

 

Figure 2.10. Flow rate of the tricuspid valve (dashed line), flow rate of the pulmonary 

valve (continuous line), flow rate of the pulmonary arteries (chain line), flow rate of the 

pulmonary veins (dotted line) 

 

 Pressure – volume loops that show the external work of the ventricles are useful to 

understand pumping mechanism. Pressure – volume loops of the developed human 

cardiovascular system model are shown in Figure 2.11. 

 

 By using these results cardiac output is calculated as 5200 ml/min. Mean arterial 

blood pressure is 95.8 mmHg. The ejection fraction of the left ventricle is 0.567. Body 

surface area is assumed to be 1.90 m2 (180 cm tall, 72 kg weight healthy man). By using 

these results cardiac index is calculated as 2.74 l/min/m2. Simulation results are shown in 

Table 2.4. 
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Figure 2.11. Pressure-volume loop of the left ventricle (blue line) and right ventricle 

(red line) 

 

Table 2.4. Simulation results of human cardiovascular system model 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 

Pla (mmHg) 15 10 Pra (mmHg) 13 7 

Plv (mmHg) 121 7 Prv (mmHg) 27 5 

Psa (mmHg) 121 79 Ppa (mmHg) 27 17 

Psv (mmHg) 16 16 Ppv (mmHg) 15 11 

Vla (ml) 76 53 Vra (ml) 66 34 

Vlv (ml) 122.2 52.9 Vrv (ml) 97.3 28 

 

2.3.  MODELING OF THE DISEASED CARDIOVASCULAR SYSTEM 

 

 To obtain the pathological conditions mentioned in 2.1.3 the left ventricular 

maximum elastance was reduced to 0.7 mmHg/ml from 2.5 mmHg/ml, right ventricular 

maximum elastance was reduced to 0.3 mmHg/ml from 1.15 mmHg/ml. Also left 
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ventricular zero pressure filling volume was increased to 15 ml from 5 ml [56]. 

 

2.3.1.  Simulation Results 

 

 Simulations were performed by using ode15s solver and maximum step size was 

adjusted to 0.0001 s, which are the same as the healthy cardiovascular system simulations. 

 

 According to the simulation results the maximum and minimum left ventricular 

pressure is nearly 74 mmHg and 11.5 mmHg respectively. Left atrial maximum pressure is 

nearly 16 mmHg and the minimum pressure is nearly 14 mmHg. Systolic pressure of the 

systemic arteries is nearly 74 mmHg and diastolic pressure is 50 mmHg. The pressure of 

systemic veins is nearly 15.5 mmHg. The pressure of the left heart chambers and the 

systemic circulation are shown in Figure 2.12. 

 

 

 

Figure 2.12. Simulation results for left ventricular pressure (continuous line), left atrial 

pressure (chain line), the pressure of the systemic arteries (dashed line) and the pressure of 

the systemic veins (dotted line) 

 

 Right ventricular maximum and minimum pressure is nearly 23 mmHg and 9 mmHg 

respectively. Right atrial maximum pressure is nearly 14 mmHg and minimum pressure is 

10 mmHg. Maximum pressure of the pulmonary arteries is nearly 23 mmHg and minimum 
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pressure of the pulmonary arteries is 17 mmHg. Maximum pressure of the pulmonary veins 

is nearly 16 mmHg and minimum pressure of the pulmonary veins is 14 mmHg. The 

pressure of the right heart chambers and the pulmonary circulation are shown in Figure 

2.13. 

 

 

 

Figure 2.13. Simulation results for right ventricular pressure (continuous line), right atrial 

pressure (chain line), the pressure of the pulmonary arteries (dashed line) and the pressure 

of the pulmonary veins (dotted line) 

 

 Maximum left ventricular volume is nearly 159.2 ml and minimum left ventricular 

volume is nearly 120.8 ml. According to these results stroke volume of the left ventricle is 

38.4 ml. Maximum right ventricular volume is nearly 120.6 ml and minimum right 

ventricular volume is nearly 82.2 ml. Stroke volume of the right ventricle is calculated as 

38.4 ml based on these results. The left atrial maximum volume is nearly 81 ml and 

minimum volume is nearly 69 ml. The right atrial maximum volume is nearly 69 ml and 

minimum volume is nearly 51 ml. The volume of the heart chambers are shown in Figure 

2.14. 
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Figure 2.14. Volume of the heart chambers, left ventricular volume (continuous line), right 

ventricular volume (chain line), left atrial volume (dotted line), right atrial volume (dashed 

line) 

 

 Periodic peak flow occurs in the mitral valve and aortic valve flow rates, which are 

the same as the healthy cardiovascular system model simulation results. Average blood 

flow is nearly 2.88 l/min. The flow rates of the left heart valves and systemic blood vessels 

are shown in Figure 2.15. 

 

 

 

Figure 2.15. Flow rate of the mitral valve (dashed line), flow rate of the aortic valve 

(continuous line), flow rate of the systemic arteries (chain line), flow rate of the systemic 

veins (dotted line) 
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 Periodic peak flow occurs in the tricuspid valve, pulmonary valve and pulmonary 

vein flow rates which is same as the healthy cardiovascular system model simulation 

results. The flow rates of the right heart valves and pulmonary blood vessels are shown in 

Figure 2.16. 

 

 

 

Figure 2.16. Flow rate of the tricuspid valve (dashed line), flow rate of the pulmonary 

valve (continuous line), flow rate of the pulmonary arteries (chain line), flow rate of the 

pulmonary veins (dotted line) 

 

 Ventricular pressure-volume loops of the diseased human cardiovascular system 

model are shown in Figure 2.17. 

 

 By using these results cardiac output is calculated as 2880 ml/min. Mean arterial 

blood pressure is 59.6 mmHg. The ejection fraction of the left ventricle is 0.241. Body 

surface area is assumed to be 1.90 m2. By using these results cardiac index is calculated as 

1.52 l/min/m2. Simulation results are shown in Table 2.5. 
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Figure 2.17. Pressure – volume loop of the diseased left ventricle (blue line) and 

right ventricle (red line) 

 

Table 2.5. Simulation results of diseased human cardiovascular system model 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 

Pla (mmHg) 16 15 Pra (mmHg) 14 10 

Plv (mmHg) 74 11.5 Prv (mmHg) 23 9 

Psa (mmHg) 74 50 Ppa (mmHg) 23 17 

Psv (mmHg) 15.5 15.5 Ppv (mmHg) 16 14 

Vla (ml) 81 69 Vra (ml) 69 51 

Vlv (ml) 150.2 120.8 Vrv (ml) 120.6 82.2 

 

2.4.  DISCUSSION 

 

 In this chapter a numerical human cardiovascular system model was developed that 

will be used for LVAD simulations. The developed cardiovascular system model is a 

simple model which does not include the capillary blood vessels. The atrial contraction 
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was neglected in this model. Also the regurgitant blood flow through the aortic valve and 

pulmonary valve was not modeled. Simulation results of the simple healthy cardiovascular 

system are in an acceptable range [44].  

 

 The pathological condition was obtained by decreasing the maximum ventricular 

elastance function values and increasing the left ventricular zero pressure filling volume 

value. These changes provide a systolic left ventricular pressure which is under 90 mmHg 

as mentioned in section 2.1.3. 

 

 As it is seen in the simulation results, decreasing maximum values of elastance 

functions cause a decrease in ventricular systolic pressure values and an increase in 

ventricular volume values as expected. Due to decrease in left ventricular pressure, arterial 

pressure decreases. This decrease causes the mean arterial pressure to drop from 95.8 

mmHg to 59.6 mmHg. Also a considerable decrement occurs in ventricular stroke volume 

values. Decrease in ventricular stroke volume causes a decrease in cardiac output. Cardiac 

output decreases from 5.2 l/min to 2.88 l/min in diseased cardiovascular model simulations 

as expected. Instantaneous peak flow rate values of heart valves decrease considerably. 

Cardiac index value decreases from 2.74 l/min/m2 to 1.52 l/min/m2 and ejection fraction 

value decreases from 0.567 to 0.241. 

 

 Under these conditions LVAD assistance can be recommended as described in 

section 2.1.3. 
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3.  MODELING OF THE LEFT VENTRICULAR ASSIST DEVICES 

 

 

 Empirical models were developed by using static pressure-flow rate diagrams. In this 

chapter development of a numerical pump model was explained for Heart Turcica axial 

and Heart Turcica centrifugal V13. 

 

3.1.  THE LEFT VENTRICULAR ASSIST DEVICES 

 

 The left ventricular assist devices (LVADs) are devices that partially or completely 

support the failing left ventricle. In a failing left ventricle systolic left ventricular pressure 

and systolic aortic pressure drops. LVADs support left ventricle with a rotating impeller by 

increasing the pressure difference between aorta and left ventricle [2]. In other words 

rotating impeller cause a pressure difference between outlet and inlet of an LVAD. LVADs 

are used as bridge to recovery and bridge to transplantation because they do not require 

removal of the heart [1]. 

 

 A short literature survey of the ventricular assist devices is shown in this section of 

the thesis.  

 

 Micomed DeBakey ventricular assist device is an axial flow pump that can pump 10 

l/min. It is inserted between the apex of the heart and the aorta. This pump consists of an 

inducer, an impeller and a diffuser. Also it includes a flowmeter to measure the pump flow 

[2].  

 

 Jarvik 2000 is an axial flow pump which produces 7 l/min flow. It operates at 8000 

to 12000 rpm. This pump is inserted in the ventricle and has an outflow cannula that 

anastomosed to the ascending aorta [2].  

 

 Heartmate is a pulsatile left ventricular assist device. This left ventricular assist 

device has 9 l/min pumping capacity. The stroke volume is 83 ml in this flow rate. To use 

this device in patient, patient’s body surface area has to be greater than 1.5 m2 [2]. 



32 
 

 Heartmate II is an axial flow pump that and produce flow rate greater than 10 l/min 

speeds at greater than 10000 rpm. This pump is inserted between the apex of the heart and 

the aorta like Micomed DeBakey ventricular assist device [2]. 

 

 Novacor is a pulsatile left ventricular assist device as Heartmate. This pump is placed 

in the left upper abdominal quadrant and the inflow tract is connected to the left ventricular 

apex [2]. 

 

 Arrow Lionheart LVD-2000 is a totally implantable pulsatile device. Maximum 

pump flow is 8 l/min with 64 ml stroke volume in this device [2]. 

 

3.2.  MODELING OF HEART TURCICA AXIAL 

 

 An empirical numerical model which was developed by using CFD analysis data 

were used for the Heart Turcica axial [20]. The empirical model is shown below. 

 

 ∆� = �+ �@  � �/ E/ (3.1)

 

 Here C1 and C2 are empirically determined coefficients, Qp is the pump flow rate, ω 

is rotation speed of the impeller and ∆P is the pressure difference between outlet and inlet 

of the pump. 

 

 A commonly used model was adopted for the mechanical part of the heart pump 

[21].  

 

 F 7E7) =  *G $ H�> �  �9 EI $ *@ (3.2)

 

 Where J is the rotor inertia, Te is motor torque, C0 is static friction torque, Cv is 

viscous damping factor of the motor used in the experiments. Tp is the load torque on the 

pump. The used electric motor in the experiments is Faulhaber 2057 S 024 B K1155 

brushless DC servomotor.  

 

 The Te term in the equation 3.2 is expressed as shown below. 



 

 
 

 In Equation 3.3 km

the pump an empirical expression was developed that contains

impeller and flow rate of the pump. The developed empirical expression is shown below.

 

 
 

 In the equation 3.4 K

flow rate of the pump. 

 

 To determine the C

line by using least squares method. 

Heart Turcica axial that 

 

Figure 3.1. Pressure 
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m denotes torque constant and I denotes current. For load torque on 

the pump an empirical expression was developed that contains the

flow rate of the pump. The developed empirical expression is shown below.

Tp = K1 ω2 � K2 Qp ω � K3 Qp 
In the equation 3.4 K1, K2, K3 are empirically determined coefficients and Q

o determine the C1 and C2 coefficients the data shown in Figure 3.1 

line by using least squares method. Figure 3.1 shows the pressure vs. flow rate data of 

 is obtained from CFD analysis.  

 

Figure 3.1. Pressure – flow rate diagram of the Heart Turcica axial

 

A least square fit operation was conducted to determine the C
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(3.3)

denotes torque constant and I denotes current. For load torque on 

the rotation speed of the 

flow rate of the pump. The developed empirical expression is shown below. 

(3.4)

are empirically determined coefficients and Qp is the 

the data shown in Figure 3.1 are fitted to a 

Figure 3.1 shows the pressure vs. flow rate data of 

 

flow rate diagram of the Heart Turcica axial 

conducted to determine the C1 and C2 coefficients. 
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At first, a 44 × 1 matrix which contains the pressure data was created. This matrix is shown 

below. 

 

 T =  
UV
VV
VV
W 12.427.33...180.21174.35[\

\\
\\
]

^^�+

 (3.5)

 

 A 44 × 2 matrix which contains flow rate data at its first column and square of the 

rotation speed data at its second column was created. Although unit of the rotation speed 

data is ‘rpm’ in table ‘1/s’ was used for calculations. This matrix is shown below. 

 

 _ =  
UV
VV
VV
VW

5066.67....83.33100
    

6944.446944.44....6250062500
 
[\
\\
\\
\]

^^�/

 (3.6)

 

 The coefficients of the equation are the elements of a matrix which is a 2 × 1 matrix. 

This matrix is shown below. 

 

 a =  b�+�/c/�+ (3.7)

 

 Coefficients C1 and C2 are calculated by using equations shown below. 

 

 T =  _ a (3.8)

 

 a =  H_d  _Ie+ H_d TI (3.9)

 

 C1 and C2 are calculated as -0.23779 mmHg/ml/s and 0.00323 mmHg/s2 respectively. 

According to these results final form of the Equation 3.1 is shown below. 
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 ∆� = $0.23779 � �  0.00323 E/ (3.10)

 

 The least square fit data and errors are shown in Table 3.1. 

