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ABSTRACT  

Heart disease is one of the most common, unexpected and number one cause of 

death globally; according to world health organization,  approximately 17.5 million people 

died because of cardiovascular heart disease in 2005 which represents the 30 % of all of the 

deaths worldwide. In Turkey, similar situation also occurs; 55% of the total deaths is 

because of the heart failure problems. According to the Europe Heart Health Research, 

Turkey is the European leader in the number of heart failures for the ages of less than 50.  

In Turkey, every year approximately 500,000 patients have heart failure and 2000 to 3000 

of them need urgent heart transplantation. Unfortunately, due to lack of donors, only about 

a few operations can be done every year.  

During the long waiting time for a healthy donor heart, an artificial heart, mainly a 

ventricular assist device is currently the only hope and possible solution for the patients. 

Artificial heart pumps are known to be the best solutions for bridge-to-transplant, bridge-

to-recovery and final medical solution for the patients who suffer from heart failures that 

result from the overfilling of the blood vessels of heart.  

There are various ventricular assist devices produced in the developed countries. It 

is imported and used in about 20 patients in Turkey. Costs of LVAD systems are very high 

and not affordable by many patients in Turkey. The aim of this thesis is to develop a new 

ventricular assist device in Turkey. The VAD system being developed is named as Heart 

Turcica .  The development process of the Heart Turcica LVAD system of five main parts: 

CAD (Computer Aided Design), CFD (Computational Fluid Dynamics) analyses, CAM 

(Computer Aided Manufacturing), precision production by Computer Numerical Control 

(CNC) machines and performance testing. The developed Heart Turcica LVAD system 

consists of a centrifugal pump, control unit and peripheral equipments. The pressure rise of 

the heart pump, flow rates and rotational speeds are controlled and monitored in the 

experiments.  
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Heart Turcica Centrifugal is designed and manufactured from Titanium alloy to be 

biocompatible with the blood tests in the hospital.  In this thesis, the design process of the 

heart pump, the performance curves of several designs, and the results of in-vitro 

experiments carried out are presented.     
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ÖZET  

Kalp rahats zl klar tüm dünyada en beklenmedik ve yayg n ölüm nedenlerinin 

ba nda gelir. Dünya Sa l k Örgütü nün istatistiklerine göre, 2005 y l nda kardiyovasküler 

kalp rahats zl klar nedeniyle tüm dünyada 17,5 milyon ki i hayat n kaybetmi tir ve bu 

rakam tüm ölümlerin %55 ine tekabül etmektedir. Benzer durum Türkiye de de vard r, 

Avrupa Kalp Sa l Ara t rmas na gore, 2007 y l nda 50 ya alt kalp rahats zl 

s ralamas nda Avrupa lideri olmu tur. Türkiye de her y l yakla k 500.000 ki i kalp 

rahats zl geçirmekte ve bu hastalardan  en az 2000 ile 3000 tanesine acil kalp nakli 

yap lmas

 

gerekmektedir. Ne yaz k ki donör azl ndan ötürü her y l oldukça az say da 

operasyon yap lmaktad r. 

Sa l kl bir donör beklemek için geçen uzun süre boyunca, yapay bir kalp, ba l ca 

kar nc k destek ayg t , imdilik hastalar için tek ümit verici ve mümkün çözüm olarak öne 

ç kmaktad r. Yapay kalp pompalar kalp nakli için bekleme esnas nda ve iyile me için 

bekleme s ras nda kullan l rlar ve damarlar kanla a r dolmu , pompalama yetisi azalm 

hasta kalpler için son medikal çözümdürler. 

Geli mi ülkelerde üretilmi çok say da kar nc k destek ayg tlar bulunmaktad r. 

Türkiye de bugüne kadar 20 hasta için ithal edilmi ve tak lm t r. Sol kar nc k destek 

ayg tlar oldukça pahal sistemlerdir ve Türkiye de birçok hasta taraf ndan ücreti 

kar lanamaz. Bu tezin amac Türkiye de yeni bir sol kar nc k destek ayg t geli tirmektir. 

Geli tirilen cihaz Santrifüj Türk Kalbi olarak adland r lmaktad r. Santrifüj Türk 

Kalbi nin geli im süreci be ana bölümden olu maktad r: BDT (Bilgisayar Destekli 

Tasar m), HAD (Hesaplamal Ak kanlar Dinami i) analizleri, BDÜ (Bilgisayar Destekli 

Üretim), BNC (Bilgisayarl Say sal Denetim) makineleri ile hassas üretim ve performans 

testleri. Geli tirilen Santrifüj Türk Kalbi sistemi bir santrifüj pompa, kontrol ünitesi ve 

enerji yan birim ayg tlar ndan olu maktad r. Kalp pompas n n bas nç de i imi, debisi ve 

dönme h z deneyler s ras nda kontrol edilir ve gözlemlenir. 
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Santrifüj Türk Kalbi, hastanede yap lacak kan testlerinde canl l kla uyumlu 

olabilmesi için titanyum ala m ndan üretilmi tir. Bu tezde, kalp pompas n n tasar m süreci, 

çe itli dizaynlar n performans grafikleri ve yap lan deneylerin sonuçlar sunulmu tur. 
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NOMENCLATURE  

1   Inlet Blade Angle [rad] 

2   Exit Blade Angle [rad] 

   

The density of blood [kg/m3] 

   

The slip coefficient (dimensionless) 

   

The head coefficient (dimensionless) 

   

The flow coefficient (dimensionless) 

   

The target efficiency of the pump (dimensionless) 

B   The width of impeller blades [mm] 

B1, B2  The width of impeller blades at the inlet and outlet [mm] 

C1, C2  Absolute velocity at the inlet and outlet of impeller [m/s] 

Cr1 , Cr2  Absolute radial velocity at the inlet and outlet of impeller [m/s] 

Ct1 , Ct2  Absolute tangential velocity at the inlet and outlet of impeller [m/s] 

D1   Impeller eye diameter [m] 

D2   Impeller diameter [m] 

g   Gravitational acceleration [m/s2]  

H   The desired head rise of the pump [m]  

Hth   The theoretical head rise of the pump [m] 

n   Rotational speed of the impeller [rpm] 

N   Pump specific speed (dimensionless) 

P   Power [Watt] 

r1   The radius of the eye of impeller [m] 

r2   The outer radius of impeller [m] 

Q   Flow rate of the pump [liters/s] 

U1, U2  The tangential velocity of impeller at the inlet and outlet[m/s] 

Vpipe  Inlet pipe velocity [m/s] 
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W1, W2  The relative velocity of fluid wrt the impeller at inlet and outlet [m/s]  

Wr1 , Wr2  The radial velocity of fluid relative to the impeller at the inlet and  

                               outlet [m/s] 

Wt1 , Wt2  The tangential velocity of fluid relative to the impeller at inlet and  
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w   Rotational speed of the impeller [rad/s] 

T   The torque applied to the fluid by the impeller [Nm] 
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Chapter 1  

INTRODUCTION   

Centrifugal pump is a kind of pump which uses a rotating impeller to obtain a higher 

fluid pressure at the exit of the pump. In a centrifugal pump, flow and pressure are 

generated dynamically. Centrifugal pumps work with the principle of converting the 

rotational kinetic energy that is gained usually from an electric motor, to increase the static 

fluid pressure up to the desired value. They generate pressure by accelerating and then 

decelerating the movement of the fluid through the pump. About %90 of the pumps used in 

industry, including the heavy industry, mining, petroleum refining, pulp and paper 

production, potable water, manufacturing, etc., centrifugal pumps are used [34]. They are 

also commonly used as ventricular assist devices because they can achieve large discharge 

pressures through smaller heads. 

A ventricular assist device can be defined as the mechanical pump that helps a weak 

heart to pump the blood with the desired pressure and flow rate, and is used to partially or 

completely replace the function of a failing heart. They are used as a permanent clinical 

solution to heart failure. They are mainly used for two purposes; as a bridge during heart 

transplantation and as a bridge to recovery. During heart operations, the heart does not 

pump the blood to the body at the needed pressure value; so a ventricular assist device 

helps the heart during the transplantation. If a donor heart cannot be found for the weak 

heart, a ventricular assist device is implanted into the patient and is used until a healthy 

donor is found. It is important to realize that a VAD does not replace the heart. Instead, it 



  
Chapter 1: Introduction   2

works with the patient s own heart to pump sufficient blood throughout the body. A VAD 

is grouped according to the area of the heart it helps into three: left ventricular assist 

devices, right ventricular assist devices and bi-ventricular assist devices. Left ventricular 

assist devices (LVAD) help the left side of the heart push blood to the aorta, the body s 

main blood vessel. They are the most common type of heart pumps. Right ventricular assist 

devices (RVAD) pull blood from the right side of the heart and send it to the lungs and bi-

ventricular assist devices (BVAD) help both sides of the heart to pump blood.  

The VAD consists of a pump, a control system and energy supply units. All VADs use 

an inlet cannula, which connects the pump to the heart. Blood that leaves the heart flows 

through this tube and into the pump, so the heart does not have to work as hard. The pump 

then sends the blood to a major artery, such as the aorta or pulmonary artery. The energy 

supply and the control system are located outside the body; the pump can be either inside 

or outside the body. A VAD can be grouped according to the position of the pump: the 

VAD pump can either be placed outside the body (external) or inside the body 

(implantable). Both external and implantable VADs are attached to a microprocessor 

controller which controls the rotational speed of motor based on sensor (such as flow 

meter) feedback. The patient can often wear the controller around his waist, attached to the 

belt. 

The aim of this thesis is to design and develop the first left ventricular assist device in 

Turkey. This thesis gives brief information about the design process of LVAD starting by 

detailed literature review and ending with the production and experimental processes. 

Chapter 2 gives the background information for ventricular assist devices. The main 

four categories of ventricular assist systems, the parameters affecting the blood flow 

through the pump and some important ventricular assist devices that are being used today 

are illustrated. 
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Chapter 3 describes the design procedure of the centrifugal pump. The main steps taken 

through the designing of impeller are clearly explained. The effects of the blade angles on 

the impeller are analyzed. The design criteria for the impeller are listed. The necessary 

calculations for the design of impeller are performed.  

Chapter 4 provides the information about the computer aided design of the centrifugal 

pump. The impeller, volute, upper and lower casings of Heart Turcica are designed with 

respect to calculated parameter. Many different designs are studied to analyze the 

performances with simulations and experiments. Moreover, the computational fluid 

dynamics simulations that were carried out for the different designs of Heart Turcica 

centrifugal are presented.  

Chapter 5 is about the computer aided manufacturing of Heart Turcica. The parameters 

for the processing of the pump, the experimental set-up, experimental procedure, the results 

of in-vitro experiments and performance curves obtained by experiments are introduced. 

Chapter 6 is a review of the results regarding Heart Turcica and tells about the future 

work that will be done until Heart Turcica will be implanted into a human.  
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Chapter 2  

LITERATURE REVIEW  

Heart disease is one of the most common, unexpected and number one cause of death 

globally; approximately 17.5 million people died because of cardiovascular heart disease in 

2005 which represents the 30 % of all of the deaths worldwide [1]. In Turkey, similar 

situation also occurs; 55% of the total deaths is because of the heart failure problem [2]. 

According to the Europe Heart Health Research, 3. EuroAspire, Turkey is the European 

leader in the number of heart failures for the ages of less than 50 [3].  In Turkey, every year 

500,000 patients have heart failure and every year 2000 to 3000 of them need heart 

transplantation [4]. Unfortunately, due to lack of donors, only about 20 operations can be 

done every year. During the long waiting time for a healthy donor heart, an artificial heart, 

mainly a ventricular assist device is currently the only hope and possible solution for the 

patient. Artificial blood pumps are known to be the best solutions for bridge-to-transplant, 

bridge-to-recovery and final medical solution for the patients who suffer from heart failures 

that result from the overfilling of the blood vessels of heart [5]. The purpose of using an 

artificial organ is to replace the function of the defective organ with adequate patient 

comfort. It is a must to consider three different features in the case of using an artificial 

organ replacing a living organism; the immune response, the adaptability to new conditions 

and interdependence of structures and functions [6]. 

The concept of blood pumps, their features and clinical applications have developed 

since 1960s, more than 50 years, and can be divided into four main categories: (1) First-
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generation blood pumps, (2) Second-generation blood pumps, (3) Third-generation blood 

pumps, (4) Fourth-generation blood pumps. 