 

Table 3.1. The least square fit data and errors 

 

ω (rpm) Q (ml/s) 
∆P (mmHg), CFD 

Analysis Data 

∆P (mmHg), Least 

Squares Fit Data 

Error 

(mmHg) 

5000 

50.00 12.24 10.54 1.70 
66.67 7.54 6.58 0.96 
83.33 2.35 2.61 -0.27 

100.00 -3.00 -1.35 -1.65 

6000 

50.00 22.29 20.41 1.88 
66.67 17.64 16,45 1,19 
83.33 12.48 12,48 0,00 

100.00 6.80 8,52 -1,73 

7000 

50.00 34.04 32,07 1,96 
66.67 29.48 28,11 1,36 
83.33 24.50 24,15 0,35 

100.00 18.86 20,18 -1,33 

8000 

50.00 46.98 45.53 1.44 
66.67 42.99 41.57 1.42 
83.33 38.16 37.61 0.55 

100.00 32.85 33.64 -0.79 

9000 

50.00 62.77 60.79 1.98 
66.67 58.41 56.82 1.58 
83.33 53.49 52.86 0.62 

100.00 49.86 48.90 0.96 

10000 

50.00 79.72 77.83 1.88 
66.67 74.86 73.87 0.98 
83.33 70.67 69.91 0.76 

100.00 65.53 65.94 -0.42 

11000 

50.00 98.46 96.67 1.78 
66.67 93.95 92.71 1.23 
83.33 89.32 88.75 0.56 

100.00 84.37 84.78 -0.42 
12000 50.00 118.93 117.31 1.61 

66.67 114.06 113.35 0.71 
83.33 109.61 109.38 0.21 

100.00 104.99 105.42 -0.44 
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Table 3.1. The least square fit data and errors (continued) 

    

13000 

50.00 141.07 139.74 1.32 
66.67 134.87 135.78 -0.92 
83.33 130.44 131.81 -1.38 

100.00 127.05 127.85 -0.81 

14000 

50.00 166.09 163.97 2.11 
66.67 158.65 160.00 -1.37 
83.33 154.73 156.04 -1.32 

100.00 150.06 152.08 -2.02 

15000 

50.00 192.34 189.99 2.34 
66.67 185.59 186.02 -0.45 
83.33 179.91 182.06 -2.16 

100.00 174.71 178.10 -3.40 
 

 To determine K1, K2, K3 coefficients the data shown in Figure 3.2 are fitted to a 

second order polynomial. Figure 3.2 shows the torque vs. rotation speed data of Heart 

Turcica axial that obtained from CFD analysis.  

 

 

 

Figure 3.2.Load torque – rotation speed diagram of the Heart Turcica axial 
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 A least square fit operation was conducted to determine the K1 and K2 and K3 

coefficients. At first a 33×1 matrix which contains the load torque data was created. This 

matrix is shown below. 

 

 f =  
UV
VV
VV
W 1.36521.869...9.31610.6725[\

\\
\\
]

gg�+

 (3.11)

 

 A 33 × 3 matrix which contains square of rotation speed data at its first column, 

multiplication of rotation speed and pump flow rate at its second column and pump flow 

rate data at its third column was created. Although unit of the rotation speed data is ‘rpm’ 

and flow rate data is ‘l/min’ in the table ‘1/s’ and ‘ml/s’ were used respectively for 

calculations. This matrix is shown below. 

 

 h =  
UV
VV
VV
W 6944.4410000.00...54444.4462500.00

   
4166.675000.00...11666.6712500.00

    
50.0050.00...83.3383.33[\

\\
\\
]

gg�g

 (3.12)

 

 The coefficients of the equation are the elements of a matrix which is a 3×1 matrix. 

This matrix is shown below. 

 

 i =  jk+k/kg
l

g�+
 (3.13)

 

 Coefficients K1, K2and K3 are calculated by using equations shown below. 

 

 f =  h i (3.14)

 

 i =  Hhd  hIe+ Hhd fI (3.15)
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 K1, K2 and K3 are calculated as 0.00017 Nmm/s2, -3.45511 × 10-5 Nmm/ml and 

0.00596 Nmm/ml/s respectively. According to these results final form of the equation 3.4 

is shown below. 

 

 *@ =  0.00017 E/ –  3.45511 � 10em �@ E �  0.00596 �@ (3.16)
 

 The least square fit data and errors are shown in Table 3.2. 

 

Table 3.2. The least square fit data and errors 

 

Q (l/min) ω (rpm) 
Torque (N mm) CFD 

Analysis Data 
Torque (N mm) Least 

Squares Fit Data 
Error 

3 

5000 1.365 1.365 0 
6000 1.874 1.869 0.005 
7000 2.475 2.469 0.006 
8000 3.188 3.167 0.021 
9000 4.008 3.961 0.047 

10000 4.901 4.852 0.049 
11000 5.880 5.841 0.039 
12000 6.936 6.925 0.010 
13000 8.102 8.107 -0.005 
14000 9.380 9.386 -0.006 

15000 10.739 10.761 -0.022 

4 

5000 1.400 1.416 -0.016 
6000 1.913 1.910 0.003 
7000 2.498 2.501 -0.003 
8000 3.173 3.189 -0.017 
9000 3.957 3.974 -0.017 

10000 4.864 4.856 0.008 
11000 5.871 5.834 0.037 
12000 6.944 6.910 0.034 
13000 8.069 8.082 -0.013 
14000 9.311 9.351 -0.040 

15000 10.681 10.717 -0.036 
5 5000 1.433 1.467 -0.035 

6000 1.955 1.952 0.003 
7000 2.554 2.534 0.020 
8000 3.217 3.212 0.005 
9000 3.970 3.987 -0.017 

10000 4.828 4.859 -0.031 
11000 5.799 5.828 -0.029 
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Table 3.2. The least square fit data and errors (continued) 

    
12000 6.891 6.894 -0.003 
13000 8.073 8.056 0.016 
14000 9.342 9.316 0.027 

15000 10.676 10.672 0.004 
 

 Rotor inertia, torque constant, static friction torque and viscous damping factor 

values are taken from [57]. These values are shown in Table 3.3. 

 

Table 3.3. Values of the Parameters in Eq. 3.2 and Eq. 3.3 

 

J (g cm2) km (N mm/A) C0 (N mm) Cv (N mm/rpm) 

3.95 8.56 0.28 3.7×10-5 

 

3.3.  MODELING OF HEART TURCICA CENTRIFUGAL 

 

 A second order numerical model was developed for Heart Turcica Centrifugal V13 

by using experimental results. This numerical model is shown below. 

 

 ∆� = D+�@/  � D/�@ �  DgE/ (3.17)

 

 In the equation 3.17 L1, L2 and L3 are empirically determined coefficients. Only 

pressure – flow rate relation was considered in the Heart Turcica centrifugal model. A 

mechanical model was not developed for Heart Turcica centrifugal. The pressure–flow rate 

diagram of Heart Turcica centrifugal is shown in Figure 3.3. 
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Figure 3.3. Pressure – flow rate diagram of the Heart Turcica centrifugal 

 

 To determine L1, L2, L3 coefficients the data shown in the Figure 3.3 are fitted to a 

second order polynomial by using least squares method.  

 

 A least square fit operation was conducted. At first a 42 × 1 matrix which contains 

the pressure difference data was created. This matrix is shown below. 

 

 n =  
UV
VV
VV
VW

94.3790.12....170.15154.63[\
\\
\\
\]

^/�+

 (3.18)
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 A 42 × 3 matrix which contains square of pump flow rate data at its first column, 

pump flow rate data at its second column and square of the rotation speed data at its third 

column was created. Although unit of the rotation speed data is ‘rpm’ in the table ‘1/s’ was 

used for calculations. This matrix is shown below. 

 

 o =  
UV
VV
VV
VW

15.6124.63....98.91104.92
    

243.67      905.01606.64      905.01  .                   .  .                  ..                  ..                  .9783.19      2496.6711008.21    2496.67
 
[\
\\
\\
\]

^/�g

 (3.19)

 

 The coefficients of the equation are the elements of a 3×1 matrix. It is shown below. 

 

 p =  jD+D/Dg
l

g�+
 (3.20)

 

 Coefficients L1, L2and L3 are calculated by using equations shown below. 

 

 n =  o p (3.21)

 

 p =  Hod  oIe+ Hod nI (3.22)

 

 L1, L2 and L3 are calculated as -0.00955 mmHg/ml2/s2, -0.18338 mmHg/s and 

0.11446 mmHg/s2 respectively. According to these results final form of the equation 3.17 

is shown below. 

 

 ∆� = $0.00955 �@/  $ 0.18338 �@ �  0.11446 E/ (3.23)

 

 The least square fit data and errors are shown in Table 3.4.  
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Table 3.4. The least square fit data and errors 

 

ω (rpm) Q (ml/s) 
∆P (mmHg), 

Experimental Data 

∆P (mmHg), 
Least Squares Fit 

Data 

Error 
(mmHg) 

1805 

15.61 94.12 98.40 -4.28 
24.63 90.29 93.28 -2.99 
38.74 81.47 82.15 -0.68 
50.57 70.00 69.89 0.11 
57.04 62.06 62.06 0.00 
61.50 60.00 56.20 3.81 

1905 

19.53 104.41 108.16 -3.75 
31.00 98.83 100.52 -1.70 
40.10 91.47 92.67 -1.20 
47.20 85.00 85.45 -0.45 
60.13 70.29 69.83 0.47 
65.96 65.00 61.74 3.26 

2001 

15.16 117.65 122.33 -4.68 
21.89 114.12 118.71 -4.59 
35.37 107.94 108.87 -0.93 
50.02 95.88 94.23 1.65 
62.41 77.06 78.67 -1.61 
68.96 69.71 69.24 0.46 

2257 

20.26 150.30 154.33 -4.03 
34.28 142.06 144.46 -2.39 
49.02 129.12 130.02 -0.90 
61.59 112.06 114.45 -2.38 
72.06 93.83 99.16 -5.34 
75.79 88.53 93.21 -4.68 

2401 

22.99 169.42 174.03 -4.61 
41.65 156.18 159.08 -2.90 
52.30 145.59 147.57 -1.98 
66.68 128.24 128.59 -0.36 
79.61 109.71 108.16 1.55 
84.62 102.36 99.39 2.97 

2750 

30.82 226.48 225.73 0.75 
51.21 210.59 206.01 4.58 
62.22 195.59 192.06 3.53 
84.07 161.18 157.53 3.65 
89.26 145.59 147.98 -2.39 
97.91 134.71 130.94 3.77 

2998 

30.91 274.70 270.98 3.72 
48.75 263.54 254.13 9.40 
71.78 230.89 223.40 7.49 
84.16 197.65 202.69 -5.03 
98.91 170.59 174.20 -3.61 

104.92 156.47 161.40 -4.93 
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3.4.  DISCUSSION 

 

 In this chapter, numerical models for Heart Turcica axial and Heart Turcica 

centrifugal were developed.  

 

 A linear empirical model was developed for Heart Turcica axial by using CFD 

analysis results. The mechanical model of the pump includes motor torque, friction torque 

and load torque terms. Also an empirical model for load torque term which is a second 

order polynomial was developed by using CFD analysis results. The differences between 

CFD analysis results and least square fit operation results are very low in these models. 

Therefore these models are acceptable for using in the simulations. Rotor inertia, torque 

constant, static friction torque and viscous damping factor values are taken from catalogue 

of the motor manufacturer. 

 

 The empirical model developed for Heart Turcica centrifugal is for the 13th version 

of Heart Turcica centrifugal. Data of the other versions are not available. The mechanical 

engineering department of the Koç University will decide which version will be used as a 

cardiac assist device. 
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4.  COMBINED MODEL OF CVS AND HEART PUMPS 

 

 

 Before talking about the combined model of cardiovascular system and the left 

ventricular assist devices, the physiologically significant pumping states must be 

explained. Five significant pumping states occur in consequence of varying pumping 

speed. These pumping states are regurgitant pump flow, ventricular ejection, non-opening 

aortic valve over the cardiac cycle, intermittent collapse of ventricle wall and continuous 

collapse of ventricle wall. Details about significant pumping states can be found in [22-26]. 

In the following section these pumping states are explained briefly. 

 

4.1.  PHYSIOLOGICALLY SIGNIFICANT PUMPING STATES IN LVADS 

 

 The regurgitant pump flow state occurs at relatively low pumping speeds. Pressure 

difference between the outlet and inlet of the pump is higher than the pressure difference 

created by the heart pump. Hence the pump flow regurgitates during every cardiac cycle. 

Usually negative pump flow is observed at the diastolic phase. 

 

 The heart pump and the left ventricle pump blood together at the ventricular ejection 

state. The heart pump provides a continuous blood flow and the left ventricle pumps blood 

at systolic phase. Therefore pumping together occurs at the systolic phase. 

 

 The aortic valve does not open because of relatively high aortic pressure at the non-

opening aortic valve over the cardiac cycle state. Only heart pump operates at this state. 

The pressure in the left ventricle is not sufficient to open the aortic valve. 

 

 Increasing pump rotation speed causes pressure decrease in the left ventricle. If the 

rotation speed of the pump increases too much, pressure in the left ventricle decreases too 

much and mitral valve remains open [52]. In this state pulsatility of the pump flow is very 

small. If the pressure in the left ventricle drops near zero the ventricle walls are sucked by 

the heart pump. This phenomenon is called the ventricular suction and provides harmful 

effects to the heart. Collapse of ventricle wall occurs at the relatively higher rotation 
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speeds in comparison to the other states. At this state pulsatility in pump flow and pressure 

difference across the pump can be observed. 

 

4.2.  COMBINED MODEL OF CARDIOVASCULAR SYSTEM AND LVADS 

 

 The pump models are connected between left ventricle and systemic arteries. 

Equations 2.14 and 2.20 wer changed as shown below [56]. 

 

 
7�897) = �89,2 $  �89,; $  �@ (4.1)

 

 
7�437) =  �3; � �@ – �43�43  (4.2)

 

 ∆P term in the heart pump models denotes pressure difference between the outlet and 

inlet of the heart pumps. In other words ∆P is the pressure difference between aorta and 

left ventricle. Therefore these terms are used in equation 3.1 and equation 3.17 while 

implementing the pump models into the human cardiovascular system model.  

 

 To simulate the suction phenomenon more accurately and realistically the resistance 

at the inlet of the heart pump must be increased in suction condition. Therefore a variable 

resistance which is called suction resistance was defined at the inlet of the heart pump 

models [5]. The suction resistance is defined below. 

 

 �4Cq = r 0, �89  s  �Bt$ 3.5�89 �  3.5�Bt, �89  .  �Bt 0  (4.3)

 

 Pth denotes threshold pressure value for suction condition in the equation 4.3. In the 

simulations 1 mmHg was used for Pth [5]. The block diagram of combined model of the 

human cardiovascular system model and heart pump is shown in Figure 4.1. 