First-generation blood pumps were characterized by the shaft-seal and purge systems 

for mainly extracorporeal usage, for 48 hour-2 weeks in-hospital use. At the first examples 

of first-generation blood pumps, the most of the research was done on pulsatile devices 

imitating the pumping mechanism of a normal heart. The main problems faced were 

mechanical trauma and thrombogenicity. Hemadyne Medtronic, BioPump BP-80, 

Hemopump, the Thoratec biventricular assist devices, the Novacor VAD, Kyocera Gyro 

are examples of first-generation blood pumps [7]. The second-generation blood pumps 

which are represented by continuous blood pumps with contact bearings and sealless 

structures were used to improve the inadequacies of first-generation blood pumps and 

lengthen their performing lives. They were designed for both in and out-of-hospital uses 

with performance lives of 4-5 years. They were driven by magnetic couplings. MicroMed 

DeBakey VAD, Jarvik 2000, Thoratec HeartMate II, Nedo Pump, Impella Recover, 

TinyPump can be listed as the examples of second-generation blood pumps [7]. The third-

generation blood pumps have arrived in both axial and centrifugal types where the rotor 

impeller is being levitated magnetically or hydrodynamically. They own noncontact 

bearings and are driven by magnetic couplings. They are designed for permanent usage and 

are guaranteed to use more than 10 years out of hospital. They serve benefits for both 

bridge to transplantation and bridge to recovery situations. Mainly, four different 3rd 

generation left ventricular assist devices are being developed, which are VentrAssist of 

Ventracor (US), NASD:THOR of Thoratec (US), Japan s Terumo Heart Inc. and 

Germany s Berlin Heart AG [13]. Hydrodynamic levitation is used in VentrAssist, however 

magnetic levitation is used in the other three pumps. The Berlin Heart and Thoratec 

companies use axial pump to assist the pump where Japanese company uses a centrifugal 

pump. Fourth generation blood pumps have been developed also for right ventricular assist 
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devices (RVAD), not only for left ventricular assist devices (LVAD). These pumps can be 

converted from a LVAD to a RVAD with no difficulty [8].   

Continuous flow blood pumps were evolved by DeBakey, Gibbons and Kantrowitz; 

who can be told as the forerunner professors in the subject of heart-lung machines [9]. In 

1955, Dr. Wesolowski has made research on the role of the pulse in the maintenance of 

normal physiology in the systemic circulation during heart-lung bypass [10]. The earliest 

article on continuous blood pumps was published by Saxton and Andrews in 1960 which 

was An ideal heart pump with hydrodynamic characteristics analogous to the mammalian 

heart [11]. This article stated that rotary blood pumps have potential advantages compared 

to positive displacement pulsatile devices. Ventricular assist devices can either be pulsatile 

or dynamic systems. Pulsatile pumps that are actuated by a positive displacement 

mechanism are pumps such as the TCI HeartMate can drive pump, Novacor spring 

decoupled solenoid and the Penn State roller screw pump. These are all controlled by virtue 

of adjusting the stroke volume or pump rate. Today, in fact the pulsatile VAD is still the 

most prevalent heart assist device in use [12]. One of its pluses is the fact that pulsatile 

pumping action probably imitates the natural pumping rhythm of the heart more closely 

than continuous flow. The biggest advantage of pulsatile pumps is they have been effective 

for short-term implantation, but unfortunately they are bulky and have large power 

requirements. However, a rotary pump may be more suitable for late-stage heart failure 

patients and it has a smaller size, operates quieter than pulsatile devices, achieves a higher 

level of biocompatibility and due to the fact that rotary pumps operate at lower RPM 

ranges, it has less mechanical wear than a pulsatile device.  

However, two main disadvantages of rotary blood pumps were identified by these 

studies. The first one is that the blood cell damage may occur because of the unknown 

shear stresses within the pumping chamber. The second one is the requirement of higher 

output volumes by continuous flow than pulsatile flows.  
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Excessive blood cell injury caused by high shear stresses within the pumping chamber 

may result in hemolysis. Hemolysis can be defined as the breakage of the red blood cell s 

membrane, causing the release of the hemoglobin and other internal components into the 

surrounding fluid. One of the most important things that affect the hemolysis rates is the 

roughness of the blood contacting surface. In order to be able to have an antitraumatic and 

antithrombogenic surface as in blood vessels, the surface smoothness must be less than 0.2 

µm after a good polishing process [14]. Takami et al. investigated the effect of surface 

finish on hemolysis and found out that under cardiopulmonary bypass conditions (5 

liters/min and 350 mmHg) surface finish from 5 µm average roughness value to 0.06 µm 

average roughness value is relevant but this is not applicable under left ventricular assist 

conditions (5 liters/min and 100 mmHg) [16]. For left ventricular assist conditions, they 

found out that less than 0.2 µm average roughness value must be provided.  

There are some important issues to be considered when blood flow is considered, such 

as how much plasma-free hemoglobin is too much within the pumping chamber?

 

and 

what is the toxicity of high plasma-free hemoglobin within the organism? .  

In 1938, Ottenberg stated that for a healthy human, the renal threshold for hemoglobin 

was above 150 mg%. Renal threshold can be defined as the concentration of a substance 

dissolved in the blood above which the kidneys begin to remove it into the urine. This can 

be summarized as, if the plasma-free hemoglobin is higher than 150 mg%, then it is 

discharged into the urine. In 1964, Bernstein et al. tried to figure out the maximum plasma-

free hemoglobin that could be endured in animals by giving a continuous dose of 0.1 

mg/kg*min of hemoglobin without increasing the blood urea nitrogen, i.e. the plasma-free 

hemoglobin within the urine [9].  

One of the most parameters to be considered during blood flow through a ventricular 

assist device is the normalized index of hemolysis (NIH). Normalized Index of Hemolysis 
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(NIH) can be defined as the clinical measure of hemolysis as per the ASTM standards and 

can be calculated by the flowing formula (ASTM F1841-97):  

                      litersgr
TxQ

x
Ht

xVxfHbNIH /
100

100

100
                         (2.1)  

In this formula, fHb stands for the increase in plasma (gr/liters) and can be measured 

by spectrophotometer, Ht stands for the hematocrit ratio in blood (%),Q is the flow rate of 

the blood (liters/min), T is the driving time duration (min) and V stands for the total blood 

volume in the circuit (liters). 

NIH can also be stated as the amount of plasma-free hemoglobin released per pass of 

blood volume through the blood pump. Typically, if the NIH of a pump becomes smaller 

than 0.01 gr/100 liters at a pressure head of 100 mm Hg, the pump remains antitraumatic 

[14]. This is the design objective for a ventricular assist device. If it is smaller than 0.02, 

this means that the ventricular assist device is clinically acceptable, if it is smaller than 

0.04, this means the device is physiologically acceptable. However if NIH exceeds 0.04, 

this means that blood transfusion is needed despite the fact that there is no increase in the 

plasma-free hemoglobin. If NIH is greater than 0.06, this is an alarm for danger and 

indicates that the plasma-free hemoglobin is increasing. Araki et al. studied the in vitro 

performance (by using heparinized fresh bovine blood) of three turbo pumps they designed; 

a centrifugal pump, a mixed flow pump and an axial flow pump, and calculated NIH for all 

of these pumps [15]. The minimum value of NIH; (1) for centrifugal pump was 0.038, 

achieved at 5000 rpm, 38 mmHg and 4.60 liters/min; (2) for mixed flow pump was 0.01, 

achieved at 7000 rpm, 100 mmHg and 8.22 liters/min; (3) for axial flow pump was 0.033 

achieved at 7000 rpm, 48 mmHg and 2.84 liters/min.   
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The earliest design of first-generation blood pump designs with shaft seal and purge 

systems was invented by Drs. Blackshear and Bernstein by cooperation of University of  

California, the University of Minnesota and Medtronic Inc. in 1965 [17]. The device was 

called Hemadyne Medtronic pump. This pump had only one moving part, the rotor-

impeller section, where the centrifugal force propelled blood by imparting kinetic energy 

from the rotating impeller. It was driven by an external rotating magnetic field which 

rotated a magnet within the pump based on the magnetic coupling between the drive source 

and rotor impeller. This device was evaluated for duration of 24 hours with low hemolysis 

and nonthrombogenic performance in calves. Bernstein et al. went on experiments with 

Hemadyne and achieved the running of the continuous flow pump for 24 hours. The 

plasma-free hemoglobin did not exceed 21 mg% but the number of platelets has decreased, 

there was normal slotting of the blood and because of the seal failure an increase of 

plasma-free hemoglobin in excess of 300 mg% was observed [18].  

The following studies on Hemadyne Medtronic Pump were done by Golding s group at 

Cleveland Clinic Foundation. Golding et al. worked in a clinic and provided a detailed 

statement of good hemodynamic support with plasma-free hemoglobin of 39 mg% in 24 

hours time interval [19]. In the early 1980s, Medtronic Inc. stopped the support for the 

design and production of Hemadyne pumps, however BioMedicus Inc., which is a part of 

Medtronic Inc., begin to develop a new pump, called Bio-Pump, since 1970s. They 

developed it and designed BP-80 which can be counted as the pioneer of cardiopulmonary 

assist and also for short-term support to patients who suffer of cardiogenic shock after 

having an open heart operation [20].  In order to compare their pump VentrAssist, James et 

al. calculated NIH for BP-80 for comparing the values with their pump and to be able to 

use BP-80 as a control [21].The NIH for the BioMedicus BP-80 was approximately 

0.0040±0.0023 gr/liters for pooled red blood cell suspensions and 0.00053±0.0002 gr/liters 
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in whole blood. These values are well-accepted as they are in safety conditions as told 

above. 

One of the most widely used left ventricular assist devices in the world is the 

MicroMed-DeBakey ventricular assist device. The MicroMed-DeBakey VAD was 

designed in the 1980s for the first time with the collaboration of Dr. Michael DeBakey and 

Dr. George Noon from Baylor College of Medicine and engineers from NASA. Their aim 

was to develop a very small axial pump which will serve as a left ventricular assist device 

and meet the needs of the failing heart. In 1996, MicroMed Technology, Inc, has got the 

license for this ventricular assist device and they have continued to research to develop this 

device for usage in clinics [22]. This device is an electromagnetically actuated axial pump 

made of titanium and can pump at a flow rate of 10 liters/min with a pressure difference of 

100 mmHg where the rotor speed is 10000 rpm and the power given to the system is 

smaller than 10 W. Its diameter is 30.5 mm and its weight is only 95 grams. The first 

clinical use of the device was reported in Europe in 1998 [23] with subsequent trials 

starting in United States in June of 2000 [22]. In the first clinical experience of MicroMed 

DeBakey, the pump is implanted into two different patients with left heart failures. The 

average value of the flow rate of the pump was 3.9±0.5 liters/min which results in an 

average cardiac index of 2.3±0.2 L/m2 per min. The normal range of cardiac index is 2.6 - 

4.2 L/m2 per min. If the cardiac index falls below the value of 1.8 L/m2 per min, the patient 

may have a cardiogenic shock. However, in the recovery time which is the 8-12 days after 

the operation, as the pulse pressures increased, the flow rate also increased to the 4.5±0.6 

liters/min and also the cardiac index rose up to 2.7±0.2 L/m2 per min, but still in safety 

conditions. The same safety conditions were also seen in hemolysis; since the plasma-free 

hemoglobin has rose from 2.1±0.8 mg/dliters to 3.3±1.8 mg/dliters 6 weeks after the 

operation, which cannot be counted as a significant increase [23].  In the first weeks after 

the pump is implanted to both of the patients, VAD was characterized by completely 



  
Chapter 2: Literature Review    11

 
nonpulsatile blood pressure, where the mean arterial blood pressures were kept in the range 

of 70 to 90 mmHg. After this period, pulsations with low-amplitude frequencies started, but 

at any time nonpulsatile flow patterns could be obtained by increasing the speed of the 

pump. Regarding to results of subsequent clinical trials in US which were evaluated from 

32 patients, the chance of living was 81% and this result suggested that MicroMed 

DeBakey VAD can provide the needed support to the left ventricle as a bridge-to-

transplantation [22].   

Coming to the late 1980s, at the start of 1990s, it became so difficult to find a donor for 

heart transplantation because the number of patients having heart failure was increasing 

day by day. This required a more efficient artificial heart technology with 5-years 

durability and emerging new technology like tissue engineering and regenerative medicine. 

In order to achieve this goal, second-generation designs were carried out. One of these new 

innovative pumps was Thoratec HeartMate II developed by Nimbus-TCI. It is an axial flow 

pump made of titanium and has a rotor that produces flow rates greater than 10 liters/min at 

rotational speeds higher than 10000 rpm. It has been tested many times on animals and has 

been implanted on a patient in Israel in 2000. Following this operation 6 more patients 

received this device and now its usage area is getting larger [26]. In this first clinical usage 

of HeartMate II in United States, the range of the number of plasma-free hemoglobin was 

around 7 mg/dliters, which tells us that HeartMate II offers a low level of hemolysis during 

the support. 