 

 To assess the increasing rotation speed pressure pulsatility index, flow pulsatility 

index and current pulsatility index were defined. pressure pulsatility index, flow pulsatility 

index and current pulsatility index are shown below. 
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 �� =  ∆�A3u $  ∆�A2vH∆�A3u � ∆�A2vI/2 (4.4)

 

 �� =  �A3u $  �A2vH�A3u �  �A2vI/2 (4.5)

 

 �� =  �A3u $  �A2vH�A3u �  �A2vI/2 (4.6)

 

 PI denotes pressure pulsatility index across the pump. ∆Pmax and ∆Pmin denote 

maximum pressure difference and minimum pressure difference across the pump 

respectively. QI denotes flow pulsatility index of the pump flow. ∆Qmax and ∆Qmin denote 

maximum pump flow and minimum pump flow that flow through the pump respectively. 

CI denotes current pulsatility index. Cmax and Cmin denote maximum motor current and 

minimum motor current respectively. 

 

 

 

Figure 4.1. Block diagram of the human cardiovascular system model and heart pump 

 

4.3.  COMBINED MODEL OF CARDIOVASCULAR SYSTEM AND HEART 

TURCICA AXIAL 

 

 Heart Turcica axial model was implemented to diseased cardiovascular system 

model and simulations were performed to assess rotation speeds at which different 
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physiologically significant pumping states occur. Simulations were performed at operating 

speeds from 7000 rpm to 13000 rpm with 1000 rpm intervals. The hemodynamic variables 

are shown at these operating speeds in this part. (PI control was applied to rotation speed 

during simulations. Proportional and integral gain values are set to be one). Simulation 

results indicate PI control provides sufficiently stable speed response. 

 

 The used solver was ode15s and maximum step size was adjusted to 0.0001 s in the 

simulations. Steady results obtained after 60 heart beats. 

 

4.3.1.  Simulation Results at 7000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was adjusted to 7000 rpm and simulations 

were performed at this constant operating speed. Pressure difference across the pump, left 

atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 4.2.  

 

 

 

Figure 4.2. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 7000 

rpm operating speed 
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 Maximum pressure difference across the pump is 62.1 mmHg and minimum pressure 

difference across the pump is -0.2 mmHg. Maximum left atrial pressure is 16.1 mmHg and 

minimum left atrial pressure is 13.5 mmHg. Maximum left ventricular pressure is 72.9 

mmHg and minimum left ventricular pressure is 11.1 mmHg. Left ventricular pressure is 

above the threshold suction resistance value is defined in Equation 4.3. Therefore pump 

inlet pressure is same as the left ventricular pressure. Maximum aortic pressure is 77.9 

mmHg and minimum aortic pressure is 53.1 mmHg at 7000 rpm pump operating speed. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.3 at 7000 rpm 

operating speed. 

 

 End diastolic volume of left ventricle is 147.3 ml, end systolic volume of left 

ventricle is 100.8 ml and stroke volume of left ventricle is 46.5 ml. Maximum volume of 

left atrium is 80.3 ml and minimum volume at left atrium is 67.6 ml at 7000 rpm operating 

speed. 

 

 

 

Figure 4.3 Left ventricular volume (continuous line) and left atrial volume (dashed line) at 

7000 rpm pump operating speed 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 7000 rpm 

operating speed are shown in Figure 4.4. 
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Figure 4.4. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 7000 rpm operating speed 

 

 At 7000 rpm operating speed heart and Heart Turcica axial are operating together. 

Also pump flow regurgitates due to relatively high aortic pressure in diastolic phase. 

 

 Motor current at 7000 rpm operating speed is shown Figure 4.5. 

 

 

 

Figure 4.5. Motor current at 7000 rpm operating speed 
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 Motor current varies between 0.542 A and 0.483 A at 7000 rpm operating speed. 

Total cardiac output is 2.93 l/min at 7000 rpm operating speed. Pressure pulsatility index is 

2.01, flow pulsatility index is 4.78 and current pulsatility index is 0.115 at this speed. 

Results that are explained above are shown in Table 4.1. 

 

Table 4.1. Simulation results for 7000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 62.1 -0.2 Vla (ml) 80.3 67.6 

Pin (mmHg) 72.9 11.1 Vlv (ml) 147.3 100.8 

Pla (mmHg) 16.1 13.5 Stroke Vlv (ml) 46.5 

Plv (mmHg) 72.9 11.1 Imotor (A) 0.542 0.483 

Pao (mmHg) 77.9 53.1 CO (l/min) 2.93  
 

4.3.2.  Simulation Results at 7565 rpm Operating Speed 

 

 At 7565 rpm operating speed flow through aortic valve disappears. Therefore 

simulations are preformed at 7565 rpm constant operating speed. Pressure difference 

across the pump, left atrial pressure, left ventricular pressure and aortic pressure at 7565 

rpm operating speed is shown in Figure 4.6.  

 

 

 

Figure 4.6. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 7565 

rpm operating speed 
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 Maximum pressure difference across the pump is 64 mmHg and minimum pressure 

difference across the pump is zero.

minimum left atrial pressure is 12.7 mmHg. Maximum left ventricular pressure is 70.7 

mmHg and minimum left ventricular pressure is 10.5 mmHg. Left ventricular pressure is 

above the threshold suction resistance

inlet pressure is the same

mmHg and minimum aortic pressure is 57.8 mmHg at 7565 rpm pump operating speed.

 

 At 7565 rpm operating speed

left ventricular pressure is not sufficient to open the aortic valve. Therefore 7565 rpm is 

accepted as boundary operating speed between ventricular ejection state and aortic valve 

non – opening state. The com

7565 rpm is shown in Figure 4.7.

 

 

Figure 4.7. Left ventricular pressure (continuous line), aortic pressure (dashed line) at 7565 

 Left ventricular and left atrial volumes are shown in Figure 4.

operating speed. 
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Maximum pressure difference across the pump is 64 mmHg and minimum pressure 

difference across the pump is zero. Maximum left atrial pressure is 15.2 mmHg and 

minimum left atrial pressure is 12.7 mmHg. Maximum left ventricular pressure is 70.7 

mmHg and minimum left ventricular pressure is 10.5 mmHg. Left ventricular pressure is 

above the threshold suction resistance value that defined in Equation 4.3. Therefore pump 

same as left ventricular pressure. Maximum aortic pressure is 78 

mmHg and minimum aortic pressure is 57.8 mmHg at 7565 rpm pump operating speed.

At 7565 rpm operating speed, flow through aortic valve disappears. In other words 

left ventricular pressure is not sufficient to open the aortic valve. Therefore 7565 rpm is 

accepted as boundary operating speed between ventricular ejection state and aortic valve 

opening state. The comparison of left ventricular pressure and aortic pressure at 

7565 rpm is shown in Figure 4.7. 

Figure 4.7. Left ventricular pressure (continuous line), aortic pressure (dashed line) at 7565 

rpm operating speed 

 

ventricular and left atrial volumes are shown in Figure 4.
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Maximum pressure difference across the pump is 64 mmHg and minimum pressure 

Maximum left atrial pressure is 15.2 mmHg and 

minimum left atrial pressure is 12.7 mmHg. Maximum left ventricular pressure is 70.7 

mmHg and minimum left ventricular pressure is 10.5 mmHg. Left ventricular pressure is 

value that defined in Equation 4.3. Therefore pump 

left ventricular pressure. Maximum aortic pressure is 78 

mmHg and minimum aortic pressure is 57.8 mmHg at 7565 rpm pump operating speed. 

hrough aortic valve disappears. In other words 

left ventricular pressure is not sufficient to open the aortic valve. Therefore 7565 rpm is 

accepted as boundary operating speed between ventricular ejection state and aortic valve 

parison of left ventricular pressure and aortic pressure at 

 

Figure 4.7. Left ventricular pressure (continuous line), aortic pressure (dashed line) at 7565 

ventricular and left atrial volumes are shown in Figure 4.8 at 7565 rpm 
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 End diastolic volume of left ventricle is 137.2 ml, end systolic volume of left 

ventricle is 95.5 ml and stroke volume of left ventricle is 41.7 ml. Maximum volume of left 

atrium is 76 ml and minimum volume at left atrium is 63.7 ml at 7565 rpm operating 

speed. 

 

 

 

Figure 4.8 Left ventricular volume (continuous line) and left atrial volume (dashed line) at 

7565 rpm pump operating speed 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 7565 rpm 

operating speed are shown in Figure 4.9. 

 

 

 

Figure 4.9. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 7565 rpm operating speed 
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 At 7565 rpm operating speed heart and Heart Turcica axial are not operating together 

due to relatively low pressure in left ventricle. Pump flow regurgitates due to relatively 

high aortic pressure in diastolic phase. 

 

 

 

Figure 4.10. Motor current at 7565 rpm operating speed 

 

 Motor current varies between 0.602 A and 0.552 A at 7565 rpm operating speed. 

Total cardiac output is 3.08 l/min at 7565 rpm operating speed. Pressure pulsatility index is 

2, flow pulsatility index is 3.30 and current pulsatility index is 0.087 at this speed. Results 

that are explained above are shown in Table 4.2. 

 

Table 4.2. Simulation results for 7565 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 64 0 Vla (ml) 76 63.7 

Pin (mmHg) 70.7 10.5 Vlv (ml) 137.2 95.5 

Pla (mmHg) 15.2 12.7 Stroke Vlv (ml) 41.7 

Plv (mmHg) 70.7 10.5 Imotor (A) 0.602 0.552 

Pao (mmHg) 78 57.8 CO (l/min) 3.08  
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4.3.3.  Simulation Results at 8000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was adjusted to 8000 rpm and simulations 

were performed at this constant operating speed. Pressure difference across the pump, left 

atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 4.11.  

 

 

 

Figure 4.11. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 8000 

rpm operating speed 

 

 Maximum pressure difference across the pump is 67 mmHg and minimum pressure 

difference across the pump is 9.2 mmHg. Maximum left atrial pressure is 14.2 mmHg and 

minimum left atrial pressure is 11.8 mmHg. Maximum left ventricular pressure is 64 

mmHg and minimum left ventricular pressure is 9.5 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 79.8 mmHg 

and minimum aortic pressure is 61.5 mmHg at 8000 rpm pump operating speed. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.12 at 8000 rpm 

operating speed. 
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Figure 4.12 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 8000 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 126.3 ml end systolic volume of left 

ventricle is 86.3 ml and stroke volume of left ventricle is 40 ml. Maximum volume of left 

atrium is 71.2 and minimum volume at left atrium is 58.8 at 8000 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 8000 rpm 

operating speed are shown in Figure 4.13. 

 

 At 8000 rpm operating speed heart and Heart Turcica axial are not operating 

together. In other words blood flow through aortic valve disappears due to aortic valve 

closure. Also pump flow regurgitates due to relatively high aortic pressure in diastolic 

phase. 
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Figure 4.13. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 8000 rpm operating speed 

 

 Motor current at 8000 rpm operating speed is shown Figure 4.14. 

 

 

 

Figure 4.14. Motor current at 8000 rpm operating speed 

 

 Motor current varies between 0.644 A and 0.606 A at 8000 rpm operating speed. 
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Total cardiac output is 3.25 l/min at 8000 rpm operating speed. Pressure pulsatility index is 

1.52, flow pulsatility index is 2.99 and current pulsatility index is 0.061 at this speed. 

Results that are explained above are shown in Table 4.3. 

 

Table 4.3. Simulation results for 8000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 67 9.2 Vla (ml) 71.2 58.8 

Pin (mmHg) 64 9.5 Vlv (ml) 126.3 86.3 

Pla (mmHg) 14.2 11.8 Stroke Vlv (ml) 40 

Plv (mmHg) 70.7 10.5 Imotor (A) 0.644 0.606 

Pao (mmHg) 79.8 61.5 CO (l/min) 3.25  
 

4.3.4.  Simulation Results at 9000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was adjusted to 9000 rpm and simulations 

were performed at this constant speed. Pressure difference across the pump, left atrial 

pressure, left ventricular pressure and aortic pressure are shown in Figure 4.15.  

 

 

 

Figure 4.15. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 9000 

rpm operating speed 
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 Maximum pressure difference across the pump is 74.7 mmHg and minimum pressure 

difference across the pump is 32.1 mmHg. Maximum left atrial pressure is 11.9 mmHg and 

minimum left atrial pressure is 9.3 mmHg. Maximum left ventricular pressure is 47.3 

mmHg and minimum left ventricular pressure is 7.3 mmHg. Left ventricular pressure is 

above the threshold suction resistance value that defined in Equation 4.3. Therefore pump 

inlet pressure is the same as left ventricular pressure. Maximum aortic pressure is 84.4 

mmHg and minimum aortic pressure is 71.1 mmHg at 9000 rpm pump operating speed. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.16 at 9000 rpm 

operating speed. 

 

 

 

Figure 4.16 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 9000 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 99.3 ml, end systolic volume of left ventricle 

is 63.1 ml and stroke volume of left ventricle is 36.2 ml. Maximum volume of left atrium is 

59.2 ml and minimum volume at left atrium is 46.7 ml at 9000 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 9000 rpm 

operating speed are shown in Figure 4.17. 
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Figure 4.17. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 9000 rpm operating speed 

 

 At 9000 rpm operating speed heart and Heart Turcica axial are not operating 

together. In other words blood flow through aortic valve disappears due to aortic valve 

closure. Also pump flow regurgitates due to relatively high aortic pressure in diastolic 

phase. 

 

 Motor current at 9000 rpm operating speed is shown Figure 4.18. 

 

 

 

Figure 4.18. Motor current at 9000 rpm operating speed 
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 Motor current varies between 0.751 A and 0.734 A at 9000 rpm operating speed. 

Total cardiac output is 3.69 l/min at 9000 rpm operating speed. Pressure pulsatility index is 

0.79, flow pulsatility index is 2.20 and current pulsatility index is 0.022 at this speed. 

Results that are explained above are shown in Table 4.4. 

 

Table 4.4. Simulation results for 9000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 74.7 32.1 Vla (ml) 59.2 46.7 

Pin (mmHg) 47.3 7.3 Vlv (ml) 99.2 63.1 

Pla (mmHg) 11.9 9.3 Stroke Vlv (ml) 36.2 

Plv (mmHg) 47.3 7.3 Imotor (A) 0.751 0.734 

Pao (mmHg) 84.4 71.1 CO (l/min) 3.69  
 

4.3.5.  Simulation Results at 9250 rpm Operating Speed 

 

 At 9250 rpm operating speed regurgitant pump flow disappears. Therefore 

simulations are performed at this constant operating speed. Pressure difference across the 

pump, left atrial pressure, left ventricular pressure and aortic pressure at 9250 rpm 

operating speed are shown in Figure 4.19.  

 

 

 

Figure 4.19. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 8000 

rpm operating speed 
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 Maximum pressure difference across the pump is 76.7 mmHg and minimum pressure 

difference across the pump is 38.2 mmHg. Maximum left atrial pressure is 11.2 mmHg and 

minimum left atrial pressure is 8.7 mmHg. Maximum left ventricular pressure is 42.9 

mmHg and minimum left ventricular pressure is 6.7 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 85.7 mmHg 

and minimum aortic pressure is 73.6 mmHg at 9250 rpm pump operating speed. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.20 at 9250 rpm 

operating speed. 

 

 

 

Figure 4.20 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 9250 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 92.2 ml, end systolic volume of left ventricle 

is 56.9 ml and stroke volume of left ventricle is 35.3 ml. Maximum volume of left atrium is 

56 ml and minimum volume at left atrium is 43.5 ml at 9250 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 9250 rpm 

operating speed are shown in Figure 4.21. 
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Figure 4.21. Pump flow rate (continuous line), mitral valve

valve flow rate (dashed line) at 9250 rpm operating speed

 

 At 9250 rpm operating speed heart and Heart Turcica axial are not operating 

together. Regurgitation of pump flow is disappeared. In other words aortic pressure 

higher than the pressure difference across the pump over a cardiac cycle. The lowest value 

of pump flow is shown in Figure 4.22.

 

 

Figure 4.22. Pump Flow rate at 9250 rpm operating speed
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Figure 4.21. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 9250 rpm operating speed

At 9250 rpm operating speed heart and Heart Turcica axial are not operating 

together. Regurgitation of pump flow is disappeared. In other words aortic pressure 

higher than the pressure difference across the pump over a cardiac cycle. The lowest value 

of pump flow is shown in Figure 4.22. 

Figure 4.22. Pump Flow rate at 9250 rpm operating speed
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flow rate (chain line) and aortic 

valve flow rate (dashed line) at 9250 rpm operating speed 

At 9250 rpm operating speed heart and Heart Turcica axial are not operating 

together. Regurgitation of pump flow is disappeared. In other words aortic pressure is not 

higher than the pressure difference across the pump over a cardiac cycle. The lowest value 

 

Figure 4.22. Pump Flow rate at 9250 rpm operating speed 
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 As shown in Figure 4.22 the lowest value of pump flow is very close to zero. If the 

rotation speed of the pump is decreased slightly, regurgitation in pump flow will occur 

again. 

 

 Motor current at 9250 rpm operating speed is shown Figure 4.23. 

 

 

 

Figure 4.23. Motor current at 9250 rpm operating speed 

 

 Motor current varies between 0.780 A and 0.768 A at 9250 rpm operating speed. 

Total cardiac output is 3.80 l/min at 9250 rpm operating speed. Pressure pulsatility index is 

0.67, flow pulsatility index is 1.99 and current pulsatility index is 0.015 at this speed. 

Results that are explained above are shown in Table 4.5. 

 

Table 4.5. Simulation results for 9250 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 76.7 38.2 Vla (ml) 56 43.5 

Pin (mmHg) 42.9 6.7 Vlv (ml) 92.2 56.9 

Pla (mmHg) 11.2 8.7 Stroke Vlv (ml) 35.3 

Plv (mmHg) 42.9 6.7 Imotor (A) 0.780 0.768 

Pao (mmHg) 85.7 73.6 CO (l/min) 3.80  
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4.3.6.  Simulation Results at 10000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was adjusted to 10000 rpm and simulations 

were performed at this constant operating speed. Pressure difference across the pump, left 

atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 4.24.  

 

 

 

Figure 4.24. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 

10000 rpm operating speed 

 

 Maximum pressure difference across the pump is 83.3 mmHg and minimum pressure 

difference across the pump is 57.2 mmHg. Maximum left atrial pressure is 9.3 mmHg and 

minimum left atrial pressure is 6.7 mmHg. Maximum left ventricular pressure is 29.6 

mmHg and minimum left ventricular pressure is 4.9 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 89.9 and 

minimum aortic pressure is 81.8 at 10000 rpm pump operating speed. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.25 at 10000 rpm 

operating speed. 

time (s) 

P
re

ss
ur

e 
(m

m
H

g)
 



65 
 

 

 

Figure 4.25 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 10000 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 70.9 ml, end systolic volume of left ventricle 

is 38.5 ml and stroke volume of the left ventricle is 32.4 ml. Maximum volume of left 

atrium is 46.4 and minimum volume at left atrium is 33.8 at 10000 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 10000 rpm 

operating speed are shown in Figure 4.26. 

 

 At 10000 rpm operating speed heart and Heart Turcica axial are not operating 

together. Also regurgitant pump flow does not occur at 10000 rpm operating speed. 
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Figure 4.26. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 10000 rpm operating speed 

 

 Motor current at 10000 rpm operating speed is shown in Figure 4.27. 

 

 

 

Figure 4.27. Motor current at 10000 rpm operating speed 

 

 Motor current varies between 0.873 A and 0.870 A at 10000 rpm operating speed. 
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Total cardiac output is 4.19 l/min at 10000 rpm operating speed. At this speed total cardiac 

output reaches minimum acceptable cardiac output level. Also maximum aortic pressure is 

89.9 mmHg which is a sufficient value to provide perfusion. According to these results 

10000 rpm rotation speed is the minimum operating speed for a Heart Turcica axial 

implanted cardiovascular system. Pressure pulsatility index is 0.37, flow pulsatility index is 

1.34 and current pulsatility index is 0.003 at this speed. Results that are explained above 

are shown in Table 4.6.  

 

Table 4.6. Simulation results for 10000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 83.3 57.2 Vla (ml) 46.4 33.8 

Pin (mmHg) 29.6 4.9 Vlv (ml) 70.9 38.5 

Pla (mmHg) 9.3 6.7 Stroke Vlv (ml) 32.4 

Plv (mmHg) 29.6 4.9 Imotor (A) 0.873 0.870 

Pao (mmHg) 89.9 81.8 CO (l/min) 4.19  
 

4.3.7.  Simulation Results at 11000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was further measured to 11000 rpm and 

simulations were performed at this constant operating speed. Pressure difference across the 

pump, left atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 

4.28.  

 

 Maximum pressure difference across the pump is 93.8 mmHg and minimum pressure 

difference across the pump is 82.6 mmHg. Maximum left atrial pressure is 6.7 mmHg and 

minimum left atrial pressure is 4.2 mmHg. Maximum left ventricular pressure is 13.6 

mmHg and minimum left ventricular pressure is 2.9 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 97.5 mmHg 

and minimum aortic pressure is 94.2 mmHg at 11000 rpm pump operating speed. 
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Figure 4.28. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 

11000 rpm operating speed 

 

 Left ventricular and left atrial volumes are shown in Figure 4.29 at 11000 rpm 

operating speed. 

 

 

 

Figure 4.29 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 11000 rpm pump operating speed 
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 End diastolic volume of left ventricle is 44.7 ml, end systolic volume of left ventricle 

is 17.3 ml and stroke volume of left ventricle is 27.4 ml Maximum volume of left atrium is 

33.7 ml and minimum volume at left atrium is 20.8 ml at 11000 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 11000 rpm 

operating speed are shown in Figure 4.30. 

 

 

 

Figure 4.30. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 11000 rpm operating speed 

 

 At 11000 rpm operating speed heart and Heart Turcica axial are not operating 

together. Also regurgitant pump flow does not occur at 11000 rpm operating speed. 

 

 Motor current at 11000 rpm operating speed is shown Figure 4.31. 

 

 Motor current varies between 1.013 A and 1.011 A at 11000 rpm operating speed. 

Total cardiac output is 4.80 l/min at 11000 rpm operating speed. Pressure pulsatility index 

is 0.12, flow pulsatility index is 0.54 and current pulsatility index is 0.002 at this speed. 

Results that are explained above are shown in Table 4.7. 
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Figure 4.31. Motor current at 11000 rpm operating speed 

 

Table 4.7. Simulation results for 11000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 93.8 82.6 Vla (ml) 33.7 20.8 

Pin (mmHg) 13.6 2.9 Vlv (ml) 44.7 14.3 

Pla (mmHg) 6.7 4.2 Stroke Vlv (ml) 27.3 

Plv (mmHg) 13.6 2.9 Imotor (A) 1.013 1.011 

Pao (mmHg) 97.5 94.2 CO (l/min) 4.80  
 

4.3.8.  Simulation Results at 12000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was adjusted to 12000 rpm and simulations 

were performed at 12000 rpm constant operating speed. Left atrial pressure, left ventricular 

pressure and pump inlet pressure are shown in Figure 4.32.  

 

 Maximum left atrial pressure is 2.6 mmHg and minimum left atrial pressure is 1.5 

mmHg. Maximum left ventricular pressure is 2.1 mmHg and minimum left ventricular 

pressure is 0.99 mmHg. Minimum value of the left ventricular pressure is below the 

threshold pressure of suction resistance defined in Equation 4.3. Therefore pump inlet 

pressure is not equal to the left ventricular pressure over a cardiac cycle. 
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Figure 4.32. Left ventricular pressure (continuous line), left atrial pressure (chain line), 

pump inlet pressure (dashed line) at 12000 rpm operating speed 

 

 Pressure difference across the pump and aortic pressure is in Figure 4.33. 

 

 

 

Figure 4.33. Pressure difference across the pump (continuous line), aortic pressure (dashed 

line) at 12000 rpm operating speed 

 

 Maximum pressure difference across the pump is 108.2 mmHg and minimum 

pressure difference across the pump is 106.6 mmHg. Maximum aortic pressure is 108.8 
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mmHg and minimum aortic pressure is 108.4 mmHg at 12000 rpm pump operating speed. 

 

 According results shown in Figure 4.32 if the operating speed is slightly increased 

above 12000 rpm, pump inlet pressure will drop below zero. In other words ventricular 

suction which is a harmful condition to left ventricle and heart occurs. Hence these results 

indicate that operating speed for Heart Turcica Axial should be set below 12000 rpm. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.34 at 12000 rpm 

operating speed. 

 

 

 

Figure 4.34. Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 12000 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 18.3 ml, end systolic volume of left ventricle 

is 8 ml and stroke volume of left ventricle is 10.3 ml. Maximum volume of left atrium is 

13.1 ml and minimum volume at left atrium is 7.6 ml at 12000 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 12000 rpm 

operating speed are shown in Figure 4.35. 
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Figure 4.35. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 12000 rpm operating speed 

 

At 12000 rpm operating speed mitral valve remains open due to relatively lower pressure 

in left ventricle. In other words pressure in left ventricle is lower than left atrial pressure 

over a cardiac cycle.  

 

 Motor current at 12000 rpm operating speed is shown in Figure 4.36. 

 

 

 

Figure 4.36. Motor current at 12000 rpm operating speed 

time (s) 

time (s) 

F
lo

w
 R

at
e 

(m
l/

s)
 

C
ur

re
nt

 (
A

) 



74 
 

 Motor current varies between 1.163 A and 1.162 A at 12000 rpm operating speed. 

Peaks in the motor current indicate the pre-suction condition. Total cardiac output is 5.58 

l/min at 12000 rpm operating speed. Pressure pulsatility index is 0.01, flow pulsatility 

index is 0.07 and current pulsatility index is 0.0006 at this speed. Results that are explained 

above are shown in Table 4.8. 

 

Table 4.8. Simulation results for 12000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 108.2 106.6 Vla (ml) 13.1 7.6 

Pin (mmHg) 2.1 0.52 Vlv (ml) 18.3 8 

Pla (mmHg) 2.6 1.5 Stroke Vlv (ml) 10.3 

Plv (mmHg) 2.1 0.99 Imotor (A) 1.163 1.162 

Pao (mmHg) 108.8 108.4 CO (l/min) 5.58  
 

4.3.9.  Simulation Results at 13000 rpm Operating Speed 

 

 Operating speed of Heart Turcica axial was adjusted to 13000 rpm and simulations 

were performed at 13000 rpm constant operating speed. Left atrial pressure, left ventricular 

pressure and pump inlet pressure are shown in Figure 4.37.  

 

 

 

Figure 4.37. Left ventricular pressure (continuous line) and left atrial pressure (dashed line) 

at 13000 rpm operating speed 
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 Left atrial maximum pressure is 1.6 mmHg and left atrial minimum pressure is 1.3 

mmHg. Left ventricular maximum pressure is 0.99 mmHg and left ventricular minimum 

pressure is 0.71 mmHg at 13000 rpm operating speed. 

 

 Pump inlet pressure at 13000 rpm operating speed is shown in Figure 4.38. 

 

 

 

Figure 4.38. Pump inlet pressure at 13000 rpm pump operating speed 

 

 Maximum pump inlet pressure is -2.3 mmHg and minimum pump inlet pressure is       

-31.6 mmHg. Pump inlet pressure is negative over a cardiac cycle. These results show that 

ventricular suction occurs in left ventricle. 

 

 Pressure difference across the pump and aortic pressure are shown in Figure 4.39. 

 

 Maximum pressure difference across the pump is 144 mmHg and minimum pressure 

difference across the pump is 111.5 mmHg. Maximum aortic pressure is 114.3 mmHg and 

108 mmHg. 

 

 

 

 

time (s) 

P
re

ss
ur

e 
(m

m
H

g)
 



76 
 

 

 

Figure 4.39. Pressure difference across the pump (continuous line), aortic pressure (dashed 

line) at 13000 rpm operating speed 

 

 Left ventricular and left atrial volumes are shown in Figure 4.40 at 13000 rpm 

operating speed. 

 

 

 

Figure 4.40. Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 13000 rpm pump operating speed 
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 End diastolic volume of left ventricle is 14.4 ml, end systolic volume of left ventricle 

is 6.4 ml and stroke volume of left ventricle is 8 ml. Maximum volume of left atrium is 7.9 

ml and minimum volume at left atrium is 6.5 ml at 13000 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 13000 rpm 

operating speed are shown in Figure 4.41. 

 

 

 

Figure 4.41. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 13000 rpm operating speed 

 

At 13000 rpm operating speed mitral valve remains open due to relatively low pressure in 

left ventricle. In other words pressure in left ventricle is lower than left atrial pressure over 

a cardiac cycle.  

 

 Motor current at 13000 rpm operating speed is shown Figure 4.42. 

 

 Motor current varies between 1.336 A and 1.312 A at 13000 rpm operating speed. 

Total cardiac output is 5.72 l/min at 13000 rpm operating speed. Pressure pulsatility index 

is 0.25, flow pulsatility index is 1.36 and current pulsatility index is 0.018 at this speed. 