One of the best examples of second-generation blood pumps, Jarvik 2000, by Jarvik 

Heart, Inc., is designed mainly to offer ventricular assistance in stead of replacing the heart. 

It is the third and similar flow pump to MicroMed and HeartMate II. It assists the pumping 

action of the left side of the heart. In other words, it can be said that this pump is used as a 

bridge-to-transplant until a new donor can be found. It is driven by a direct current motor, 

and owns a rotor supported by two ceramic bearings and there is one single moving part; a 
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small, spinning titanium impeller which helps to pump the blood at 7 liters/min. This 

impeller is capable of working between ranges of 8000-12000 rpm. This device is 

controlled manually by an external controller. It has relatively a simple design. As a 

second-generation blood pump, Jarvik 2000 was expected to serve for 4-5 years, but Jarvik 

2000 implanted in 2000 has lasted for 6 years [24]. In order to get rid of the 

thromboembolism risk, Jarvik 2000 is implanted directly into the left ventricle without 

using an inflow cannula. In order to test the performance of Jarvik 2000 and evaluate the 

surgical results, Jarvik 2000 was implanted in two patients who suffer of heart failure with 

a cardiac index of 1.8±0.3 liters/m2 per min [25]. The cardiac index increased from 3.7±1.5 

liters/ min per m2 at 8000 rpm to 5.9±2.9 liters/m2 per min at 12000 rpm. All the patients 

did have mild hemolysis but it was not harmful and did not require any transfusion. After 

49 days, patients were discharged home. The total result gave that Jarvik 2000 appears to 

be safe.  

By the start of 2000s, the technologies of rotary blood pumps have increased very fast 

and the second-generation pumps with bearings immersed into the blood became 

unpreferable compared to third-generation blood pumps which are mechanical non-contact 

devices with magnetic suspension mechanisms. The most commonly used third-generation 

blood pumps are Terumo DuraHeart, HeartMate III, HeartQuest, MiTiHeart, Berlin Heart 

INCOR system, VentrAssist VADs. Hoshi et al. studied on all types of the third-generation 

blood pumps and reviewed their properties and clinical outcomes [28]. Third-generation 

blood pumps can be classified into three groups regarding to their magnetic-levitation 

systems: (1) external-motor driven system (2) direct-drive motor system (3) bearingless 

motor system. Teruma DuraHeart is an example of external motor-driven magnetic-

levitated system. The speed range of the pump is between 1200 and 2600 rpm and it pumps 

at flow rates between 2 and 10 liters/min. The pump was implanted to 20 patients and the 

average flow rate was measured as 4.94±0.36 liters/min, the average cardiac index was 
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calculated as 2.60±0.21 liters/m2 per min and the average plasma-free hemoglobin was 

found as 7.35 mg/dliters [29]. For direct-drive mechanism pumps, Berlin Heart INCOR can 

be a good example with axial levitation. The impeller of this pump can rotate between 5000 

and 10000 rpm and this device can pump at flow rates up to 5 liters/min with a pressure 

difference of 100 mmHg. Berlin Heart has been implanted in 212 patients in all over the 

world and in all of these patients, no trauma of blood cells was observed and any hemolysis 

incident was not seen in any of the patients [30]. Levitronix Centrimag extracorporeal 

magnetic-levitation pump can be an example for the system driven by bearingless motor. 

Its pump works at rotational speeds up to 5500 rpm and can achieve flow rates of up to 10 

liters/min with a pressure difference of 600 mmHg. Between the years 2003 and 2005, the 

device was implanted to 150 patients and all of the patients had low hemolysis which did 

not cause any traumatic blood cell creation [31]. 

The ventricular assist devices usage has become a big era in cardiac transplant because 

of the huge number of patients suffering from heart failures. By the year 2004, there were 

30000 patients waiting for a donor heart immediately worlwide [32]. The important thing 

to be considered is that not all of these patients can receive a ventricular assist device. 

Because of the physiological considerations with serious tachycardia, patients having a 

cardiac index of less than 2 liters/min need mechanical support immediately [33].            
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Chapter 3  

DESIGN PROCEDURE OF THE PUMP   

3.1 Introduction  

The design of the centrifugal pump of the left ventricular assist device is quite 

important for the performance of the pump. When designing a rotary blood pump for a 

LVAD, there are some important performance parameters that have to optimized and 

clearly considered during design process, such as the pressure rise, flow rate, input torque 

and rotational speed. Moreover, for the biocompatibility of the pump, the viability of 

cellular components of the blood should be well-analyzed.  

A centrifugal pump is composed of a casing, a volute, a bearing housing and an 

impeller (see Figure 3.1). The fluid enters into the eye of the impeller and is captured in the 

cavities between the blades. The impeller blades push the fluid and give it a significant 

speed as the fluid passes from the impeller eye towards the outside diameter of the 

impeller, i.e. the rotating impeller pushes fluid on the back of the impeller blade, imparting 

circular and radial motion.  Regarding to the Bernoulli principle, as the fluid speed 

increases at the eye of the pump, a low pressure zone occurs at this section. This is the 

reason why the fluid must enter into the pump with a sufficient energy. The fluid leaves the 

impeller at the outer diameter of impeller with a relatively high speed gained by blades. It 

strikes to the internal section of the volute with a sudden force.  At this point, the 

centrifugal component of the fluid velocity suddenly comes to zero value and the reverse of 

Bernoulli principle occurs and the velocity is converted into pressure.  
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Figure 3.1: The main units of a pump   

Bernoulli principle gives information that, as the velocity of the fluid goes up; the pressure 

of the fluid goes down. At this time, the motor goes on spinning so the velocity has also a 

rotary component. The volute channel area increases as the fluid follows the pathway. The 

rotary velocity component decreases because of the increasing pathway and as explained 

by the Bernoulli principle, the pressure again increases because of the decreasing velocity. 

At the exit of the pump, the pressure comes to the desired discharge pressure to overcome 

the resistance in the whole system. The flow rate inside the pump is affected by the 

rotational speed of the driver and the height of the blades, which affects the inside volume 

of the pump. The pressure difference across the pump is affected mainly again by the 

rotational speed of the driver and the impeller diameter. There are some other parameters 

affecting the flow rate and the pressure difference, such as the number, the pitch and 

thickness of the blades, the clearance values, etc. but they don t have significant roles. 



  
Chapter 3: Design Procedure of the Pump    16

3.2 Impeller Design 

Impeller is the rotating element of a pump that contains a disk with curved vanes. The 

impeller imparts movement and pressure to the fluid. Impeller design is so important 

because it determines the performance and the efficiency of the pump and also the 

hemolysis index and thrombogenicity ratio is affected by the impeller. The number of 

vanes on an impeller affects the efficiency, in common more number of vanes mean being 

more efficient. Moreover, the number of vanes affects the steepness of the characteristic 

curve. 

Impellers can be grouped into three classes whether they are: (1) open, (2) semi-open 

(or semi-closed), (3) closed (see Figure 3.2). 

 

Figure 3.2: Open, semi-open and closed type impellers [34]  

Closed impellers have embedded blades between two support shrouds or plates. 

Because of this reason, manufacturing of closed impellers is quite complicated. In a closed 

impeller, the fluid enters the impeller eye and the vanes add energy to the fluid and direct it 

to the discharge nozzle. There is no impeller to volute or back plate clearance to set.  

The open impeller contains blades attached to a hub. In an open impeller, the impeller 

vanes are open and the edges of the vanes are not constrained by the hub. Compared to 

closed impellers, their biggest disadvantage is the loss of efficiency.   
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The semi-open impeller contains a circular plate attached to one side of the blades. 

Although they show higher axial hydraulic thrust than closed impellers, they are more 

efficient because the disk friction caused from the shroud is eliminated. Heart Turcica 

Centrifugal involves a semi-open impeller because it is more efficient and it is easier to 

manufacture it by the vertical machining center at Manufacturing & Automation Research 

Center at Koç University.  

3.3 Design Procedure 

When it comes to design of an impeller for a centrifugal pump, a detailed design and 

layout procedure has to be followed. In this section, detailed information for designing a 

centrifugal pump impeller is presented. 

First thing to be done is to calculate the pump specific speed. For that reason, a best 

efficiency point should be selected. We are designing a centrifugal pump that will help a 

weak heart to pump the blood to the body with a sufficient pressure at a desired flow rate, 

which is approximately 100 mm-Hg at 5 liters/min. this condition can be used as a best 

efficiency point. 

The pump specific speed is calculated with the following formula:  

                                                             
1/ 2

0.75

*( )

( )

n Q
N

H
                                                 (3.1)  

When the head is multiplied by the gravitational acceleration, g, the pump specific 

speed becomes dimensionless. 

Once the pump specific speed is determined, the vane number and the discharge angle 

must be selected. The following graph can be used to select the number of vanes and the 

discharge angle:                                         
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Figure 3.3: Percent Head Rise [36]  

In order to produce the required head rise, the number of vanes could be determined 

from the graph above which is based on a theoretical approach and many years of 

collecting thousands of performance tests in various specific speeds. The discharge angle of 

the vanes can also be found by using this graph. 

By using the specific speed calculated, a target efficiency 

 

can be estimated by using 

the chart efficiency graph drawn by Oak Ridge, shown in Figure 3.4. This efficiency is 

assumed to eliminate the effect of the losses.  

Impeller is the only rotating part in the pump and includes radial flow passages which 

are directed towards the axial direction that are formed by rotating blades in a circle. As 

this is a semi-open impeller, the blades are covered by a shroud on the back side and 

another disk, hub, connects the impeller assembly to the shaft. At the inlet, i.e. the eye of 

the impeller, flow enters axially and inside the impeller it turns in the radial direction. 
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Figure 3.4: Chart efficiency of pumps versus specific speeds [37]  

In stead of using cartesian coordinates, flow conditions, velocities and pressures in the 

impeller are expressed in cylindrical coordinates: r,  and z; which are the radial, 

circumferential and axial directions in the impeller. The rotational speed of the impeller is 

shown by , which is given by (rad/s)=n(rpm)(2 /60).

 

Figure 3.5 shows the absolute 

velocity components, Cr and Ct , and the relative components, Wr and Wt .  

How much energy is transferred by an impeller and how efficiently a pump works is 

determined by mostly the shape of the blades of the impeller and the flow pattern in the 

pump. Conservation of angular momentum, calculated by rCt , can be applied to find the 

theoretical energy increase in the pump and the theoretical head rise through the impeller. 

The only assumption done to be able use conservation of momentum is that flow is 

behaved as one-dimensional flow. 
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Figure 3.5: The relative and absolute flow velocity vectors in an impeller [37]  

A control volume has to be selected to apply conservation of momentum. For the sake 

of simplicity, an annular shape with an inner radius r1 and outer radius r2 is selected; where 

the index 1  refers to the condition at the inlet of impeller and index 2  refers to the exit 

of the impeller. The torque applied to the fluid by the impeller is equal to the difference 

between the angular momentum entering the control volume, r1Ct1 , and the angular 

momentum leaving the control volume, r2Ct2, : 

                                                 T = Q ( r2Ct2 - r1Ct1) (3.2) 

It is a well know formulation that the power applied is equal to the multiplication of 

torque and the velocity. If this formulation is applied to the pump: 

                                                gQHTwP th                                       (3.3)  
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This expression is known as Euler s Equation and the theoretical head is also referred as 

Euler Head. In practice, the total head across the pump is less than this due to energy 

dissipation in eddies and in friction. The term Ct1r is assumed as equal to zero because 

pumps are designed for no angular momentum at the inlet. So, the theoretical, or Euler 

head becomes: 

                                                    
g

CU
H t

th
22

 

(3.5) 

where U2 stands for the tangential velocity at the impeller exit and formulated as: 

                                                       22 wrU

 

(3.6)  

The velocity vectors at the inlet and outlet sections of blades can be seen in Figure 3.6:  

 

Figure 3.6: Velocity vectors at the inlet and outlet of the blades [37]  

The Equation 3.4 can be written in terms of absolute velocities rather than their 

components using velocity triangles. Assuming that fluid enters at absolute velocity C1 at 

an angle of 1 and leaves at absolute velocity C2 at an angle of 2: 

                                                           111 cosCCt
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Using the cosines theorem, the following formulations are obtained: 
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Replacing equations 3.10 and 3.11 into the equation 3.9 gives: 
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(3.13)  

Substituting  u=wr  into the equation above, 
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(3.14)  

In the final equation for the theoretical head rise, the first term denotes the increase in 

kinetic energy of the fluid in impeller, the second term denotes the energy used to circulate 

fluid about impeller and the third term denotes the regain of static head due to reduction of 

relative velocity. 