Results that are explained above are shown in Table 4.9. 
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Figure 4.42. Motor current at 13000 rpm operating speed 

 

Table 4.9. Simulation results for 13000 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 144 111.5 Vla (ml) 7.9 6.5 

Pin (mmHg) -2.3 -31.6 Vlv (ml) 14.4 6.4 

Pla (mmHg) 1.6 1.3 Stroke Vlv (ml) 8 

Plv (mmHg) 0.99 0.7 Imotor (A) 1.336 1.312 

Pao (mmHg) 114.4 108 CO (l/min) 5.72  
 

 As shown in the figures during suction condition, the shape of pump flow, pressure 

difference across the pump, motor current change over a cardiac cycle. In other words 

distortion occurs due to suction. Also pulsatility appears again that disappeared with 

increasing operating speed. 

 

 Left ventricular pressure – volume loops are good indicators to explain the help of 

the left ventricular assist devices to left ventricle. Left ventricular pressure-volume loops 

from 7000 rpm to 13000 rpm with 1000 rpm increments are shown in Figure 4.43. 
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Figure 4.43. Left ventricular pressure – volume loops from 7000 rpm to 13000 rpm with 

1000 rpm increase 

 

 According to the results, area of the left ventricular pressure – volume loop is getting 

smaller with increasing pump operating speed. In other words external work of the left 

ventricle is decreasing. 

 

 Also pressure – flow rate diagram of Heart Turcica axial shows the effect of 

increasing pump operating speed. Pressure – flow rate diagram of Heart Turcica axial from 

7000 rpm to 13000 rpm with 1000 rpm increments is shown in Figure 4.44. 

 

 As mentioned above increasing pump operating speed causes to disappear pulsatility 

in pump flow rate and pressure difference across the pump. After suction occurrence 

pulsatility appears again in these variables. In other words increasing pump operating 

speed provides shorter pressure – flow rate curves in non – suction conditions. But in 

suction conditions longer pressure – flow rate curves are obtained again. 
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Figure 4.44. Heart Turcica axial pressure – flow rate diagram from 7000 rpm to 13000 rpm 

with 1000 rpm increments 

 

 Pulsatility indexes are also good indicators of increasing operating speed. Pressure 

pulsatility index, flow pulsatility index and current pulsatility index with respect pump 

rotation speed are shown in Figure 4.45, 4.46 and 4.47 respectively. 

 

 

 

Figure 4.45. Heart Turcica axial pressure pulsatility index from 7000 rpm to 13000 rpm 

with 1000 rpm increments 
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Figure 4.46. Heart Turcica axial flow pulsatility index from 7000 rpm to 13000 rpm with 

1000 rpm increments 

 

 

 

Figure 4.47. Heart Turcica axial current pulsatility index from 7000 rpm to 13000 rpm with 

1000 rpm increments 

 

 As shown in the results pressure pulsatility index, flow pulsatility index and current 

pulsatility index decrease with increasing pump rotation speed. Suction initiation makes 
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increase the pulsatility indexes again. 

 

4.4.  COMBINED MODEL OF CARDIOVASCULAR SYSTEM AND HEART 

TURCICA CENTRIFUGAL 

 

 Heart Turcica centrifugal V13 model was implemented to diseased cardiovascular 

system model and simulations were performed to assess rotation speeds which induces 

different physiologically significant pumping states. Also simulations were performed 

from 1250 rpm operating speed to 2600 rpm operating speed with variable speed intervals. 

The hemodynamic variables are shown at these operating speeds in this part. 

 

 The used solver is ode15s and maximum step size was adjusted to 0.00025 s in the 

simulations. Simulations were performed 100 s because of long simulation time. It takes to 

complete simulations nearly 20 minutes by using AMD Turion dual core 1.83 GHz 

processor and 2 GB memory. 

 

4.4.1.  Simulation Results at 1250 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 1250 rpm and 

simulations were performed at that constant speed. Pressure difference across the pump, 

left atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 4.48.  

 

 Maximum pressure difference across the pump is 59.7 mmHg and minimum pressure 

difference across the pump is -0.4 mmHg. Maximum left atrial pressure is 15.8 mmHg and 

minimum left atrial pressure is 13.4 mmHg. Maximum left ventricular pressure is 73.7 

mmHg and minimum left ventricular pressure is 11.3 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 73.7 mmHg 

and minimum aortic pressure is 55.5 mmHg at 1250 rpm pump operating speed. 
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Figure 4.48. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 1250 

rpm operating speed 

 

 Left ventricular and left atrial volumes are shown in Figure 4.49 at 1250 rpm 

operating speed. 

 

 

 

Figure 4.49 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 1250 rpm pump operating speed 
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 End diastolic volume of left ventricle is 144 ml, end systolic volume of left ventricle 

is 106.3 ml and stroke volume of left ventricle is 37.7 ml. Maximum volume of left atrium 

is 79 ml and minimum volume at left atrium is 67.1 ml at 1250 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 1250 rpm 

operating speed are shown in Figure 4.50. 

 

 

 

Figure 4.50. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1250 rpm operating speed 

 

 At 1250 rpm operating speed heart and Heart Turcica centrifugal V13 are operating 

together. Also pump flow regurgitates due to relatively high aortic pressure in diastolic 

phase. Cardiac output is 2.97 l/min at 1250 rpm operating speed. Pressure pulsatility index 

is 2.02 and flow pulsatility index is 2.69 at this speed. Results that are explained above are 

shown in Table 4.10. 

 

Table 4.10. Simulation results for 1250 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 59.7 -0.4 Vla (ml) 79 67.1 
Pin (mmHg) 73.7 11.3 Vlv (ml) 144 106.3 
Pla (mmHg) 15.8 13.3 Stroke Vlv (ml) 37.7 
Plv (mmHg) 73.7 11.3 CO (l/min) 2.97  
Pao (mmHg) 73.7 55.5 
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4.4.2.  Simulation Results at 1380 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 1380 rpm and 

simulations were performed at 1380 rpm constant operating speed. Regurgitant pump flow 

disappears at 1380 rpm operating speed. Pressure difference across the pump, left atrial 

pressure, left ventricular pressure and aortic pressure are shown in Figure 4.51.  

 

 

 

Figure 4.51. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 1380 

rpm operating speed 

 

 Maximum pressure difference across the pump is 60.3 mmHg and minimum pressure 

difference across the pump is -0.3 mmHg. Maximum left atrial pressure is 15 mmHg and 

minimum left atrial pressure is 12.8 mmHg. Maximum left ventricular pressure is 72.5 

mmHg and minimum left ventricular pressure is 10.8 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 72.8 mmHg 

and minimum aortic pressure is 60.2 mmHg at 1380 rpm pump operating speed. 
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 Left ventricular and left atrial volumes are shown in Figure 4.52 at 1380 rpm 

operating speed. 

 

 

 

Figure 4.52 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 1380 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 135.3 ml, end systolic volume of left 

ventricle is 103.4 ml and stroke volume of left ventricle is 31.9 ml. Maximum volume of 

left atrium is 75.3 ml and minimum volume at left atrium is 64.2 ml at 1380 rpm operating 

speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 1380 rpm 

operating speed are shown in Figure 4.53. 

 

 At 1380 rpm operating speed regurgitation in pump flow disappears. In other words, 

aortic pressure cannot exceed the pressure difference across the pump over a cardiac cycle. 

Also at 1380 operating speed heart and heart pump operates together. The lowest value of 

pump flow is shown in Figure 4.54. 
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Figure 4.53. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1380 rpm operating speed

 

 

Figure 4.5

 As shown in Figure 4.

rotation speed of the pump is decreased slightly, regurgitation in pump flow will 

again. Also cardiac output is 3.10 
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. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1380 rpm operating speed

Figure 4.54. Pump flow rate at 1380 rpm operating speed

 

As shown in Figure 4.54 the lowest value of pump flow is very close to zero. If the 

rotation speed of the pump is decreased slightly, regurgitation in pump flow will 

Also cardiac output is 3.10 l/min at 1380 rpm operating speed.
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. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1380 rpm operating speed 

 

. Pump flow rate at 1380 rpm operating speed 

the lowest value of pump flow is very close to zero. If the 

rotation speed of the pump is decreased slightly, regurgitation in pump flow will start 

at 1380 rpm operating speed. Pressure pulsatility 
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index is 2.02 and flow pulsatility index is 1.95 at this speed. Results that are explained 

above are shown in Table 4.11. 

 

Table 4.11. Simulation results for 1380 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 60.3 -0.3 Vla (ml) 75.3 64.2 

Pin (mmHg) 72.5 10.8 Vlv (ml) 135.3 103.4 

Pla (mmHg) 15 12.8 Stroke Vlv (ml) 31.9 

Plv (mmHg) 72.5 10.8 CO (l/min) 3.10  
Pao (mmHg) 72.8 60.2 

 

4.4.3.  Simulation Results at 1500 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 1500 rpm and 

simulations were performed at 1500 rpm constant operating speed. Pressure difference 

across the pump, left atrial pressure, left ventricular pressure and aortic pressure are shown 

in Figure 4.55.  

 

 

 

Figure 4.55. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 1500 

rpm operating speed 
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 Maximum pressure difference across the pump is 60.7 mmHg and minimum pressure 

difference across the pump is -0.2 mmHg. Maximum left atrial pressure is 14.4 mmHg and 

minimum left atrial pressure is 12.3 mmHg. Maximum left ventricular pressure is 71.4 

mmHg and minimum left ventricular pressure is 10.4 mmHg. Left ventricular pressure is 

above the threshold suction resistance value that defined in Equation 4.3. Therefore pump 

inlet pressure is same with left ventricular pressure. Maximum aortic pressure is 72.1 

mmHg and minimum aortic pressure is 63.9 mmHg at 1500 rpm pump operating speed. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.56 at 1500 rpm 

operating speed. 

 

 

 

Figure 4.56 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 1500 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 128.2 ml, end systolic volume of left 

ventricle is 100.8 ml and stroke volume of left ventricle is 27.4 ml. Maximum volume of 

left atrium is 72.3 ml and minimum volume at left atrium is 61.7 ml at 1500 rpm operating 

speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 1500 rpm 

operating speed are shown in Figure 4.57. 
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Figure 4.57. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1500 rpm operating speed 

 

At 1500 rpm operating speed there is no regurgitation in pump flow. In other words aortic 

pressure cannot exceed difference across the pump over a cardiac cycle. Also heart and 

heart pump operates together. Cardiac output at 1500 operating speed is 3.20 l/min. 

Pressure pulsatility index is 2.01 and flow pulsatility index is 1.02 at this speed. Results 

that are explained above are shown in Table 4.12. 

 

Table 4.12. Simulation results for 1500 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 60.7 -0.2 Vla (ml) 72.3 61.7 

Pin (mmHg) 71.4 10.4 Vlv (ml) 128.2 100.8 

Pla (mmHg) 14.4 12.3 Stroke Vlv (ml) 27.4 

Plv (mmHg) 71.4 10.4 CO (l/min) 3.20  
Pao (mmHg) 72.1 63.9 

 

4.4.4.  Simulation Results at 1638 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 1638 rpm and 

simulations were performed at 1638 rpm constant operating speed. Pressure difference 
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across the pump, left atrial pressure, left ventricular pressure and aortic pressure are shown 

in Figure 4.58.  

 

 

 

Figure 4.58. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 1638 

rpm operating speed 

 

 Maximum pressure difference across the pump is 61.2 mmHg and minimum pressure 

difference across the pump is 0.3 mmHg. Maximum left atrial pressure is 13.8 mmHg and 

minimum left atrial pressure is 11.8 mmHg. Maximum left ventricular pressure is 69.9 

mmHg and minimum left ventricular pressure is 10 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 71.6 mmHg 

and minimum aortic pressure is 67.7 mmHg at 1638 rpm pump operating speed. 

 

At 1638 rpm operating speed, flow through aortic valve disappears. In other words, left 

ventricular pressure is not sufficient to open the aortic valve. Therefore 1638 rpm is 

accepted as boundary operating speed between ventricular ejection state and aortic valve 

non-opening state. The comparison of left ventricular pressure and aortic pressure at 1638 

rpm is shown in Figure 4.59. 
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Figure 4.59. Left ventricular pressure (continuous line), aortic pressure 

 Left ventricular and left atrial volumes are shown in Figure 4.

operating speed. 

 

 

Figure 4.60 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

 End diastolic volume of left ventricle is 12

ventricle is 97.7 ml and stroke volume of left ventricle is 2
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. Left ventricular pressure (continuous line), aortic pressure 

1638 rpm operating speed 

 

Left ventricular and left atrial volumes are shown in Figure 4.

Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 1638 rpm pump operating speed 

 

End diastolic volume of left ventricle is 121.1 ml, end systolic volume of left 

ml and stroke volume of left ventricle is 23.4 ml. Maximum volume of left 
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. Left ventricular pressure (continuous line), aortic pressure (dashed line) at 

Left ventricular and left atrial volumes are shown in Figure 4.60 at 1638 rpm 

 

Left ventricular volume (continuous line) and left atrial volume (dashed line) 

ml, end systolic volume of left 

.4 ml. Maximum volume of left 
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atrium is 69.1 ml and minimum volume at left atrium is 58.9 ml at 1638 rpm operating 

speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 1638 rpm 

operating speed are shown in Figure 4.61. 

 

 

 

Figure 4.61. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1638 rpm operating speed 

 

At 1638 rpm operating speed there is no regurgitation in pump flow. In other words aortic 

pressure is not higher than the pressure difference across the pump over a cardiac cycle. 

Heart and heart pump are not operating together due to relatively low pressure in the left 

ventricle. Cardiac output at 1638 operating speed is 3.30 l/min. Pressure pulsatility index is 

1.98 and flow pulsatility index is 0.69 at this speed. Results that are explained above are 

shown in Table 4.13. 
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Table 4.13. Simulation results for 1638 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 61.2 0.3 Vla (ml) 69.1 58.9 

Pin (mmHg) 69.9 10 Vlv (ml) 121.1 97.7 

Pla (mmHg) 13.8 11.8 Stroke Vlv (ml) 23.4 

Plv (mmHg) 69.9 10 CO (l/min) 3.30  
Pao (mmHg) 71.6 67.7 

 

4.4.5.  Simulation Results at 1900 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 1900 rpm and 

simulations were performed at this constant operating speed. Pressure difference across the 

pump, left atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 

4.62.  

 

 

 

Figure 4.62. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 1900 

rpm operating speed 

 

 Maximum pressure difference across the pump is 73.8 mmHg and minimum pressure 

difference across the pump is 34.7 mmHg. Maximum left atrial pressure is 10.7 mmHg and 
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minimum left atrial pressure is 8.3 mmHg. Maximum left ventricular pressure is 45.2 

mmHg and minimum left ventricular pressure is 6.7 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 80.7 mmHg 

and minimum aortic pressure is 78.4 mmHg at 1900 rpm pump operating speed. 

 Left ventricular and left atrial volumes are shown in Figure 4.63 at 1900 rpm 

operating speed. 

 

 

 

Figure 4.63 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 1900 rpm pump operating speed 

 

 End diastolic volume of left ventricle is 86.8 ml, end systolic volume of left ventricle 

is 62.2 ml and stroke volume of left ventricle is 24.6 ml. Maximum volume of left atrium is 

53.8 ml and minimum volume at left atrium is 41.7 ml at 1900 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 1900 rpm 

operating speed are shown in Figure 4.64. 

 

 At 1900 rpm operating speed there is no regurgitation in pump flow. In other words 

aortic pressure cannot exceed the pressure difference across the pump over a cardiac cycle. 

Also heart and heart pump are not operating together due to relatively low pressure in left 
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ventricle. Cardiac output at 1900 operating speed is 3.87 l/min. Pressure pulsatility index is 

0.72 and flow pulsatility index is 0.37 at this speed. Results explained above are shown in 

Table 4.14. 

 

 

 

Figure 4.64. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 1900 rpm operating speed 

 

Table 4.14. Simulation results for 1900 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 73.8 34.7 Vla (ml) 53.8 41.7 

Pin (mmHg) 45.2 6.7 Vlv (ml) 86.8 62.2 

Pla (mmHg) 10.7 8.3 Stroke Vlv (ml) 24.6 

Plv (mmHg) 45.2 6.7 CO (l/min) 3.87 
Pao (mmHg) 80.7 78.4 

 

4.4.6.  Simulation Results at 2140 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 2140 rpm and 

simulations were performed at that constant operating speed. Pressure difference across the 

pump, left atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 

4.65.  
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 Maximum pressure difference across the pump is 85.8 mmHg and minimum pressure 

difference across the pump is 65 mmHg. Maximum left atrial pressure is 8.2 mmHg and 

minimum left atrial pressure is 5.5 mmHg. Maximum left ventricular pressure is 24.7 

mmHg and minimum left ventricular pressure is 4.1 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 90.1 mmHg 

and minimum aortic pressure is 89 mmHg at 2140 rpm pump operating speed. To provide 

perfusion minimum systolic aortic pressure must be 90 mmHg. Therefore minimum 

operating speed of Heart Turcica centrifugal V13 has to be set to 2140 rpm.  

 

 

 

Figure 4.65. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 2140 

rpm operating speed 

 

 Left ventricular and left atrial volumes are shown in Figure 4.66 at 2140 rpm 

operating speed. 

 

 End diastolic volume of left ventricle is 58.6 ml, end systolic volume of left ventricle 

is 33 ml and stroke volume of left ventricle is 25.6 ml. Maximum volume of left atrium is 

41 ml and minimum volume at left atrium is 27.6 ml at 2140 rpm operating speed. 
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Figure 4.66 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 2140 rpm pump operating speed 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 2140 rpm 

operating speed are shown in Figure 4.67. 

 

 

 

Figure 4.67. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 2140 rpm operating speed 
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 At 2140 rpm operating speed there is no regurgitation in pump flow. In other words 

aortic pressure cannot exceed the pressure difference across the pump over a cardiac cycle. 

Also heart and heart pump are not operating together due to low pressure in left ventricle. 

Cardiac output at 2140 operating speed is 4.45 l/min. Pressure pulsatility index is 0.27 and 

flow pulsatility index is 0.16 at this speed. Results explained above are shown in Table 

4.15. 

 

Table 4.15. Simulation results for 2140 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 85.8 65 Vla (ml) 41 27.6 

Pin (mmHg) 24.7 4.1 Vlv (ml) 56.6 33 

Pla (mmHg) 8.2 5.5 Stroke Vlv (ml) 25.6 

Plv (mmHg) 24.7 4.1 CO (l/min) 4.45 
Pao (mmHg) 90.1 89 

 

4.4.7.  Simulation Results at 2350 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 2350 rpm and 

simulations were performed at that constant speed. Pressure difference across the pump, 

left atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 4.68.  

 

 Maximum pressure difference across the pump is 96.7 mmHg and minimum pressure 

difference across the pump is 89.1 mmHg. Maximum left atrial pressure is 5.8 mmHg and 

minimum left atrial pressure is 3.4 mmHg. Maximum left ventricular pressure is 9.8 

mmHg and minimum left ventricular pressure is 2.4 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined in Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 99.1 mmHg 

and minimum aortic pressure is 98.8 mmHg at 2350 rpm pump operating speed. 
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Figure 4.68. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 2350 

rpm operating speed 

 

 Left ventricular and left atrial volumes are shown in Figure 4.69 at 2350 rpm 

operating speed. 

 

 

 

Figure 4.69 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 2350 rpm pump operating speed 
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 End diastolic volume of left ventricle is 36.9 ml, end systolic volume of left ventricle 

is 13.7 ml and stroke volume of left ventricle is 23.2 ml. Maximum volume of left atrium is 

29.2 ml and minimum volume at left atrium is 16.8 ml at 2350 rpm operating speed. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 2350 rpm 

operating speed are shown in Figure 4.70. 

 

 At 2350 rpm operating speed there is no regurgitation in pump flow. In other words 

aortic pressure cannot exceed the pressure difference across the pump over a cardiac cycle. 

Also heart and heart pump are not operating together due to low pressure in left ventricle. 

Cardiac output at 2350 operating speed is 5.01 l/min. Pressure pulsatility index is 0.08 and 

flow pulsatility index is 0.05 at this speed. Results that are explained above are shown in 

Table 4.16. 

 

 

 

Figure 4.70. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 2350 rpm operating speed 
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Table 4.16. Simulation results for 2350 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 96.7 89.1 Vla (ml) 29.2 16.8 

Pin (mmHg) 9.8 2.4 Vlv (ml) 57.6 33 

Pla (mmHg) 5.8 3.4 Stroke Vlv (ml) 23.2 

Plv (mmHg) 9.8 2.4 CO (l/min) 5.01 
Pao (mmHg) 99.1 98.8 

 

4.4.8.  Simulation Results at 2542 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal V13 was adjusted to 2542 rpm and 

simulations were performed at this constant speed. Pressure difference across the pump, 

left atrial pressure, left ventricular pressure and aortic pressure are shown in Figure 4.71.  

 

 

 

Figure 4.71. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) at 2542 

rpm operating speed 

 

 Maximum pressure difference across the pump is 107.5 mmHg and minimum 

pressure difference across the pump is 106.3 mmHg. Maximum left atrial pressure is 2.7 

mmHg and minimum left atrial pressure is 1.5 mmHg. Maximum left ventricular pressure 

is 2.1 mmHg and minimum left ventricular pressure is 1 mmHg. Left ventricular pressure 
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is above the threshold suction resistance value defined in Equation 4.3. Therefore pump 

inlet pressure is the same as left ventricular pressure. Maximum aortic pressure is 108.5 

mmHg and minimum aortic pressure is 108.4 mmHg at 2542 rpm pump operating speed. 

According to these results, if the pump speed slightly increased suction effect will occur in 

the left ventricle. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.72 at 2542 rpm 

operating speed. 

 

 End diastolic volume of left ventricle is 18.4 ml, end systolic volume of left ventricle 

is 8.1 ml and stroke volume of left ventricle is 10.3 ml. Maximum volume of left atrium is 

13.3 ml and minimum volume at left atrium is 7.7 ml at 2542 rpm operating speed. 

 

 

 

Figure 4.72 Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 2542 rpm pump operating speed 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 2542 rpm 

operating speed are shown in Figure 4.73. 

 

time (s) 

V
ol

um
e 

(m
l)

 



104 
 

 

 

Figure 4.73. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 2542 rpm operating speed 

 

 At 2542 rpm operating speed there is no regurgitation in pump flow. In other words 

aortic pressure cannot exceed the pressure difference across the pump over a cardiac cycle. 

Also heart and heart pump are not operating together due to low pressure in left ventricle. 

At 2542 rpm operating speed mitral valve remains open due to relatively lower pressure in 

left ventricle. In other words pressure in left ventricle is lower than left atrial pressure over 

a cardiac cycle. Cardiac output at 2542 operating speed is 5.57 l/min. Pressure pulsatility 

index is 0.01 and flow pulsatility index is 0.006 at this speed. Results that are explained 

above are shown in Table 4.17. 

 

Table 4.17. Simulation results for 2542 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 107.5 106.3 Vla (ml) 13.3 7.7 

Pin (mmHg) 2.1 1.01 Vlv (ml) 18.4 8.1 

Pla (mmHg) 2.7 1.5 Stroke Vlv (ml) 10.3 

Plv (mmHg) 2.1 1.01 CO (l/min) 5.57 
Pao (mmHg) 108.5 108.4 

 

 

time (s) 

F
lo

w
 R

at
e 

(m
l/

s)
 



105 
 

4.4.9.  Simulation Results at 2600 rpm Operating Speed 

 

 Operating speed of Heart Turcica centrifugal was adjusted to 2600 rpm and 

simulations were performed at this constant speed. Left atrial pressure and left ventricular 

pressure are shown in Figure 4.77.  

 

 Left atrial maximum pressure is 2.2 mmHg and left atrial minimum pressure is 1.3 

mmHg. Left ventricular maximum pressure is 1.7 mmHg and left ventricular minimum 

pressure is 0.85 mmHg at 2600 rpm operating speed. 

 

 

 

 

Figure 4.77. Left ventricular pressure (continuous line), left atrial pressure (dashed line) at 

2600 rpm operating speed 

 

 Pump inlet pressure at 2600 rpm operating speed is shown in Figure 4.78. 

 

 Maximum pump inlet pressure is 1.7 mmHg and minimum pump inlet pressure is      

-38.2 mmHg. Pump inlet pressure is not negative over whole cardiac cycle. This result 

shows that partial ventricular suction occurs in left ventricle. 
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Figure 4.78. Pump inlet pressure at 2600 rpm pump operating speed 

 

 Pressure difference across the pump and aortic pressure are shown in Figure 4.79. 

 

 

 

Figure 4.79. Pressure difference across the pump (continuous line), aortic pressure (dashed 

line) at 2600 rpm operating speed 
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 Maximum pressure difference across the pump is 148.1 mmHg and minimum 

pressure difference across the pump is 107.9 mmHg. Maximum aortic pressure is 110.1 

mmHg and 109.3 mmHg. 

 

 Left ventricular and left atrial volumes are shown in Figure 4.80 at 2600 rpm 

operating speed. 

 

 End diastolic volume of left ventricle is 16.1 ml, end systolic volume of left ventricle 

is 7.5 ml and stroke volume of left ventricle is 8.6 ml. Maximum volume of left atrium is 

11.3 ml and minimum volume at left atrium is 6.6 ml at 2600 rpm operating speed. 

 

 

 

Figure 4.80. Left ventricular volume (continuous line) and left atrial volume (dashed line) 

at 2600 rpm pump operating speed 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate at 2600 rpm 

operating speed are shown in Figure 4.81. 
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Figure 4.81. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) at 2600 rpm operating speed 

 

At 2600 rpm operating speed mitral valve remains open due to relatively lower pressure in 

left ventricle. In other words pressure in left ventricle is lower than left atrial pressure over 

a cardiac cycle. Cardiac output at 2600 operating speed is 5.65 l/min. Pressure pulsatility 

index is 0.31 and flow pulsatility index is 0.26 at this speed. Results that are explained 

above are shown in Table 4.18. 

 

Table 4.18. Simulation results for 2600 rpm operating speed 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 148.1 107.9 Vla (ml) 11.3 6.6 

Pin (mmHg) 1.7 -38.2 Vlv (ml) 16.1 7.5 

Pla (mmHg) 2.2 1.3 Stroke Vlv (ml) 8.6 

Plv (mmHg) 1.7 0.85 CO (l/min) 5.65 
Pao (mmHg) 110.1 109.3 

 

 As shown in the results in suction condition the shape of pump flow, pressure 

difference across the pump. In other words distortion occurs due to suction. Also pulsatility 

appears again that has been disappeared with increasing operating speed. 
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 Left ventricular pressure-volume loops are good indicators to explain the help of the 

left ventricular assist devices to left ventricle. Left ventricular pressure-volume loops from 

1250 rpm to 2600 rpm that explained above are shown in Figure 4.82. 

 

 

 

Figure 4.82. Left ventricular pressure – volume loops from 1250 rpm to 2600 rpm 

 

 According to the results, area of the left ventricular pressure-volume loop is getting 

smaller with increasing pump operating speeds. In other words external work of the left 

ventricle is decreasing. 

 

 Also pressure – flow rate diagram of Heart Turcica centrifugal V13 shows the effect 

of increasing pump operating speed. Pressure – flow rate diagram of Heart Turcica axial 

from 1250 rpm to 2600 rpm is shown in Figure 4.83. 
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Figure 4.83. Heart Turcica centrifugal V13 pressure–flow rate diagram from 1250 rpm to 

2600 rpm 

 

 As mentioned above increasing pump operating speed causes pulsatility to disappear 

in pump flow rate and pressure difference across the pump. After suction initiation 

pulsatility is appear again in these variables. In other words, increasing pump operating 

speed provides shorter pressure-flow rate curves in non-suction conditions. But in suction 

conditions, longer pressure-flow rate curves are obtained again. 

 

 Pulsatility indexes are also good indicators of increasing operating speed. Pressure 

pulsatility index and flow pulsatility index with respect pump rotation speed are shown in 

Figure 4.84 and 4.85 respectively. 
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Figure 4.84. Heart Turcica centrifugal V13 pressure pulsatility index from 1250 rpm to 

2600 rpm 

 

 

 

Figure 4.85. Heart Turcica centrifugal V13 flow pulsatility index from 1250 rpm to 2600 

rpm 

 

 As shown in the results pressure pulsatility index and flow pulsatility index decrease 

with increasing pump rotation speed. Suction initiation makes increase the pulsatility 

indexes again. 
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4.5.  DISCUSSION 

 

 In this chapter simulations are made for constant rotation speeds of heart pumps and 

these speeds are assessed with respect to physiologically significant pumping states that 

have been caused.  

 

 As shown in the results for axial heart pump aortic valve closure occurs nearly at 

7565 rpm rotation speed. Regurgitant pump flow disappears nearly at 9250 rpm rotation 

speed. These results indicate that regurgitant pump flow occurs during the ventricle 

ejection state and aortic valve non-opening state. The heart pump cannot support the 

cardiovascular system completely in regurgitant pump flow condition. Therefore 

regurgitant pump flow must be avoided. According to the simulation results, minimum 

operating speed of Heart Turcica axial is nearly 10000 rpm. At 10000 rpm operating speed 

systolic blood pressure is 89.9 mmHg and cardiac output is 4.19 l/min. Suction state occurs 

nearly at 12000 rpm rotation speed. If the heart pump operates above 12000 rpm rotation 

speed, suction that has deleterious effects on the cardiovascular system will occur. 