In order to find the values of the exit angular momentum, the velocities should be found 

at the inlet of the impeller, i.e. the leading edge of blades and at the exit of the impeller, i.e. 

the trailing edge of the blades. The relative velocity at the inlet of impeller, W1, is obtained 
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from the vectorial sum of the absolute velocity approaching the pump inlet, C1, and the 

rotational velocity, i.e. the tangential velocity of the impeller at the inlet, U1, as shown in 

Figure 3.5. Like this, the relative velocity at the exit of impeller, W2, is obtained from the 

vectorial sum of the absolute velocity leaving the pump exit, C2 , and the rotational 

velocity, i.e. the tangential velocity of the impeller at the exit, U2. The components Ct2 and 

Cr2 in the circumferential and radial directions make up the resultant absolute velocity C2 

since 

                                                       2
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(3.15) 

At this point, some assumptions must be done to calculate the velocities and to draw the 

velocity vectors as in Figure 3.5. The flow is assumed to be incompressible flow. This 

means, the flow through the impeller is a flow with no density change in. The tangential 

flow velocity, Ct1, is assumed to be zero at the inlet. This means there is no whirl at the 

inlet. This leads to the result that the radial flow velocity at the inlet is equal to the absolute 

velocity. So, the local flow angle, F1 will be equal to the 1, which is the inlet blade angle. 

The blade angle meets the relative velocity tangentially. This situation is called as no-shock 

condition. At the exit, it is assumed that the fluid leaves with relative velocity tangential to 

the blade, i.e. the local flow angle, F2 will be equal to the 2, which is the exit blade angle. 

From the velocity triangle in Figure 3.5, it is simply seen that the circumferential 

component of the absolute velocity can be defined as a function of the radial velocity 

component and local flow angle, which is measured from the radial direction in the sense 

opposite to the direction of rotation: 

                                            222222 tan Frtt WUWUC

 

(3.16)  

Substituting this equation in Equation 3.5, the theoretical head, i.e. the energy added to 

a unit mass of fluid by the pump, can be written as:  
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It is known that the blades curve backwards, so there is a negative sign in the 

formulation since the relative velocity, Wr2, points in the direction opposite to the direction 

of rotation. This expression is very important for designing new pumps and calculating the 

pump performance.  

But the assumption made is for the ideal case. There is a miscellaneous situation that 

the flow does not follow the blades exactly, which means that the local flow angle is not 

equal to the exit blade angle because the relative exit velocity W2 is somewhat more 

inclined opposite to the direction of rotation. This is because the fluid remains its 

orientation in the absolute reference frame and tends to rotate in an opposite direction with 

respect to the impeller. To compensate this situation, a correction factor is added to 

Equation 3.16, named as slip coefficient and shown by :  
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Hence the theoretical head becomes,  
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Wiesner et al. has derived an expression for the slip coefficient:  
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In this equation, Z stands for the number of blades. It is important that slip does not 

mean a loss in energy, it only affects the value of the head that a given size impeller can 

produce. 

There are two important coefficients that have to be taken into account during designing 

a centrifugal pump; head and flow coefficients. These coefficients are defined because they 

make a connection between the theoretical head and the energy input of the pump with the 

absolute tangential velocity at the exit of impeller and the flow rate with the radial velocity 

at the exit of impeller. These coefficients are dimensionless. The head coefficient, 

represented by , is calculated by dividing the absolute tangential velocity at the impeller 

exit by the tangential velocity of the impeller and the flow coefficient, represented by , is 

calculated by dividing the radial velocity of the exit of impeller by the tangential velocity 

of the impeller exit: 
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where B2  stands for the width of the blades at the outlet. By using these formulations, the 

tangential velocity at the impeller exit can be calculated, and hence the diameter of the 

impeller at the exit can be found out, since: 
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These two coefficients and the slip coefficient are related with each other with the 

following formulation: 
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(3.24) 
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The radial components of absolute and relative velocities are equal to each other 

because the rotation affects only the tangential components. The radial velocity 

components at the exit are calculated by:  
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The relative velocity of the fluid at the inlet of the impeller should be at the minimum 

level because low losses at the inlet can be achieved by only low velocities [38]. Low 

relative velocities at the inlet minimize the diffusion, the ratio of the inlet relative velocity 

to exit relative velocity, W1/W2, that can cause to flow separation if excessive. So the 

diameter of the impeller at the impeller eye should be optimized by considering this. 

Utilization between two opposite trends, the absolute and the relative velocities at the 

inner of impeller, can optimize an inlet diameter. The vectorial sum of the circumferential 

velocity U1 and the axial velocity C1 adds up to the relative inlet velocity W1. If it is 

assumed that any prerotation exits,  
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The circumferential velocity U1 at the inlet of the impeller increases with the inlet 

diameter, while the axial inlet velocity C1 decreases with the square of the inlet diameter 
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for a specific flow rate. A tolerance value has to be given for blockage from the blade 

thicknesses at the inlet, which is more critical than at the impeller exit. These opposing 

trends balance and make the inlet relative velocity a minimum, hence the optimal inlet 

diameter is found as: 
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Once the inlet diameter is calculated, the tangential velocity at the inlet can simply be 

calculated, since: 
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One more assumption has to be done to calculate the absolute tangential velocity of 

fluid. It is assumed that the inlet pipe velocity is equal to the absolute tangential velocity of 

the fluid. The inlet pipe velocity can be calculated from the definition of mass flow rate 

where, 
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Again assuming that there is no inlet whirl condition, the inlet blade angle is calculated 

as: 

                                                         
1

11
1 tan

C

U

 

(3.33)  



  
Chapter 3: Design Procedure of the Pump    28

As seen from the above equation, the values of the inlet diameter and the velocities at 

the inlet of the diameter, C1 and U1, affect the value of the inlet blade angle, 1. However, 

there is one important thing to be considered that the inlet blade angle usually is not 

constant along the leading edge of the pump and should be calculated at several locations. 

When there is a radial leading edge, the circumferential velocity decreases with decreasing 

radius along the leading edge. 

The desired suction head and correct incidence at the pump inlet determine inlet blade 

angle 1 and the desired pump head determines the exit blade angle 2. The most important 

dimensions of the impeller are the inlet diameter, the exit diameter and the exit width of the 

blades and these all are fixed. The detailed contour of the hub and shroud and the blade 

angle distribution from inlet to exit is on the choice of the designer.   

3.4 Affinity Laws 

When the rotational speed of a pump changes, the operational characteristics of this 

pump also change. These changes can be calculated by using the Affinity Laws. The 

affinity laws used in hydraulics are a series of equations that manage the pump. These rules 

briefly tell that the energy transfer in turbomachines is based on hydrodynamic processes 

for which all pressure and energy differences are proportional to the square of the square of 

the rotational speed.  

What affinity laws express can simply summarized as: 

 

Flow changes directly proportional to a change in rotational speed. 

 

Head changes directly proportional with the square of a change in rotational speed. 

 

Power changes directly proportional with the cube of a change in rotational speed.  

The affinity laws are expressed by the three following relationships formulated below 

where Q denotes the flow rate, n the rotational speed of the pump, H the total head and P 
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the power. Anyone can predict the operating condition for point 2 based on the knowledge 

of the conditions at point 1 and vice versa.  
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The affinity laws can be used if only it is assumed that the two operating points that are 

being compared are at the same efficiency. With a small change in velocity (i.e. 20 to 50 

rpm), the efficiency would not be affected but for example, doubling the rotational speed  

will result in a small change in efficiency, like 2 or 3% increase [35]. So, the assumption is 

made for the ideal case.  

If the rotational speed of a pump remains constant, the values of head and power will 

change when the impeller diameter changes. The affinity laws relate the impeller diameter 

and the flow rate, the head and the power as follows: 

 

Flow changes directly proportional to a change in diameter. 

 

Head changes directly proportional with the square of a change in diameter. 

 

Power changes directly proportional with the cube of a change in diameter.  

This relationship is formulated as follows: 
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The formulations above are valid if only speed changes while the diameter remains 

constant in the first case and if only diameter changes in the second case while the speed 

remains constant. If both of them change at the same time, then the formulations below can 

be used:  
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3.5 Volute Design 

Volute is one of the most important parts of the impeller. A volute is the stationary 

housing, in which the impeller rotates, that collects, recirculates and discharges water that 

enters into the pump. It acts like a diffuser and transforms some of the kinetic energy of the 

flow coming from the impeller into pressure energy by slowing down the flow velocity. 

Simply, a volute is a curved funnel increasing in area to the discharge port. As the area of 

the cross section increases, the volute reduces the speed of the liquid and increases the 

pressure of the liquid. The volute casing and the parts of a volute can be seen in Figure 3.7. 



  
Chapter 3: Design Procedure of the Pump    31

As seen in the figure, a volute is constructed by distributing its cross sectional area on a 

base circle that touches the tongue or cutwater and is meridionally removed from the 

impeller exit by a gap.   

 

Figure 3.7: Nomenclature of certain volute parameters [39]  

The geometry of volute tongue has a great effect on the performance of the pump. 

Unfortunately, there isn t any theory that explains the reason for this great effect of tongue 

geometry on performance [39]. However, there is a encouraging reality that a problem that 

causes from volute tongue can be simply solved by cutting away or removing a part of the 

volute tongue. The volute curve s shape doesn t play an important role in the performance 

of the pump. But it is possible to overcome high radial loads by modifying the shape of the 

volute curve.  The circle, centered on the axis of rotation and tangent to the volute tongue, 

is called the base circle. Its diameter is about %10 greater than the impeller diameter. At 

flow rates smaller than the designed flow rate, some of flow returns into the volute, passing 

between the impeller and the tongue, in stead of leaving through the volute throat. Because 

of this reason, the space between the impeller and the tongue must not be very small.  



  
Chapter 3: Design Procedure of the Pump    32

Centrifugal pumps can be classified in two different categories according to the volute 

designs; single and double volute centrifugal pumps as shown in the following figure: 

 

Figure 3.8: The single and double volute pumps [40]  

Single volute pumps are less difficult to manufacture and more economical to produce 

because all of the areas around the impeller periphery are open. Double volute centrifugal 

pumps are built in such a manner that result in two distinct volutes, each receiving the fluid 

that is discharged from a 180 degrees region of the impeller at any given time. This way, all 

areas exposed to velocity and pressure around the volute casing are equal. The second 

cutwater and volute channel create an additional obstruction to the flow through the pump 

and this reduces the efficiency at a small degree.  The double volute pump is designed to 

operate over a wide range of flows and heads.   
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Chapter 4  

COMPUTER AIDED DESIGN  

& 

COMPUTATIONAL FLUID DYNAMICS   

4.1 Introduction   

In order to accomplish the design of the heart pump, mainly two software programs are 

used in this thesis; the first one is the Unigraphics Design program and the other one is the 

Blade Modeler Module of CFX Ansys Workbench 10. This project is a group project, in 

which both doctors and mechanical engineers are involved. As a mechanical engineer, our 

first purpose is to design a centrifugal pump that achieves the best performance in terms of 

the flow rate and the pressure difference across the pump. A normal human heart pumps 

approximately 4-5 liters/min with a pressure of 100 mm-Hg in normal conditions. So, the 

pump to be designed must achieve this criterion.   

4.2 Design of the Impeller 

The most important part of a centrifugal pump that affects the performance is the 

impeller. The design of Heart Turcica Centrifugal consists of the designs of the impeller 

and volute. This thesis is constructed mainly on the comparisons of many impeller designs.  

Impeller design has many parameters to deal with, such as the inlet diameter, the outlet 

diameter, the inlet and outlet blade angles, the blade thicknesses, etc. During designing 
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different impellers, the inlet and outlet diameter were held at constant values, in other 

words, the effect of changing the diameter was not analyzed. Different impeller designs 

were established by changing the blade parameters. 

The design procedure explained in Chapter 3 is carefully applied to obtain the impeller 

diameters. The diameter of the eye of impeller is calculated by using the equation 4.1. In 

order to use this equation, the flow rate is selected to be 5 liters/min and the rotational 

speed is designed as 3000 rpm.   

mm

m
rpm

liters
mlitersQ

D

849.9

10*849.9
23000

1000
1

min5
533.1533.1 3

3/13
3/1

1

         

(4.1) 

The inlet diameter of the impeller is selected to be 10 mm for the sake of simplicity. 

The outer diameter of the impeller is found by several calculations which are carried out to 

find out the velocities at the tip of the impeller with the definition of theoretical head:  
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The outer diameter is found out to be approximately 48.3 mm. 

The other important thing to consider is to decide whether to have a straight or a 

tapered inlet. The difference between a straight inlet and a tapered inlet can be seen in 

Figure 4.1.  
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Figure 4.1: The two types if inlets of pump: a) straight b) tapered  

The tapered inlet has found out to be achieve a lower normalized index of hemolysis 

(NIH) compared to the straight shape [41]. Moreover, the flow velocity within a tapered 

inlet is found out to decrease as the fluid path becomes larger because of the increasing 

area. However, the flow enters at a greater velocity into a straight inlet because of the small 

diameter. For blood trauma and hemolysis are main concerns to be minimized, Heart 

Turcica Centrifugal is designed with a tapered inlet as shown in Figure 4.2:  

 

Figure 4.2: The tapered inlet of Heart Turcica Centrifugal 
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The main difference between the impeller designs is carried out by changing the blade 

angles, mainly the inlet and outlet blade angles. During this thesis, the changes within the 

blade angles are made by using the Blade Modeler software of Ansys Workbench. The 

blade angles have to be determined in optimum values to gain the maximum head. Figure 

4.3 shows the main window of Blade Modeler and the parameters that have been changed 

to obtain new designs.  

 

Figure 4.3: The blade parameters given as inputs in ANSYS Blade Modeler  

According to the calculations done based on the procedure explained in Chapter 3, the 

number of blades is fixed at 8. All of the impellers designed contain 8 blades. Default 

parameters for the inlet and outlet blade angles are calculated as 25 and 60 . Given a 
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specific tolerance value for each angle value, 17 different designs were constructed. Table 

4.1 is the design matrix that shows the values of blade angles for all of these designs. 

Gökhan Y ld z has performed the computational fluid dynamics simulations of these 

designs to see which one achieves a higher head with a larger flow rate. Figure 4.4 the 

corresponding head pressures of 17 designs found by CFD results are shown. The best 

performing design was Model 13 with inlet blade angle of 25 and outlet blade angle of 

70 , and was manufactured by Gökhan Y ld z.  

CHANGING PAR. 21 DIFFERENT DESIGNS 

II) 15 II) 20 II) 25 II) 30 II) 35 

III) -25 III) -25 III) -25 III) -25 III) -25 

IV) 35 IV) 35 IV) 35 IV) 35 IV) 35 
II 

VI) 60 VI) 60 VI) 60 VI) 60 VI) 60 

II) 25 II) 25 II) 25 II) 25 II) 25 

III) -15 III) -20 III) -25 III) -30 III) -35 

IV) 35 IV) 35 IV) 35 IV) 35 IV) 35 
III 

VI) 60 VI) 60 VI) 60 VI) 60 VI) 60 

II) 25 II) 25 II) 25 II) 25 II) 25 

III) -25 III) -25 III) -25 III) -25 III) -25 

IV) 25 IV) 30 IV) 35 IV) 40 IV) 45 
IV 

VI) 60 VI) 60 VI) 60 VI) 60 VI) 60 

II) 25 II) 25 II) 25 II) 25 II) 25 

III) -25 III) -25 III) -25 III) -25 III) -25 

IV) 35 IV) 35 IV) 35 IV) 35 IV) 35 
VI 

VI) 50 VI) 55 VI) 60 VI) 65 VI) 70 

 

Table 4.1: The design matrix containing different designs with different blade angles  
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Figure 4.4: CFD prediction of the different impeller designs 

Beyond these 17 designs, after Model 13, the pump that achieves the largest pressure 

head is Model 2. Model 2 has constant blade height of 5 mm. The inlet blade angle is 20 

and the exit blade angle is 60. CFD simulations of Model 2 have been completed and a 

prototype of it has been manufactured. On the back side of impeller, 9 holes are drilled; 

eight of them are for the cylindrical magnets and one for the radial bearing. The diameter of 

the cylindrical magnets used is 5 mm and their height is 8.1 mm, so the shaft on the back 

side of impeller is designed to be 10 mm. 1.9 mm thickness is left between the magnet 

holes and the back side of the hub so that any possible failures that may result with fracture 

are avoided. Figure 4.5 shows the 3D CAD data of the impeller of Model 2 and Figure 4.6 

shows the dimensions of the magnets and the bearings.   
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Figure 4.5: The 3D CAD modeling of the impeller of Model 2 

 

Figure 4.6: The dimensions of the impeller, the magnets and the radial bearing 
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The height of the shroud of model 2 is 14 mm. A new hub design has been made with 8 

mm shroud height to see the effect of a smaller volume inside the pump and to obtain the 

comparison of performance curves of the pumps with different shroud heights. Figure 4.7 

shows the 3D CAD modeling of model 2 with a shroud height of 8 mm.  

 

Figure 4.7: 3D CAD data of impeller of pump Model 2 with 8 mm Hub Height  

A new design is made by changing the height of the blades of Model 13 in order to 

observe the effect of the volume inside the pump once more. In addition, the effect of the 

blade height on the performance of the pump is investigated. In the first version of Model 

13, the blade height was designed as 5 mm but in my new design, the blade height is 

increased to 10 mm. In Figure 4.8, 3D CAD modeling of this new pump with blade height 

of 10 mm can be seen.    
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Figure 4.8: 3D CAD data of impeller of pump Model 13 with 10 mm blade height  

Model 13 is re-manufactured with hydrofoil shaped blades that have constant blade 

thickness because hydrofoil geometry can increase pressure efficiently despite its small 

cross sectional area. . Figure 4.9 shows the 3D CAD modeling of the modified pump model 

13. 

 

Figure 4.9: 3D CAD data of impeller of pump Model 13 with 10 constant blade 

thickness 
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4.3 Design of the Volute 

Volute is the spiral-shaped flow passage where the impeller discharges directly into. It  

is usually of circular or trapezoidal cross section. Its cross section increases gradually 

around the impeller periphery, starting from the volute tongue and ending at the volute 

throat. The duty of the volute tongue is to direct the total flow, that is collected from around 

the impeller, through the throat to the pump exit flange.  

A volute can be designed in two different ways according to the shape of the volute 

tongue: a sharp tongue and a rounded tongue (Figure 4.10). 

 

Figure 4.10: Two different volute designs according to the volute tongue [48]  

Onur Demir has studied the effect of volute tongue, whether rounded or sharp, on the 

effect of performance and resulted that the first type of the volute with the sharp tongue is 

more suitable for a centrifugal blood pump [44]. For that reason, all of the pumps designed 

own a volute with a sharp tongue. 

The gradually increasing volute flow cross sections are calculated from the flow rate 

and from an average velocity at the volute cross section center. The volute was divided into 
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twelve equal parts and the cross section of the volute was computed for twelve locations. 

Figure 4.11 shows the division of the volute and all these 12 sections.  

 

Figure 4.11: The cross section illustration of spiral geometry [44]  

The radius of each of these sections, Rj, was calculated according to the formula below 

where Ac and h represent the cross section area of the volute and the height of the blade. Ai 

stands for the inlet area and can be calculated simply by multiplying the square of the inlet 

radius with the pi number. Table 4.2 shows the calculated areas of each section and the 

corresponding radius values.  
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Ac (mm2) R (mm) 

A1 Ai / 12 6.545 1.527 

A2 2 Ai / 12 13.090 2.081 

A3 3 Ai / 12 19.635 2.526 

A4 4 Ai / 12 26.180 2.906 

A5 5 Ai / 12 32.725 3.243 

A6 6 Ai / 12 39.270 3.548 

A7 7 Ai / 12 45.815 3.830 

A8 8 Ai / 12 52.360 4.092 

A9 9 Ai / 12 58.905 4.339 

A10 10 Ai / 12 65.450 4.572 

A11 11 Ai / 12 71.995 4.794 

A12 Ai 78.540 5.006 

Table 4.2: The cross section area calculation of spiral geometry   

The diameter of the base circle tangent to the volute tongue is designed to be 10% 

larger than the impeller diameter. It is important that pressure fluctuations at the tongue 

when the individual blades pass by will decrease with increasing base circle diameter.   

4.4 The Assembly of the Pump 

The final thing to do is to design the upper and lower casings of the pump, after the 

impeller and volute are designed. The casings are obtained by subtracting the volute and 

impeller geometries from the rectangular blocks. While the hub of impeller is subtracted to 

construct the upper casing, 200 µm clearance is given to prevent any frictional problem that 

will cause energy loss. The hole for the radial bearing is drilled on the back side of impeller 

in stead of on the bottom surface of the lower casing; hence the shaft is manufactured 
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united with the bottom surface of the lower casing in stead of attaching it to the impeller. 

This makes the manufacturing process much easier. The two casings are assembled via the 

M6 bolts at the three corners of casings except the corner at the exit of the pump. At that 

corner, the distance is 10 mm between the exit and the side of casing, so at this point M4 

bolt is used to assemble the casings. In order to prevent the possible leakage problem 

during experiments, the casings are also glued by using silicone on the adjacent surfaces. 

At this point, there is a risk that the silicone may flow into the volute and may become an 

obstacle for the fluid. Concerning this possible problem, channels are made with a depth of 

0.5 mm on the sides of both casings, shown in Figure 4.12.   

 

Figure 4.12: 3D CAD modeling of upper and lower casings 
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The driving system for the pump is not a shaft-driving mechanism; in stead a magnetic 

driving mechanism is used to get rid off the uncontrollable and unstable flow disturbance 

within the pump that will cause because of the misalignment of the impeller and the motor 

shaft. This also eliminates a possible leakage problem that would cause because of the 

interaction between the impeller and the shaft. The important thing here is that the distance 

between the driving magnets and the magnets at the end of the impeller must not be large 

because the force between these magnets is inversely proportional to the fourth power of 

the distance. Moreover, the distance must not be so small because the material used is 

acrylic glass and when the thickness is small, it might quickly crack. The distance is 

designed to be 1 mm. The total thickness of the lower casing becomes 13 mm with the 

magnets that are 8 mm in height. The clearance value between the lateral side of the 

impeller and the lateral surface of the lower casing is 100 µm. The thickness of the upper 

casing is 10 mm and with the 30 mm inlet design for the hose connection, the total height 

of the upper casing becomes 40 mm. The clearance between the hub surface of the impeller 

and the top casing is 200 µm. The CAD modeling of the assembly of the pump and the 

casings with the impeller is given in Figure 4.13. 

 

Figure 4.13: 3D CAD modeling of the assembly of the pump 
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4.5 Computational Fluid Dynamics 

Computational Fluid Dynamics (CFD) has become one of the most important parts of 

the engineering design and analysis because by the help of CFD simulations anyone can 

predict the performance of new designs or processes before they are ever manufactured or 

implemented. This process can be called as Computer Aided Engineering (CAE). Design 

engineers use CAE tools at the concept stage to test and check the design they have made 

before manufacturing it. This process is cost friendly because major changes may be 

relatively expensive to re-produce the pump.  

The fluid motion across the pump can be determined by analyzing the CFD simulation 

results without doing any experiments. In the studies, CFD results have been used to 

validate the experimental results with simulation results. ANSYS Workbench has been 

used. CFX-Mesh, Advanced CFD and Blade Modeler modules of ANSYS Workbench 

were utilized to analyze the performance of the pump. The data obtained from simulations 

is processed via Matlab to obtain the performance graph of the pump. The flowchart 

followed during CFD simulations is shown in Figure 4.14. 

The sharp and violent activation of blood that is the main cause of thrombosis 

formation in the pump can occur because of oppose, contrary flow characteristics which 

include turbulence, recirculation stasis, and high shear stress [42]. CFD simulations give 

the chance to calculate the distribution of the fluid flow velocity, see the velocity and 

pressure streams across the pump and observe whether there is turbulence in the pump by 

calculating the turbulence kinetic energy of fluid flow. The pump can be re-designed with 

respect to the results obtained by CFD to achieve better performances.    



  
Chapter 4: Computer Aided Design & Computational Fluid Dynamics    48

  

Figure 4.14: The flowchart of the CFD process  
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The simulation starts by importing the flow geometries to the meshing software. The 

important point here is that the CAD data of the pump is not meshed, the design that the 

CFD simulations are held is the geometry of pump where fluid passes through. The pump 

geometric data can be easily read by meshing the fluid geometry.   

The pump consists of 4 parts to analyze in CFD: the inlet, the center zone, impeller and 

the volute with the exit zone (Figure 4.15). In Unigraphics, the inverse of the impeller CAD 

geometry is constructed, i.e. the geometry where the fluid flows is designed as solid, 

because the geometry being analyzed in CFD is the flow geometry.  