According to these results Heart Turcica axial must operate between 10000 rpm and 12000 

rpm rotation speeds.  

 

 In relatively lower rotation speeds pulsatility is seen in pump flow, pressure 

difference across the pump, aortic pressure, pump inlet pressure and motor current. 

Increasing rotation speed increases the blood flow in the pump. Therefore increasing 

rotation speed decreases pulsatility in the variables mentioned above. Pulsatility appears 

again with suction initiation. Also suction occurrence causes the pump inlet pressure 

decrease to below zero. Increasing rotation speed causes the left ventricular pressure to 

decrease below left atrial pressure. In this condition mitral valve remains open and blood 

flow through mitral valve becomes continuous. But in suction condition mitral valve closes 

again.  

 

 Left ventricular pressure-volume loop area is getting smaller with increasing heart 

pump speed. In other words external work of the left ventricle decreases with increasing 

pump speed. As mentioned above increasing pump speed causes the pulsatility in pump 

flow and pressure difference across the pump decreases. In this condition pressure-flow 
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rate curves of the pump get shorter. In suction condition longer pressure-flow rate curves 

are obtained. 

 

 Regurgitant pump flow is disappeared at nearly 1380 rpm operating speed in Heart 

Turcica centrifugal. Also at nearly 1638 rpm operating speed aortic valve closes over the 

whole cardiac cycle. According to these simulation results regurgitant pump flow state 

occurs at rotation speed lower than 1380 rpm. Ventricle ejection state occurs between 1380 

rpm and 1638 rpm operating speeds. Simulation results show that minimum operating 

speed is 2140 rpm for Heart Turcica centrifugal. At 2140 rpm operating speed systolic 

aortic blood pressure is 90.1 mmHg and cardiac output is 4.45 l/min. Suction occurs at the 

rotation speeds that above 2542 rpm. In Heart Turcica centrifugal suction does not occur 

over the whole cardiac cycle. 

 

 Pulsatility index variation with respect to pump rotation speed is a good indicator of 

detecting suction. As shown in the results suction initiation increases the pulsatility 

indexes. Therefore pulsatility indexes can used to develop control strategies to prevent 

suction effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

5.  CONTROL STUDIES OF HEART TURCICA AXIAL 

 

 

 In this chapter physiological control of Heart Turcica axial was considered to achieve 

perfusion and provide sufficient blood flow. In order to make physiological control 

pressure difference across the pump and pump flow rate were controlled. 

 

5.1.  CONTROL OF PRESSURE DIFFERENCE ACROSS THE PUMP 

 

 In order to control pressure difference across Heart Turcica axial PI control was 

applied between pressure difference error and pump electrical current input. Proportional 

gains and integral gain were adjusted to 0.01. These values are numerically stable largest 

values. Simulations were performed for several reference pressure difference values but 

only important results are explained in this section of the thesis. Block diagram of the 

pressure difference control across Heart Turcica Axial is shown in Figure 5.1. 

 

 

 

Figure 5.1. Block diagram of the pressure difference control across Heart Turcica axial 



115 
 

5.1.1. Simulation Results for 65 mmHg Reference Pressure Difference 

 

 Reference pressure difference value was adjusted to 65 mmHg and simulations were 

performed. Pressure difference across the pump, left atrial pressure, left ventricular 

pressure and aortic pressure are shown in Figure 5.2.  

 

 

 

Figure 5.2. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) for 65 

mmHg reference pressure difference value 

 

 Maximum pressure difference across the pump is 81.6 mmHg and minimum pressure 

difference across the pump is 47.4 mmHg. Maximum left atrial pressure is 10.8 mmHg and 

minimum left atrial pressure is 8.1 mmHg. Maximum left ventricular pressure is 35.7 

mmHg and minimum left ventricular pressure is 6 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined by Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 91.7 mmHg 

and minimum aortic pressure is 73.5 mmHg for 65 mmHg reference pressure value. 

 

 Left ventricular and left atrial volumes are shown in Figure 5.3 for 65 mmHg 

reference pressure difference value. 
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Figure 5.3. Left ventricular volume (continuous line), left atrial volume (dashed line) for 

65 mmHg reference pressure difference value 

 

 End diastolic volume of left ventricle is 88.6 ml, end systolic volume of left ventricle 

is 45 ml and stroke volume of left ventricle is 43.6 ml Maximum volume of left atrium is 

54.1 ml and minimum volume at left atrium is 40.7 ml for 65 mmHg reference pressure 

difference value. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate for 65 mmHg 

reference pressure difference value are shown in Figure 5.4. 

 

 For 65 mmHg reference pressure difference value heart and Heart Turcica Axial are 

not operating together. In other words blood flow through aortic valve disappears due to 

aortic valve closure. Also pump flow regurgitates due to relatively high aortic pressure in 

diastolic phase. 
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Figure 5.4. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) for 65 mmHg reference pressure difference value 

 

 Rotation speed for 65 mmHg reference pressure value is shown Figure 5.5. 

 

 

 

Figure 5.5. Rotation speed for 65 mmHg reference pressure difference value 

 

 Maximum rotation speed is 10657 rpm and minimum rotation speed is 8562 rpm for 
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65 mmHg reference pressure difference value. 

 

 Motor current for 65 mmHg reference pressure value is shown Figure 5.6. 

 

 

 

Figure 5.6. Motor current for 65 mmHg reference pressure difference value 

 

 Maximum motor current is 0.978 A and minimum motor current is 0.641 A for 65 

mmHg reference pressure difference value. Total cardiac output is 3.88 l/min. Results that 

are explained above are shown in Table 5.1. 

 

Table 5.1. Simulation results for 65 mmHg reference pressure difference value. 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 81.6 47.4 Vlv (ml) 88.6 45 

Pin (mmHg) 35.7 6 Stroke Vlv (ml) 43.6 

Pla (mmHg) 10.8 8.1 CO (l/min) 3.88 
Plv (mmHg) 35.7 6 Rot. Speed (rpm) 10657 8562.7 
Pao (mmHg) 91.7 73.5 Imotor (A) 0.978 0.641 

Vla (ml) 54.1 40.7 
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5.1.2. Simulation Results for 75 mmHg Reference Pressure Difference 

 

 Reference pressure difference value was adjusted to 75 mmHg and simulations were 

performed. Pressure difference across the pump, left atrial pressure, left ventricular 

pressure and aortic pressure are shown in Figure 5.7.  

 

 

 

Figure 5.7. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) for 75 

mmHg reference pressure difference value 

 

 Maximum pressure difference across the pump is 86.3 mmHg and minimum pressure 

difference across the pump is 62.7 mmHg. Maximum left atrial pressure is 9.1 mmHg and 

minimum left atrial pressure is 6.5 mmHg. Maximum left ventricular pressure is 25.4 

mmHg and minimum left ventricular pressure is 4.6 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined by Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 94.2 mmHg 

and minimum aortic pressure is 81.5 mmHg for 75 mmHg reference pressure value. 

 

 Left ventricular and left atrial volumes are shown in Figure 5.8 for 75 mmHg 

reference pressure difference value. 
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Figure 5.8. Left ventricular volume (continuous line), left atrial volume (dashed line) for 

75 mmHg reference pressure difference value 

 

 End diastolic volume of left ventricle is 69.6 ml, end systolic volume of left ventricle 

is 31.3 ml and stroke volume of left ventricle is 38.3 ml Maximum volume of left atrium is 

45.4 ml and minimum volume at left atrium is 38.3 ml for 75 mmHg reference pressure 

difference value. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate for 75 mmHg 

reference pressure difference value are shown in Figure 5.9. 

 

 For 75 mmHg reference pressure difference value heart and Heart Turcica Axial are 

not operating together. In other words blood flow through aortic valve disappears due to 

aortic valve closure. Also pump flow regurgitates due to relatively high aortic pressure in 

diastolic phase. 
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Figure 5.9. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) for 75 mmHg reference pressure difference value 

 

 Rotation speed for 75 mmHg reference pressure difference value is shown Figure 

5.10. 

 

 

 

Figure 5.10. Rotation speed for 75 mmHg reference pressure difference value 
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 Maximum rotation speed is 10934 rpm and minimum rotation speed is 9487 rpm for 

75 mmHg reference pressure difference value. 

 

 Motor current for 75 mmHg reference pressure difference value is shown Figure 

5.11. 

 

 

 

Figure 5.11. Motor current for 75 mmHg reference pressure difference value 

 

 Maximum motor current is 1.011 A and minimum motor current is 0.778 A for 75 

mmHg reference pressure difference value. Total cardiac output is 4.23 l/min for 75 mmHg 

reference pressure difference value. Results that are explained above are shown in Table 

5.2. 

 

Table 5.2. Simulation results for 75 mmHg reference pressure difference value. 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 86.3 62.7 Vlv (ml) 69.6 31.3 

Pin (mmHg) 25.4 4.6 Stroke Vlv (ml) 38.3 

Pla (mmHg) 9.1 6.5 CO (l/min) 4.23 
Plv (mmHg) 25.4 4.6 Rot. Speed (rpm) 10934 9487.3 
Pao (mmHg) 94.2 81.5 Imotor (A) 1.011 0.778 

Vla (ml) 45.4 38.3 
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5.1.3. Simulation Results for 85 mmHg Reference Pressure Difference 

 

 Reference pressure difference value was adjusted to 85 mmHg and simulations were 

performed. Pressure difference across the pump, left atrial pressure, left ventricular 

pressure and aortic pressure are shown in Figure 5.12.  

 

 

 

Figure 5.12. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) for 85 

mmHg reference pressure value 

 

 Maximum pressure difference across the pump is 91.5 mmHg and minimum pressure 

difference across the pump is 77.3 mmHg. Maximum left atrial pressure is 7.5 mmHg and 

minimum left atrial pressure is 4.9 mmHg. Maximum left ventricular pressure is 16.4 

mmHg and minimum left ventricular pressure is 3.4 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined by Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 97.4 mmHg 

and minimum aortic pressure is 89.8 mmHg for 85 mmHg reference pressure value. 

 

 Left ventricular and left atrial volumes are shown in Figure 5.13 for 85 mmHg 

reference pressure difference value. 
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Figure 5.13. Left ventricular volume (continuous line), left atrial volume (dashed line) for 

85 mmHg reference pressure difference value 

 

 End diastolic volume of left ventricle is 52.8 ml, end systolic volume of left ventricle 

is 20 ml and stroke volume of left ventricle is 32.8 ml Maximum volume of left atrium is 

37.41 ml and minimum volume at left atrium is 24.8 ml for 85 mmHg reference pressure 

difference value. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate for 85 mmHg 

reference pressure difference value are shown in Figure 5.14. 

 

 For 85 mmHg reference pressure difference value heart and Heart Turcica Axial are 

not operating together. In other words blood flow through aortic valve is disappeared due 

to aortic valve closure. Also pump flow does not regurgitate due to relatively high aortic 

pressure in diastolic phase. 
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Figure 5.14. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) for 85 mmHg reference pressure difference value 

 

 Rotation speed for 85 mmHg reference pressure difference value is shown Figure 

5.15. 

 

 

 

Figure 5.15. Rotation speed for 85 mmHg reference pressure difference value 
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 Maximum rotation speed is 11237 rpm and minimum rotation speed is 10351 rpm for 

85 mmHg reference pressure difference value. 

 

 Motor current for 85 mmHg reference pressure difference value is shown Figure 

5.16. 

 

 

 

Figure 5.16. Motor current for 85 mmHg reference pressure difference value 

 

 Maximum motor current is 1.051 A and minimum motor current is 0.910 A for 85 

mmHg reference pressure difference value. Total cardiac output is 4.61 l/min for 85 mmHg 

reference pressure value. Results that are explained above are shown in Table 5.3. 

 

Table 5.3. Simulation results for 85 mmHg reference pressure difference value. 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 91.5 77.3 Vlv (ml) 52.8 20 

Pin (mmHg) 16.4 3.4 Stroke Vlv (ml) 32.8 

Pla (mmHg) 7.5 4.9 CO (l/min) 4.61 
Plv (mmHg) 16.4 3.4 Rot. Speed (rpm) 11237 10351 
Pao (mmHg) 97.4 89.8 Imotor (A) 1.051 0.910 

Vla (ml) 37.4 24.8 
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5.1.4. Simulation Results for 95 mmHg Reference Pressure Difference 

 

 Reference pressure difference value was adjusted to 95 mmHg and simulations were 

performed. Pressure difference across the pump, left atrial pressure, left ventricular 

pressure and aortic pressure are shown in Figure 5.17.  

 

 

 

Figure 5.17. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) for 95 

mmHg reference pressure difference value 

 

 Maximum pressure difference across the pump is 97.7 mmHg and minimum pressure 

difference across the pump is 91.3 mmHg. Maximum left atrial pressure is 5.5 mmHg and 

minimum left atrial pressure is 3.3 mmHg. Maximum left ventricular pressure is 8.4 

mmHg and minimum left ventricular pressure is 2.3 mmHg. Left ventricular pressure is 

above the threshold suction resistance value that defined in Equation 4.3. Therefore pump 

inlet pressure is same with left ventricular pressure. Maximum aortic pressure is 101.3 

mmHg and minimum aortic pressure is 98.1 mmHg for 95 mmHg reference pressure value. 

 

 Left ventricular and left atrial volumes are shown in Figure 5.18 for 95 mmHg 

reference pressure difference value. 
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Figure 5.18. Left ventricular volume (continuous line), left atrial volume (dashed line) for 

95 mmHg reference pressure difference value 

 

 End diastolic volume of left ventricle is 36.9 ml, end systolic volume of left ventricle 

is 12.3 ml and stroke volume of left ventricle is 24.6 ml Maximum volume of left atrium is 

27.6 ml and minimum volume at left atrium is 16.9 ml for 95 mmHg reference pressure 

difference value. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate for 95 mmHg 

reference pressure difference value are shown in Figure 5.19. 

 

 For 95 mmHg reference pressure value heart and Heart Turcica Axial are not 

operating together. In other words blood flow through aortic valve is disappeared due to 

aortic valve closure. Also pump flow does not regurgitate due to relatively high aortic 

pressure in diastolic phase. 
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Figure 5.19. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) for 95 mmHg reference pressure difference value 

 

 Rotation speed for 95 mmHg reference pressure difference value is shown Figure 

5.20. 