 

Figure 4.15: CAD modeling of the pump transferred to CFX-Mesh  

The inlet and the flow are modeled with respect to the position of the pressure sensors 

at the inlet and exit of the pump because the pressure may fall down because of the 

resistance shown by the connectors, tube and the hose; and this will lead to get inaccurate 

values of pressure by CFD simulations. The center part is created because there is 200 µm 

clearance between the hub and the upper casing. Fluid fills these spaces during flow, so this 

clearance must also be considered.  
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The CFD simulation starts with the mesh generation. Mesh generation can be defined 

as generating a polygonal or polyhedral mesh that approximates a specific geometric 

domain. Once the geometry is imported from Unigraphics, there may be unconnected 

surfaces, so virtual faces are created to unite the whole part. Structured tetrahedral elements 

are used to characterize the geometry. Minimum size of these elements is specified as 0.1 

mm and maximum size is introduced as 0.65 mm. Smaller size cannot be achieved because 

the computers used were not capable of generating higher number of grids and performing 

the simulation. An example of the meshing, the virtual face creation and the final situation 

of meshing of the impeller is shown in Figure 4.16. 

 

Figure 4.16: Meshing of the impeller in CFX-Mesh  

After the meshing of all parts is done separately, these parts have to be assembled 

together. The assembly is constructed in CFX-Solver Module. Impeller and the center zone 

are introduced as rotating domains and the volute with the exit and the inlet zones are 

introduced as static domains. The final situation of the assembly in CFX-Solver is shown in 

Figure 4.17. 
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Figure 4.17: The assembly of the pump in CFX-Solver  

Boundary conditions have to be specified to be able to simulate the flow across the 

pump. The type of the boundary condition depends on what sort of boundary or interface 

boundary condition is placed on. In order to obtain accurate results at the end of 

simulations, boundary conditions must be set properly. Inlet, outlet and wall boundary 

conditions are used in simulations. The inlet boundary condition is given via the pressure 

value at the inlet. As the inlet is free of air, the inlet static pressure is given as 0 atm. The 

outlet boundary condition is given via the mass flow rate and is specified by giving the 

mass flow rate as an input parameter. The upper surface of the clearance is introduced as 

counter-rotating wall to achieve no-slip boundary condition at the impeller surface. All 
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other surfaces are assigned to be wall with no-slip condition. The four domains are 

connected carefully so that there is not any transformation or rotational offset between the 

domains.  

The fluid is chosen to be water with a density of 997 kg/m3 and with a viscosity value 

of 0.001 kg/m-s in order to be able to compare the results of experiments with the 

simulations. It is assumed that there is not any temperature difference across the pump. 

Auto timescale option is selected for the convergence control of the simulation and the 

maximum number of equations is introduced as 1000. The convergence criteria is described 

such that the residual error is 0, 0001. If the error falls below this value, the simulation 

stops. Simulation type is steady state. k- turbulence model is used for the simulations 

because it is the most popular and suitable two-equation model for centrifugal pumps [49].  

 

Figure 4.18: Pressure vs. time graph for the monitor point 
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During the simulations, a monitor point is placed at the exit of the pump, so that the 

pressure value at this point will give the pressure difference across the pump because the 

pressure at the inlet is set to zero. In order to see the pressure distribution, pressure 

contours are analyzed at the end of the simulation. Velocity streamlines are drawn to see if 

there is any swirl within the pump or not. The most important thing to be considered in the 

design of a blood pump is the blood trauma. The prediction of blood trauma can be done by 

checking the shear stress and the swirl within the pump. Amy L. Throckmorton et al. stated 

that shear stress below 300 Pa means that hemolysis will occur at low levels which is 

acceptable. Hydraulic performance of the pump is predicted by checking the pressure 

contours and velocity streamlines. 

For this thesis, CFD simulations are performed for pump Model 2 because the other 

pumps designed are based on a significant change on a previous model and so it can be 

compared with the experimental data of that pump. The simulations were held for 2000 

rpm, 2250 rpm, 2500 rpm, 2750 rpm and 2998 rpm, which are the rotational speeds worked 

during experiments. Simulations were done at four different flow rates for each speed and 

performance curve was plotted by fitting these data. Minimum of 3 data points is enough to 

fit a second order polynomial to the results. Figure 4.19 shows the performance graph of 

pump Model 2 that is plotted with the simulation data. Figures 4.20-4.24 show the pressure 

distribution within the pump at the maximum value of the flow rate given for the 

simulation at the specific rpm. Figures 4.25-4.29 give information about the shear stress 

distribution within the pump. The results were not well because in all of the cases the 

maximum value of shear stress was above 300 Pa, which means danger for blood trauma. 

Figures 4.30-4.34 show the velocity streamlines across the pump.   
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Figure 4.19: The performance curve of pump Model 2 plotted with respect to the 

simulation results
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Figure 4.20: Pressure distribution within the pump at 2001 rpm and 3 liters/min flow rate   

 

Figure 4.21: Pressure distribution within the pump at 2250 rpm and 3.5 liters/min flow rate  
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Figure 4.22: Pressure distribution within the pump at 2500 rpm and 4 liters/min flow rate   

 

Figure 4.23: Pressure distribution within the pump at 2750 rpm and 5 liters/min flow rate   
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Figure 4.24: Pressure distribution within the pump at 2998 rpm and 5 liters/min flow rate  
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Figure 4.25: Wall shear stress distribution within the pump at 2001 rpm and 3 liters/min 

flow rate  

 

Figure 4.26: Wall shear stress distribution within the pump at 2250 rpm and 3.5 liters/min 

flow rate  
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Figure 4.27: Wall shear stress distribution within the pump at 2500 rpm and 4 liters/min 

flow rate  

 

Figure 4.28: Wall shear stress distribution within the pump at 2750 rpm and 5 liters/min 

flow rate  



  
Chapter 4: Computer Aided Design & Computational Fluid Dynamics    60

 

Figure 4.29: Wall shear stress distribution within the pump at 2998 rpm and 5 liters/min 

flow rate  
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Figure 4.30: Velocity streamlines within the pump at 2001 rpm and 3 liters/min flow rate  

 

Figure 4.31: Velocity streamlines within the pump at 2250 rpm and 3.5 liters/min flow rate  
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Figure 4.32: Velocity streamlines within the pump at 2500 rpm and 4 liters/min flow rate   

 

Figure 4.33: Velocity streamlines within the pump at 2750 rpm and 5 liters/min flow rate  
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Figure 4.34: Velocity streamlines within the pump at 2998 rpm and 5 liters/min flow rate   
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In order to be able to see the velocity vectors within the pump, small strings with 

lengths smaller than the gap between two blades are glued on the pressure side of the blade. 

A stereoscope is used to see the impeller as non-rotating. The only moving part that is seen 

is the fluid and so the strings. At each rpm, the experiment was carried out and in all 

situations the strings were tangent to the blade which shows us that there is not swirl and so 

much disturbance within the pump. One example from the experiment at 2998 rpm is 

shown in Figure 4.34.  

 

Figure 4.35: The string experiment at 2998 rpm   
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Chapter 5  

COMPUTER AIDED MANUFACTURING 

 &  

EXPERIMENTATION OF THE PUMP   

5.1 Introduction  

Behind the design and Computer Aided Engineering processes, next come the 

manufacturing process, and the experimental tests of the manufactured pump. This chapter 

briefly gives information about the manufacturing of all the components (lower and upper 

casings and the impeller) of the Heart Turcica Centrifugal; the cutting conditions, cutting 

materials; and the results of the experiments done by the manufactured pumps to obtain the 

performance curve for each pump. During this thesis study, many prototypes of different 

Heart Turcica designs were manufactured; and the one selected beyond these designs was 

manufactured from titanium alloy.   

5.2 Computer Aided Manufacturing  

Computer Aided Manufacturing (CAM) is a programming tool in which computers 

send work instructions directly to the machine that will do the manufacturing process. 

CAM assists engineers and machinists in manufacturing to make 3D models using CAD. 

Because each of the many manufacturing processes in a CAM system is controlled by the 

computer, a high degree of precision can be achieved that will not be possible with a 

human control alone.  
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Computer Aided Manufacturing is commonly linked to Computer Aided Design 

systems. The resulting integrated CAD/CAM system takes the computer-generated design, 

and feeds it directly into the manufacturing system; the design is then converted into 

multiple computer-controlled processes, such as drilling or turning [43]. The output of the 

CAM software is a text file, G-code which is the programming language of the numerical 

control. G-codes are the codes that position the tool and do the actual work and tell the 

manufacturing machine to perform the process. 

In this study, Unigraphics NX-4 is used to perform both CAD and CAM processes. 

When the CAM module of Unigraphics is used, the first thing to be done is to select the 

manufacturing type. Commonly, cavity milling

 

or z-level follow core milling

 

are 

selected for rough milling process and contour area milling

 

for finishing. The tools to be 

used in the manufacturing process are introduced and selected in the CAM program. 

Mainly, 5mm and 12 mm end mills are used for rough milling, and 3 mm, 2 mm and 1 mm 

ball-end mills are used for finish and semi-finish processes during the manufacturing of 

Heart Turcica. There are so many inputs to be defined for a manufacturing process in the 

CAM such as; type of the tool, the cut method, step-over, the depth of cut, and the tool path 

to be defined (see Figure 5.1). 

Once all the parameters are entered into the program, the tool path verification must be 

done and 3D simulation of the whole machining process is done to check if everything is 

all right and to be sure that there will be no collision between the tool, the tool holder and 

the work piece. Figures 5.2 and 5.3 show the tool path and 3D simulation of the machining 

process for the impeller Model 2 during the rough milling process with a 5mm end mill and 

the tool path and 3D simulation of the machining process for the same impeller during the 

semi-finish process with a 3 mm ball-end mill.  
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Figure 5.1: The parameters to be defined for the CAM process   
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Figure 5.2: Tool path and 3D simulation of the machining process for the impeller 

Model 2 in the rough milling process with a 5mm end mill   

 

Figure 5.3: Tool path and 3D simulation of the machining process for the impeller 

Model 2 in the semi-finish milling process with a 3 mm ball-end mill    
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As the G-codes are obtained from the CAM process, they are transferred to the CNC 

milling machine and the manufacturing process starts. The machining operations are done 

on Mazak FJV-200 UHS Vertical Machining Center (VMC) which owns a 25000 rpm 

spindle motor and ±2.5 micrometers sensitivity (Figure 5.4). 

Workpiece
Vice

Spindle

CNC  Controller Unit

X

Y
Z 

Figure 5.4: Mazak FJV-200 UHS Vertical Machining Center (VMC)   

Acrylic glass is used as the raw material for the manufacturing of the prototypes of 

Heart Turcica because it is easy to process hence takes less time for machining. Moreover, 

the transparency of epoxy glass gives the chance to observe the flow inside the pump. 

Rectangular blocks with dimensions of 100 mm x 100 mm x 40 mm are used. Both the 

lower and upper casings and the impeller are processed through 3 operations: rough 

milling, semi-finishing and finishing. The spindle speed was set to 10000 rpm for rough 

milling and the tool was moving with a 1000 mm/min feed rate and for the finishing 
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operations, the spindle speed was set to 7000 rpm and the tool was moving with a 700 

mm/min feed rate.  

A detailed literature review is done for selecting the right material for manufacturing 

Heart Turcica that will be tested with blood and will be used in in-vivo tests. Many 

researches have been investigated done on the failure of using stainless steel on orthopedic 

devices. This lead to the result of usage of stainless steel would be impractical [45]. 

Titanium alloys, mainly Ti-6Al-4V and Ti-6Al-7Nb are mainly used in medical 

applications because these materials have good corrosion resistance and biocompatibility 

when used in human body. Ti-6Al-4V alloy is selected as the raw material of Heart Turcica 

because of its superior biocompatibility. 

The dimensions of the raw materials of titanium alloy are: 29 mm x 95 mm x 95 mm 

rectangular block for upper casing, 8 mm x 95 mm x 95 mm rectangular block for lower 

casing, Ø 65 mm x 30 mm cylindrical block for impeller (Figure 5.5). 

Raw Material for Upper Casing Raw Material for Lower Casing

Raw Materials for Motor Casing
Raw Material for 

Impeller

Raw Material for Upper Casing Raw Material for Lower Casing

Raw Materials for Motor Casing
Raw Material for 

Impeller

 

Figure 5.5: The Ram Materials of Titanium Alloy for Heart Turcica 
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The outer profiles of lower and upper casings are processed by water-jet cutting 

method. Water jet cutting is a cutting method where metals are sliced and manufactured by 

means of a jet of water and an abrasive material mixture at high pressure and high velocity. 

The water jet system can be clearly seen in Figure 5.6. 

Fixtures

Nozzle

Raw Material

Motor 
Driver
System

Fixtures

Nozzle

Raw Material

Motor 
Driver
System 

Figure 5.6: The processing of outer profile of the lower casing by a water-jet 

 

Figure 5.7: The outer profile of lower casing processed by a water-jet  

The machining of titanium is considerably harder than acrylic glass, so the spindle 

speed and the feed rates must be different from the previous values. The cutting parameters 

used for cutting titanium are shown briefly in Table 5.1. 
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IMPELLER 

Operation Type  Rough Semi-finish Finish 

Tool Type End-mill Ball end-mill Ball end-mill 

Tool Diameter [mm] 5 3 1 

Number of Flutes 2 2 2 

Spindle Speed [rpm] 3000 3000 5000 

Feed Rate [mm/min] 75 50 100 

Feed per Tooth [mm/rev] 0,0125 0,0083 0,01 

Depth of Cut [mm] 0.5 0,1 0,05 

Stepover [mm] 0,5 0,1 0,01 

 

LOWER CASING 
Operation Type  Rough Semi-finish Finish 

Tool Type End-mill Ball end-mill Ball end-mill 

Tool Diameter [mm] 5 3 2 

Number of Flutes 2 2 2 

Spindle Speed [rpm] 5000 6000 7000 

Feed Rate [mm/min] 100 100 150 

Feed per Tooth [mm/rev] 0,01 0,0083 0,0107 

Depth of Cut [mm] 0,5 0,1 0,05 

Stepover [mm] 0,5 0,1 0,05 

 

UPPER CASING 
Operation Type  Rough Semi-finish Finish 

Tool Type End-mill Ball end-mill Ball end-mill 

Tool Diameter [mm] 12 3 2 

Number of Flutes 4 2 2 

Spindle Speed [rpm] 2000 6000 7000 

Feed Rate [mm/min] 60 150 200 

Feed per Tooth [mm/rev] 0.0075 0,0125 0,014 

Depth of Cut [mm] 0,7 0,1 0,05 

Stepover [mm] 1,2 0,1 0,05 
Table 5.1: The cutting parameters of TiAl6V4 alloy 
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5.3 Experimental Setup 

All the parts are assembled together by using bolts and nuts for connecting the upper 

and lower casings after the manufacturing of the prototype of Heart Turcica is completed. 

The impeller sits on the shaft by means of a miniature ball bearing with 3 mm inside 

diameter. The experimental setup is shown in Figure 5.8.  

Power 
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Drive
Controller

Sensors

DAQ and Monitoring
System

Reservoir

Heart Turcica Centrifugal

DC Motor

Power 
Units

Drive
Controller

Sensors

DAQ and Monitoring
System

Reservoir

Heart Turcica Centrifugal

DC Motor

 

Figure 5.8: The experimental set-up  

The characteristic of a pump is investigated by its performance curve; which shows the 

change of pressure difference across the pump versus the flow rate. In order to measure the 

pressure, there are 2 pressure sensors in the setup; one located at the inlet of the pump, the 

other one located at the exit of the pump. The pressure difference across the pump is 
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calculated by subtracting the measured inlet pressure from the measured exit pressure 

value. Sensitivities of the sensors are 15.001 mmHg/mV for the inlet pressure sensor and 

37.503 mmHg/mV for the outlet pressure sensor. The data from these sensors is collected 

at the computer by using a data acquisition card via CutPRO software. There are some 

parameters to be given for this software, such as the sampling rate, number of samples, the 

sensitivities of the sensor. The output screen of CutPRO is shown in Figure 5.9. The pump 

is driven by a 100 watt DC motor. Maximum 3000 rpm of rotational speed can be achieved 

with this motor. The size of the actuator is not a big deal for the experiments, but in reality, 

it is obvious that this motor cannot be used in the body. For real applications, a brushless 

50 watt micro motor which has a 45 mm diameter will be used. The picture of the micro 

motor to be used is shown in Figure 5.10. 

 

Figure 5.9: The output screen of CutPRO  

The motor drives the centrifugal pump by means of neodium magnets embedded at the 

end of the impeller. The same type magnets are also embedded on a disk replaced on top of 

the motor shaft. The magnets are arranged in a row such that the north pole of the magnet is 



  
Chapter 5: Computer Aided Manufacturing & Experimentation of the Pump  75

near the south pole so that the risk of missing poles is minimized. The magnetic force 

between two particles is reversely proportional to the fourth power of the distance between 

particles. For this reason, the distance between the disk on top of the motor shaft and the 

lower casing of the pump is essentially kept lower than 0.5 mm. Moreover, the distance 

between the back of the impeller and the back of the lower casing is important, but it 

cannot be so thin because it can be torn and broken. After several trials, it has been 

observed that 0.5 mm distance between the impeller and the back of the lower casing is 

ideal. At first, 8 magnets have been used but as the performance of the pump increases, the 

flow rate also increases and so this causes a larger friction force and creates a larger torque. 

Using 16 magnets in stead of 8 solved this problem.   

 

Figure 5.10: The brushless  45 mm flat micro motor

   



  
Chapter 5: Computer Aided Manufacturing & Experimentation of the Pump  76

5.4 Results of In-Vitro Experiments done with Water 

Before the motor begins to rotate and actuates the system, the vane connected to 

reservoir is opened and the pump and all of the pipes are filled with water. The most 

essential thing before starting the experiment is to be sure that there will be no air trapped 

inside the pump and vanes. The water flow is disturbed very much with the air trapped 

inside, so all the air is taken out of the system. When there is no air inside the system, the 

motor starts to rotate slowly. The rotational speed is set to a specific value and different 

measurements are done at different flow rates. The performance curve at a specific 

rotational speed is obtained by this way. The collected data via CutPRO is processed in 

Matlab and the graph; pressure difference versus time is drawn in Matlab as in Figure 5.11.  

 

Figure 5.11: The pressure vs. time graph; obtained from the data of pressure sensors 
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For model 2, 8 different rotational speeds were set: 1502 rpm, 2002 rpm, 2252 rpm, 

2501 rpm, 2751 rpm, 2751 rpm, 2800 rpm, 2900 rpm and 2998 rpm. Measurements smaller 

than 1500 rpm were not tried because this not a pediatric pump, so it will not meet the 

needs of a normal heart. The performance curve of Model 2 can be seen in Figure 5.12.  

Figure 5.12: The performance curve of Pump Model 2  

It is clearly seen that this pump gives satisfactory results, as it achieves the main 

objective because at rotational speeds higher than 2500 rpm, it reaches a pressure 

difference of 100 mmHg and a flow rate of 4.5 liters/min.  

Figure 5.13 shows the comparison of experimental data with the simulation results. 

Experimental data fit well with the simulation values.  
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As described in Chapter 4, the hub height of the pump model 2 is reduced to 8 mm 

from 14 mm to investigate the effect of a smaller inside volume of the pump. Figure 5.14 

shows the performance of the modified pump model 2. The comparison of the pumps with 

hub heights 8 and 14 mm are seen in Figure 5.15.  

 

Figure 5.14: The performance curve of Pump model 2 with a hub height of 8 mm     
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Figure 5.15: The comparison of performance curves of pumps with hub heights of             

8 mm and 14 mm  

From the comparison graph, it can be observed that the pump with a higher profile 

height is better than the pump with a hub profile height of 8 mm in terms of performance. 

This is directly proportional to the volume of the fluid that enters into the pump. When the 

hub height is 8 mm, less fluid enters the pump; hence less flow rate is achieved. This 

decreases the pressure at the exit of the pump. This is the result to the question why the 

pump with 14 mm hub height is preferable to the pump with 8 mm hub height.  
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If decreasing the volume inside the pump decreases the performance, then increasing 

the volume will increase to.  The hub profile cannot be increased much because it is at the 

optimum value to be replaceable in human body. Instead, the height of the blades of Model 

13 is doubled. Model 13 is selected because it is the pump that achieves best performance. 

The experimental results for Model 13 with blade height doubled is shown in Figure 5.16. 

Figure 5.17 shows the comparison graph of experimental data of Model 13 with 5 mm 

blade height and 10 mm blade height.  

 

Figure 5.16: The performance curve of pump V13 with blade height 10 mm  



  
Chapter 5: Computer Aided Manufacturing & Experimentation of the Pump  82

 

Figure 5.17: The comparison of performance curves of pump V13 with blade heights of 

5 mm and 10 mm  

There is not so much significant difference between the experimental data of Model 13 

with blade height 5 mm and blade height 10 mm. But, it is obvious in the comparison graph 

that higher flow rates are achieved across the pump with bigger blade height.      
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The final design is made to analyze the effect of blades with hydrofoil shaped and 

constant thickness on the performance of the pump. Model 13 is selected to be re-designed. 

The comparison of pumps with hydrofoil shaped and constant thickness blades and the 

older version is shown in Figure 5.18. 

Model 13 with constant blade thickness is better in terms of performance than the pump 

with variable blade thickness. Therefore, the pump with constant blade thickness achieves 

to replace a normal heart because at the rotational speeds higher than 2000 rpm, this pump 

can achieve a flow rate 4.5 liters/min with a pressure difference of higher than 100 mmHg. 

This pump is selected to be manufactured from titanium because it can provide the design 

condition of a LVAD and it is considerably lighter than the other pump. Having a smaller 

mass is important for a LVAD because the human can comfortably carry a pump up to 300-

350 grams. 
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5.5 In-Vitro Experiments done with Glycerin Solution  

Up to this point, all of the in-vitro experiments have been carried out by using water 

as the fluid passing through the pump. However, in actual case, the fluid passing through 

the pump is the blood. The main property that characterizes the flow of a fluid is its 

viscosity, which can be defined as the quantity describing the resistance of the fluid to 

flow. Viscosity is the most important thing to be considered when any measurement of 

flow of fluids is made.  

As blood and water are different fluids, their viscosities are different. Blood is a 

shear thinning (which means viscosity decreases with increasing rate of shear), viscoelastic 

fluid (Cokelet 1987) that is often taken as Newtonian at sufficiently high shear rates (above 

500 s*1) [46]. Newtonian fluids flow regardless of the forces acting on it. The relative 

volume of red blood cells mostly affects the magnitude and relative importance of the 

viscous and elastic components of the complex viscosity. The kinematic viscosity for blood 

can often be estimated as 3.5 centistokes (cs), which is equivalent to approximately 4.2 

centipoises (cP) [46]. In stead of using blood for visualizing the flow and measuring the 

pressure and flow rate, using fluids analogous to blood would be more practical.  

The Brookfield DV-II+ programmable viscometer is used to measure the viscosity 

of the glycerin-water mixture. The viscosity experiment set-up is shown in Figure 5.19. On 

the screen of the viscometer, continuous display of viscosity (cP or mPa·s), temperature (°C 

or °F), shear Rate, shear Stress, % torque, and spindle speed is seen (Figure 5.20). The data 

collection and historical comparison of data is done by using Wingather software.   
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Figure 5.19: The Viscosity Experiment Set-Up 

 

Figure 5.20: The Viscosity Experiment Set-Up Display 
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In order to be sure that accurate results will be obtained at the end of measurements, 

the experiments are decided to start by measuring the viscosity of pure glycerin. 300 ml of 

glycerin is used without adding any water. On the screen of viscometer, two different 

values are read for the viscosity; one for the lower value of viscosity, the other for the 

upper value of the viscosity. The viscosity of the mixture is a value between these upper 

and lower values. As post-processing, the graphs of lower and upper viscosities are drawn 

for each measurement. The average of these values is taken, and another graph is drawn 

showing the average value of the viscosity at that measurement conditions. In the tables for 

each measurement, both the lower and upper values of viscosity can be read. 

The values obtained by the measurements can be seen in the following table and 

graph:  

Spindle Speed (rpm)

 

Viscosity (cP)

 

Torque (%) Temperature ©

 

0,5 880-960 1,1 20,8 
1 920-980 2,3 20,8 
2 920-940 4,6 20.9-21 

2,5 928-944 5,8 21.0-21.1 
4 920-930 9,3 21.0-21.2 
5 920-928 11.5-11.6 21.1-21.2 

10 920-924 23.0-23.1 21.1-21.2 
20 924-926 46.2-46.3 21.0-21.1 
50 EEE EEE EEE 

 

Table 5.2: Measurement Data for 100% Glycerin Solution   
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Figure 5.21: Viscosity vs. Spindle Speed Graph for 100% Glycerin Solution   

Once the viscosity of pure glycerin is measured, water is added in the glycerin in 

order to achieve 60% glycerin solution in volume. The experiments have started by 

measuring the viscosity of 60% solution. Water is added and left to mix for about an hour. 