 

 

 

Figure 5.20. Rotation speed for 95 mmHg reference pressure difference value 
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 Maximum rotation speed is 11553 rpm and minimum rotation speed is 11159 rpm for 

95 mmHg reference pressure difference value. 

 

 Motor current for 95 mmHg reference pressure difference value is shown Figure 

5.21. 

 

 

 

Figure 5.21. Motor current for 95 mmHg reference pressure difference value 

 

 Maximum motor current is 1.096 A and minimum motor current is 1.032 A for 95 

mmHg reference pressure value. Total cardiac output is 5.02 l/min for 95 mmHg reference 

pressure value. These results are similar to constant rotation speed control strategy. Results 

that are explained above are shown in Table 5.4. 

 

Table 5.4. Simulation results for 95 mmHg reference pressure difference value. 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 97.7 91.3 Vlv (ml) 36.9 12.3 

Pin (mmHg) 8.4 2.3 Stroke Vlv (ml) 24.6 

Pla (mmHg) 5.5 3.3 CO (l/min) 5.02 
Plv (mmHg) 8.4 2.3 Rot. Speed (rpm) 11553 11159 
Pao (mmHg) 101.3 98.1 Imotor (A) 1.096 1.032 

Vla (ml) 27.6 16.9 
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 Left ventricular pressure – volume loops are good indicators to explain the 

contribution of the left ventricular assist devices to left ventricle. Left ventricular pressure-

volume loops from 65 mmHg to 95 mmHg reference pressure difference with 10 mmHg 

increments that are explained above are shown in Figure 5.22. 

 

 

 

Figure 5.22. Left ventricular pressure – volume loops from 65 mmHg to 95 mmHg with 10 

mmHg increments 

 

 According to the results area of the left ventricular pressure – volume loop is getting 

smaller with increasing reference pressure difference. In other words external work of the 

left ventricle is decreasing. 

 

 Also pressure – flow rate diagram of Heart Turcica Axial is shows the effect of 

increasing reference pressure difference. Pressure – flow rate diagram of Heart Turcica 

Axial from 65 mmHg to 95 mmHg with reference pressure difference 10 mmHg 

increments shown in Figure 5.23. 
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Figure 5.23. Heart Turcica Axial pressure–flow rate diagram from 65 mmHg to 95 mmHg 

reference pressure difference with 10 mmHg increments 

 

 As shown in the results increasing reference pressure difference across the pump 

causes a shrinkage of the pressure-flow rate loop area. In other words the effect of heart on 

the heart pump decreases. 

 

 5.2.  CONTROL OF PUMP FLOW RATE 

 

 Proprtional-integral (PI) control was applied between the pump flow rate error and 

the motor current of Heart Turcica Axial. Proportional and integral gains were adjusted to 

0.1. These values are numerically stable largest values. Simulations were performed for 

several reference flow rate values but only important results are explained in this section of 

thesis. Block diagram of the flow rate control through Heart Turcica Axial is shown in 

Figure 5.2. 
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Figure 5.24. Block diagram of the flow rate control through Heart Turcica Axial 

 

5.2.1.  Simulation Results for 50 ml/s Reference Flow Rate 

 

 Reference pump flow rate value was adjusted to 50 ml/s and simulations were 

performed. Pressure difference across the pump, left atrial pressure, left ventricular 

pressure and aortic pressure are shown in Figure 5.28. 

 

 Maximum pressure difference across the pump is 59.7 mmHg and minimum pressure 

difference across the pump is -0.1 mmHg. Maximum left atrial pressure is 13.9 mmHg and 

minimum left atrial pressure is 11.9 mmHg. Maximum left ventricular pressure is 70.7 

mmHg and minimum left ventricular pressure is 10.3 mmHg. Left ventricular pressure is 

above the threshold suction resistance value defined by Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 70.7 mmHg 

and minimum aortic pressure is 67.8 mmHg for 50 ml/s reference pump flow rate value. 
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Figure 5.25. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) for 50 

ml/s reference pump flow rate value 

 

 Left ventricular and left atrial volumes are shown in Figure 5.29 for 50 ml reference 

pump flow rate value. 

 

 End diastolic volume of left ventricle is 122.5 ml, end systolic volume of left 

ventricle is 100 ml and stroke volume of left ventricle is 22.5 ml Maximum volume of left 

atrium is 69.7 ml and minimum volume at left atrium is 59.5 ml for 50 ml/s reference 

pump flow rate value. 
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Figure 5.26. Left ventricular volume (continuous line), left atrial volume (dashed line) for 

50 ml/s reference pump flow rate value. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate for 50 ml reference 

pump flow rate value are shown in Figure 5.30. 

 

 

 

Figure 5.27. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) for 50 ml/s reference pump flow rate value 
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 For 50 ml/s reference pump flow rate value heart and Heart Turcica Axial are 

operating together. Also pump flow does not regurgitate due to relatively low aortic 

pressure in diastolic phase. 

 

 Rotation speed for 50 ml/s reference pump flow rate value is shown Figure 5.31. 

 

 

 

Figure 5.28. Rotation speed for 50 ml reference pump flow rate value 

 

 Maximum rotation speed is 3742 rpm and minimum rotation speed is 8908 rpm for 

50 ml/s reference pump flow rate value. 

 

 Motor current for 50 ml/s reference pump flow rate value is shown Figure 5.32. 

 

 Maximum motor current is 0.843 A and minimum motor current is 0.080 A for 50 ml 

reference pump flow rate value. Total cardiac output is 3.28 l/min for 50 ml/s reference 

pump flow rate value. Results that are explained above are shown in Table 5.6. 
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Figure 5.29. Motor current 50 ml/s reference pump flow rate value 

 

Table 5.6. Simulation results for 50 ml/s reference pump flow rate value 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 59.7 -0.1 Vlv (ml) 122.5 100 

Pin (mmHg) 70.7 10.3 Stroke Vlv (ml) 22.5 

Pla (mmHg) 13.9 11.9 CO (l/min) 3.28 
Plv (mmHg) 70.7 10.3 Rot. Speed (rpm) 3742 8908.9 
Pao (mmHg) 70.7 67.8 Imotor (A) 0.843 0.080 

Vla (ml) 69.7 59.5 
 

 

5.2.2.  Simulation Results for 60 ml/s Reference Flow Rate 

 

 Reference pump flow rate value was adjusted 60 ml/s and simulations were 

performed. Pressure difference across the pump, left atrial pressure, left ventricular 

pressure and aortic pressure are shown in Figure 5.33. 

 

 Maximum pressure difference across the pump is 66.2 mmHg and minimum pressure 

difference across the pump is 16.8 mmHg. Maximum left atrial pressure is 12.2 mmHg and 

minimum left atrial pressure is 9.9 mmHg. Maximum left ventricular pressure is 57.9 

mmHg and minimum left ventricular pressure is 8.4 mmHg. Left ventricular pressure is 
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above the threshold suction resistance value defined by Equation 4.3. Therefore pump inlet 

pressure is the same as left ventricular pressure. Maximum aortic pressure is 74.8 mmHg 

and minimum aortic pressure is 74.4 mmHg for 60 ml/s reference pump flow rate value. 

 

 

 

Figure 5.30. Pressure difference across the pump (continuous line), left atrial pressure 

(dotted line), left ventricular pressure (dashed line) and aortic pressure (chain line) for 60 

ml/s ml reference pump flow rate value 

 

 Left ventricular and left atrial volumes are shown in Figure 5.34 for 60 ml/s 

reference pump flow rate value. 

 

 End diastolic volume of left ventricle is 103.2 ml, end systolic volume of left 

ventricle is 81.8 ml and stroke volume of left ventricle is 21.4 ml Maximum volume of left 

atrium is 61 ml and minimum volume at left atrium is 49.7 ml for 60 ml/s reference pump 

flow rate value. 
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Figure 5.31. Left ventricular volume (continuous line), left atrial volume (dashed line) for 

60 ml/s reference pump flow rate value. 

 

 Pump flow rate, mitral valve flow rate and aortic valve flow rate for 60 ml/s 

reference pump flow rate value are shown in Figure 5.35. 

 

 

 

Figure 5.32. Pump flow rate (continuous line), mitral valve flow rate (chain line) and aortic 

valve flow rate (dashed line) for 60 ml/s reference pump flow rate value 
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 For 60 ml/s reference pump flow rate value heart and Heart Turcica Axial are not 

operating together. Also pump flow does not regurgitate due to relatively low aortic 

pressure in diastolic phase. 

 

 Rotation speed for 60 ml/s reference pump flow rate value is shown Figure 5.36. 

 

 

 

Figure 5.33. Rotation speed for 60 ml reference pump flow rate value 

 

 Maximum rotation speed is 5946 rpm and minimum rotation speed is 9456 rpm for 

60 ml/s reference pump flow rate value. 

 

 Motor current for 60 ml/s reference pump flow rate value is shown Figure 5.37. 

 

 Maximum motor current is 0.882 A and minimum motor current is 0.371 A for 60 

ml/s reference pump flow rate value. Total cardiac output is 3.60 l/min for 60 ml/s 

reference pump flow rate value. Results that are explained above are shown in Table 5.7. 
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Figure 5.34. Motor current for 60 ml/s reference pump flow rate value 

 

Table 5.7. Simulation results for 60 ml/s reference pump flow rate value 

 

Parameter Max. Value Min. Value Parameter Max. Value Min. Value 
∆Ppump (mmHg) 66.2 16.8 Vlv (ml) 103.2 81.8 

Pin (mmHg) 57.9 8.4 Stroke Vlv (ml) 21.4 

Pla (mmHg) 12.21 8.9 CO (l/min) 3.60 
Plv (mmHg) 57.9 8.4 Rot. Speed (rpm) 5946 9456.4 
Pao (mmHg) 74.8 74.4 Imotor (A) 0.882 0.371 

Vla (ml) 61 49.7 
 

 

 Left ventricular pressure-volume loops are good indicators to explain the help of the 

left ventricular assist devices to left ventricle. Left ventricular pressure–volume loops of 50 

ml reference pump flow rate and 60 ml/s reference pump flow rate that are explained 

above shown in Figure 5.35. 
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Figure 5.35. Left ventricular pressure–volume loops of 50 ml reference pump flow rate and 

60 ml reference pump flow rate 

 

 According to the results area of the left ventricular pressure – volume loop is getting 

smaller with increasing reference flow rate. In other words external work of the left 

ventricle is decreasing. 

 

 Also pressure–flow rate diagram of Heart Turcica Axial is shows the effect of 

increasing reference flow rate. Pressure – flow rate diagram of Heart Turcica Axial from of 

50 ml reference pump flow rate and 60 ml reference pump flow rate are shown in Figure 

5.36. 
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Figure 5.36. Heart Turcica Axial pressure–flow rate diagram of 50 ml reference pump flow 

rate and 60 ml reference pump flow rate 

 

5.3.  DISCUSSION 

 

 In order to use a heart pump bridge to recovery left ventricle must operate with heart 

pump. Otherwise micro thrombosis and other deleterious effects develop on the aortic 

valve and recovery may not be possible. As shown in the results in this section both of the 

proposed control strategies do not provide left ventricle operation by itself. Also in rotation 

speed control strategy aortic valve closes over a cardiac cycle due to high aortic pressure to 

provide perfusion. If a control strategy could be developed that provides flow through 

aortic valve in systolic phase and provides perfusion over a cardiac cycle heart pumps can 

be used to bridge to recovery. In this section preliminary studies have been shown in order 

to develop such a control strategy. 

 

 As shown in the results increasing reference pump flow rate values cause the 

pressure-flow rate loop area to get smaller. In other words the effect of heart on the heart 

pump decreases. 
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6.  CONCLUSION AND FUTURE WORKS 

 

 

 In this thesis numerical modeling of human cardiovascular system and 

cardiovascular system assisted with two types of heart pumps are studied. Simulations 

were performed for the combined model of the diseased human cardiovascular system and 

heart pumps to assess the optimum operating intervals of the heart pumps. 

 

 Diseased human cardiovascular system model used is a dilated heart model. For the 

various conditions that occur in the heart disease pump operating speed interval should be 

adjusted accordingly. For these conditions different diseased cardiovascular system models 

can be developed. In other words specific models of patients can be developed to assess 

appropriate treatment strategies. 

 

 The following main results have been obtained from simulations of Heart Turcica 

Axial. In Heart Turcica axial aortic valve closes at 7565 rpm rotation speed due to 

relatively high aortic pressure. At the rotation speeds higher than this speed only heart 

pump operates. The regurgitant pump flow disappears at 9250 rpm rotation speed. 

Minimum operating speed is 10000 rpm for the numerical human cardiovascular system 

model used in this thesis. At this speed systolic aortic pressure is 89.9 mmHg and cardiac 

output is 4.19 l/min. Maximum operating speed is nearly 12000 rpm for Heart Turcica 

axial in this numerical human cardiovascular model. Rotation speeds higher than this speed 

causes suction effect in the left ventricle. 

 

 The following results have been obtained for Heart Turcica centrifugal V13. In Heart 

Turcica centrifugal V13 regurgitant pump flow disappears at 1380 rpm rotation speed. 

Aortic valve closes at 1638 rpm rotation speed due to relatively high aortic pressure. In 

other words heart and Heart Turcica centrifugal V13 operates together between these 

speeds. Minimum operating speed is 2140 rpm for the numerical human cardiovascular 

system model used in this thesis. At this speed systolic aortic pressure is 90.1 mmHg and 

cardiac output is 4.45 l/min. Maximum operating speed is nearly 2542 rpm for Heart 

Turcica centrifugal V13 in this numerical human cardiovascular model. Rotation speeds 

higher than this speed causes suction effect in the left ventricle. 
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 For the modeling of Heart Turcica axial CFD analysis results were used. To obtain 

more accurate results, simulations have to be validated by the experimental results.  

 

 The aim of the pressure difference control strategy across the pump is to provide 

sufficient blood pressure and to prevent suction effect in the left ventricle. In pressure 

difference control strategy rotation speed of the pump is variable. Also aortic valve 

remains closed in this control strategy in relatively high reference pressure difference 

values. To avoid this condition pump flow rate is controlled. Also in pump flow rate 

control strategy aortic valve closure occurs in relatively high flow rate values and systolic 

aortic pressure does not increase above 90 mmHg.  

 

 By using a coupled model of diseased human cardiovascular system model and heart 

pumps, more advanced control strategies can be developed. Development of suitable 

control strategies will lead to widely use of heart pumps as a bridge to recovery method. 

Also control strategies can be developed to detect and prevent the suction effect. 

Development of such control strategies can be cited as the future work. 
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