H owever, homogenous solution could not be obtained, because it is impossible to achieve 

perfect dilution. Dilution of water in glycerin also increases as time passes, so after waiting 

for an hour for water to mix with glycerin, experiments start over immediately. Lots of 

bubbles occur because of the heterogeneous solution. As the speed of the spindle increases, 

there exits more bubbles on the spindle. Moreover, so much run-out is observed on the 

spindle, which makes us to make the measurements at spindle speed of not more than 100 

rpm. One more reason for not working more than 100 rpm is that boundary layer occurs at 

higher speeds at the surface of the spindle, which leads to turbulence flow. 

Table 5.3 and the Figure 5.22 show the results of viscosity measurement of 60% 

glycerin solution, which consists of 12 ml of glycerin and 8 ml of water.   
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Table 5.3: Measurement Data for 60% Glycerin Solution  
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Figure 5.22: Viscosity vs. Spindle Speed Graph for 60% Glycerin Solution  

In literature the actual value of 60% glycerin solution is given as 10.8 cP. It is seen 

from the results of the measurements that the viscosity of the solution is nearly 10.9 cP. 

After this step, 50% glycerin mixture is prepared by adding 4 ml more water on the 

previous solution. The following are the results of 50% glycerin mixture: 

Spindle Speed (rpm)

 
Viscosity (cP)

 
Torque (%) Temperature ©

 

0,5 115-192 0.8-1.3 21.6-21.7 
1 64-128 1.3-1.7 21,7 
2 19.2-35.2 0.6-1.1 21,7 

2,5 15.4-28.2 0.6-1.1 21,7 
4 16-19.6 1-1.2 21.6-21.7 
5 11.5-15.4 0.9-1.2 21.7-21.8 
10 10.9-12.2 1.7-2 21.7-21.8 
20 10.6-11.2 3.3-3.5 21.7-21.8 
50 10.6-10.9 8.4-8.5 21.6-21.7 

100 10.8-10.9 16.9-17.1 21,7 
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Spindle Speed (rpm)

 
Viscosity (cP)

 
Torque (%) Temperature ©

 

0,5 102.4-140.8 0.8-1.2 21.7-21.8 
1 57.6-76.8 0.8-1.2 21,7 
2 25.6-48 0.9-1.5 21,8 

2,5 20.5-43.5 0.8-1.7 21.8-21.9 
4 12.8-17.6 0.8-1.1 21,8 
5 8.96-14.1 0.7-1.1 22-22.1 
10 7.04-8.96 1.1-1.4 22.1-22.2 
20 6.72-7.04 2.1-2.3 22,1 
50 6.27-6.53 4.9-5.1 22,1 

100 6.40-6.46 10-10.1 22,2 

 

Table 5.4: Measurement Data for 50% Glycerin Solution   

%50 Glycerin Solution 

0

20

40

60

80

100

120

140

160

0,5 1 2 2,5 4 5 10 20 50 100
Speed (rpm)

V
is

co
si

ty
 (

cP
)

 

Figure 5.23: Viscosity vs. Spindle Speed Graph for 50% Glycerin Solution  

In literature the actual value of 50% glycerin solution is given as 6.4 cP. It is seen 

from the results of the measurements that the viscosity of the solution is nearly 6.5 cP. 
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Next comes the preparation of 40% glycerin mixture by adding 6 ml more water on 

the previous solution. The following are the results of 40% glycerin mixture:  

Spindle Speed (rpm) Viscosity (cP)

 

Torque (%)

 

Temperature ©

 

0,5 89.6-153.6 0.8-1.2 22.1-22.2 
1 64-89.6 1.0-1.4 22.1-22.2 
2 38.4-60.8 1.2-1.8 22,1 

2,5 30.7-53.6 1.1-2.1 22,1 
4 11.2-22.6 0.7-1.6 22,1 
5 7.68-21.8 0.6-1.7 22.0-22.1 
10 5.76-8.32 0.9-1.4 22,1 
20 4.80-5.44 1.4-1.7 22.0-22.1 
50 4.10-4.35 3.2-3.5 22.0-22.1 

100 4.16-4.22 6.5-6.6 22.0-22.1 

 

Table 5.5: Measurement Data for 40% Glycerin Solution  
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Figure 5.24: Viscosity vs. Spindle Speed Graph for 40% Glycerin Solution  

40% glycerin solution with water can be used as the fluid analogous to blood 

because it nearly has the same viscosity with blood. 
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Once the fluid analogous to the blood is prepared, the experiments done with water 

are repeated by using glycerin-water mixture. Experiments are repeated again for pumps 

Model 13 and Model 14 with glycerin solution. Figures 5.25, 5.26, 5.27 and 5.28 show the 

performance curve of pump Model 13 and Model 14 for the experiments done by using 

glycerin-water mixture and the comparisons of experiments done with glycerin and done 

with water.   

 

Figure 5.25: The performance curve of Model 13 for the experiments done with glycerin 

solution 
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Figure 5.26: The comparison of experimental data of Model 13 for the experiments 

done with glycerin solution and with water   
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Figure 5.27: The performance curve of Model 14 for the experiments done with glycerin 

solution   
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Figure 5.28: The comparison of experimental data of Model 14 for the experiments 

done with glycerin solution and with water  

The pressure values do not change much regarding for the viscosity of fluid, there is not 

much significant difference between pressure values but higher pressure is obtained when 

the fluid is the glycerin-water solution. When it comes to compare the flow rates, it is 

obviously seen that there is approximately 15-20 % decrease with respect to the 

experiments done with water. This is expected because the viscosity is higher in this case 

and higher viscosity means there is a higher resistance shown to flow.  
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5.6 In-Vitro Experiments with Blood 

Pump Model 13 with hydrofoil shaped blades that have constant blade thickness is 

selected to be manufactured from titanium to be used in in-vitro tests by blood and in-vivo 

tests in an animal. The pump has to be re-designed because the previous model has been 

designed for the prototype and consists of excess material that will cause the pump to be 

heavier and sharp edges that is unacceptable for implanting the pump in human body. In 

order to decrease the height at the back side of impeller, which is 10 mm because of the 8 

mm height magnets used, smaller magnets are used. These magnets have diameters of 4 

mm and heights of 4 mm. 1.5 mm parts of the magnets are embedded in to the shroud and 

the height of the back side of the impeller becomes 2.5 mm. This decreases the mass of the 

total assembly much because the volume of titanium cylinder with 48.3 mm diameter and 

7.5 mm is removed, which means approximately 65 grams of excess material is eliminated. 

The final design of the impeller is shown in Figure 5.29.  

2.5 
mm

Magnet Height: 

4 mm

2.5 
mm

Magnet Height: 

4 mm

 

Figure 5.29: The final design of the impeller that will be manufactured from Ti6Al4V 
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17 holes are drilled on the back surface of impeller; 16 of them are for the magnets and 

one for the radial bearing. The bearing used for the prototypes of Heart Turcica was made 

of stainless steel. The same bearing cannot be used in in-vivo tests because the bearing also 

contacts with blood and has be a biocompatible material. The dimension of the bearing has 

to be minimum because as the diameter of bearing increases, the circumferential velocity at 

the contact surface of the impeller and bearing increases and this results in a larger 

frictional loss. The most suitable biocompatible material for the bearing is ceramic; and 

miniature ceramic bearing with dimensions of 3 mm inner diameter, 7 mm outer diameter 

and 2 mm height is used in Heart Turcica. 

The casings have to be modified to eliminate all of the possible sharp edges that will 

cause the tearing of tissues inside the body. Blends are created on all over the sharp edges 

of casings because red blood cells will be destructed by crashing these zones. Moreover, 

the excess material is removed from the upper casing periphery and the final design of 

Heart Turcica Centrifugal is constructed (Figure 5.30).  

 

Figure 5.30: The final design of Heart Turcica Centrifugal that will be manufactured 

from Ti6Al4V 
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Once the pump is manufactured from Ti6Al4V alloy, next comes the testing of the 

pump with blood. Before the tests are performed, the pump needs to be coated. In fact 

Ti6Al4V is a biocompatible metal and it possesses good corrosion resistance, mechanical 

and electrochemical properties but coating should be done for two main reasons: (1) During 

the movements of red blood cells passive film can be destructed by crashing on hard tissues 

and repassivation rate results in delay of film repair on the surface (2) Ti6Al4V owns poor 

tribiological properties that can enhance both wear debris/metal particle and can give speed 

up the corrosion reaction of the implant [50]. For better biocompatibility a surface 

modification is a prerequisite because human body is very sensitive and hostile that the 

properties of the biomaterial must not disturb the various functions of human body. There 

are various surface modifications methodologies but mostly used surface modification 

techniques are titanium-nitride coating and diamond-like-carbon (DLC) coating. Laser 

alloying of titanium alloys with nitrogen is well-acceptable because of the biocompatibility 

of titanium nitride. In the most recent years surfaces coated with titanium nitride have been 

used in many devices such as heart valves, heart assist devices, blood pumps; that are in 

contact with blood in whole surfaces [51]. On the other hand, diamond-like-carbon also 

owes superior tribiological and mechanical properties with corrosion resistance, 

biocompatibility and hemocompatibility.  DLC coating decreases the possibility of 

thrombus formation and which lessens the possibility of hemolysis. DLC coating is decided 

to be done on Heart Turcica Centrifugal. 

Before coating, polishing of untreated and laser treated Ti6Al4V is performed to 

decrease the maximum roughness surface value to 0.2 µm.      
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Chapter 6  

CONCLUSION & FUTURE WORK  

The purpose of this study has been to design and develop an implantable, miniature 

centrifugal blood pump in order to meet the need of long-term ventricular assist for bridge 

to transplantation or bridge to recovery in Turkey.  It is a fact that the design of the 

centrifugal pump of the ventricular assist device is quite important because it affects the 

performance of the pump. A centrifugal pump consists of volute and impeller which are the 

principal pumping units. The most essential design is performed for the impeller because 

the shape and the blades of impeller determine the performance and the efficiency of the 

pump and also the hemolysis index and thrombogenicity ratio. Therefore the impeller 

design is main concern of this study. In this thesis, a detailed design methodology and 

layout procedure has been constructed to contribute this design system in the literature.  

Depending on the simple fluid dynamic calculations, the impeller is carefully designed and 

the assembly of the pump is completed. Various impeller designs have been made by 

changing the blade angles. Beyond 17 different designs, Model 2 is selected to analyze and 

manufacture. The CAD data, CFD simulation results and experimental results of Model 2 

have been presented. The experiments have been carried out by using water as the pumping 

fluid. Moreover, fluid analogous to blood, i.e. 40% glycerin-water solution, has been 

prepared because in actual case, blood will pass through the pump, water will not.   

In order to validate with experimental results, CFD simulations were held and 

performance curve with theoretical results is obtained. The pump is prepared for the 

experiments and for the pump, 8 different rotational speeds were set: 1502 rpm, 2002 rpm, 
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2252 rpm, 2501 rpm, 2751 rpm, 2751 rpm, 2800 rpm, 2900 rpm and 2998 rpm. 

Measurements smaller than 1500 rpm were not tried because this not a pediatric pump, so it 

will not meet the needs of a normal heart. It is clearly seen that this pump gives satisfactory 

results, as it achieves the main objective because at rotational speeds higher than 2500 rpm, 

it reaches a pressure difference of 100 mmHg and a flow rate of 4.5 liters/min. The effect 

of shroud size is another subject to concern, so the hub height of the pump model 2 is 

reduced to 8 mm from 14 mm to investigate the effect of a smaller inside volume of the 

pump and it has been stated that larger inside volume results in a better performance. The 

effect of blade height on the pump performance has also been questioned and the pump 

which was designed and manufactured by Gökhan Y ld z, Model 13, has re-designed with 

blade heights doubled. Model 13 is selected because it is the pump that achieves best 

performance. The pressure head achieved by both of these pumps has not changed much, 

the main difference was larger flow rates have been achieved with higher blade heights. 

Finally, Model 13 is re-designed with hydrofoil geometry and constant blade thickness and 

the performance of Model 13 has increased. This pump has also been manufactured from 

titanium alloy, Ti6Al4V Grade 23, in order to be used inside the body. Ti6Al4V Grade 23 

has been selected because after a detailed literature review, it has been seen that this alloy 

is the most suitable and biocompatible material.  

The size of the actuator is not a big deal for the experiments that have been done, but in 

reality, it is obvious that this motor cannot be used in the body. For real applications, a 

brushless 50 watt micro motor which has a 45 mm diameter will be used and the pump will 

be manufactured from titanium alloy to be biocompatible. The experiments will be repeated 

using blood to observe the hemolysis ratio and thrombogenicity of the pump and finally in-

vivo tests will be performed.  

.  
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